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Executi ve summary

Part of the CEDR Transnational Road Research Programme Call 2013: Safety is the
research project European Sight Distances in perspective i EUSight. The objective of this
research project is to conduct a detailed examination of the subject of stopping sight distance
(SSD) and its role and impact on highway geometric design, taking into account differences
(and similarities) between EU Member States.

Sight distance (SD) means the unobstructed visibility that is needed to be able to safely and
comfortably perform the driving task and to avoid conflicts or collisions with objects or other
road users. Stopping sight distance (SDD) means the distance over which a driver needs to
be able to overlook the road to recognize a hazard on the road and stop his vehicle in time.

This report describes the result of Work package 2 of the EUSight project. It describes both

an international literature study and a review of road design guidelines for motorways of a

selection of EU member states on SD and SSD related aspects. This research considers

stopping sight distance from different (related)
characteristics, vehicle characteristics and conditions (like wet, darkness or environment).

The literature review revealed that there are many studies available on Perceptioni Reaction
Time (PRT). Obviously, there are differences in PRT between and within drivers. Hence,
PRT is characterised by a distribution rather than by a constant value. For SSD, the common
approach is to use percentiles of the PRT distribution. The 85th percentiles that have been
reported range from 1.4 to 1.9 s; 90th or even 99th percentiles may range from 1.8 to 2.5 s.
But which percentile should be used for SSD calculations does not follow from the literature
review. Ultimately, this is a trade-off between safety and comfort on the one hand and
cost/space travel time and adaptation to landscape on the other.

Brake assist and similar systems can help improve the response time of the vehicle and of
the brake performance of the driver-vehicle system. It can be expected that more of these
systems will become available over the coming years. Still, for the years to come, SSD
criteria have to be based on a vehicle fleet containing vehicles without such systems. As a
conseguence friction is speed dependent.

The classical road condition used in SSD calculations is a wet surface. As a consequence,
the road friction should be considered as a function of speed and of water depth. Further, at
higher speeds, the friction coefficient is a function of the tyre tread depth. The existing
surface types (concrete / dense asphalt / porous asphalt) are characterised by different micro
and macro structures and by different water draining characteristics, accumulating to
different friction coefficients in rain. These characteristics should be taken into account when
choosing SSD parameters later on in the project.

The review of the road design guidelines for motorways on SSD considered the guidelines
from Denmark, France, Germany, Ireland, the Netherlands, Switzerland and the United
Kingdom. It was found that the SSD requirements are very similar for most countries except
for the UK and Ireland, where the preferred SSD requirements are about one third higher
than for the other countries. The UK and Irish guidelines give little or no insight into driver
reaction times, deceleration values, braking coefficients, etc. and therefore these differences
cannot be explained from just a guideline review. However, indications from the literature
review indicate that the UK has adopted a PRT value that is comparable to those used in
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other countries but the standard deceleration rate applied may be conservative by
comparisson. For the remaining countries there are some differences concerning the details
on driver, vehicle and road characteristics, although these differences are most often small
and thus reslultsin similar values for SSD.

Considering the small differences between the SSD requirements it can be concluded that
there is a wide spread consensus on the SSD requirements between the country design
guidelines. As the oldest guidelines of the selection reviewed is dated in 1983, it can be
concluded that the requirements have not changed much over time.
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Li st of definitions

Driver eye height

The vertical di stance between the road surface

Obstacle

A stationary obstacle on the road that requires a stopping manoeuvre. Examples of obstacles
are a stationary vehicle (represented by the tail lights of a car) and an obstacle on the road
(lost load of a truck).

Perception-Reaction Time (PRT)

The time it takes for a road user to realize that a reaction is needed due to a road condition,
decides what manoeuvre is appropriate (in this case, stopping the vehicle) and start the
manoeuvre (moving the foot from the accelerator to the brake pedal).

Sight distance (SD)

This is the actual visibility distance along the road surface, over which a driver from a specified
height above the carriageway has visibility of the obstacle. Effectively it is the length of the
road over which drivers can see the obstacle, given the horizontal and vertical position of the
driver and the characteristics of the road (including the road surroundings).

Stopping Sight Distance (SSD)

SSD is nothing more than the distance that a driver must be able to see ahead along the road
to detect an obstacle and to bring the vehicle to a safe stop. It is the distance needed for a
driver to recognise and to see an obstacle on the roadway ahead and to bring the vehicle to
safe stop before colliding with the obstacle and is made up of two components: the distance
covered during the Perception-Reaction Time (PRT) and the distance covered during the
braking time.

Line of sight (SD)

Stationary vehicle

Braking distance PRT

Obstacle height Driver eye height

SD = SSD

4
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1 Il ntroducti on

In the process of road design, sight distances are of great importance for traffic flow and
traffic safety. Adequate sight distance is needed to enable drivers to adapt speed to the
alignment of the road; to stop in front of a stationary obstacle; to overtake a slower vehicle
safely on a carriageway with two-way traffic, to merge with (or cross) traffic at an intersection
comfortably; and to process roadside information on traffic signs.

Part of the CEDR Transnational Road Research Programme Call 2013: Safety, is the

research project European Sight Distances in perspective i EUSight. The objective of this

research project is to conduct a detailed examination of the subject of stopping sight distance

(SSD) and its role and impact on highway geometric design, taking into account differences

(and similarities) between EU Member States. This research considers stopping sight

distance from different (related)ap pr oac he s : human factors (6the dr
characteristics, vehicle characteristics and conditions (like wet conditions, darkness or

tunnels). Since SSD is related to many different aspects, multiple approaches and

methodologies are needed to determine state-of-the-art parameter values.

This report describes the result of Work package 2 of the EUSight project. It describes an
international literature study concentrating on the three aspects most relevant to determining
sight distance, namely the driver (perception reaction times; alertness; workload etc.), the
vehicle (braking, tyres, position of brake lights etc.), and the road environment (road surface,
skid resistance; weather, objects on road etc.). The literature review focusses on human
factor research concerning sight distances; traffic safety studies in relation to sight distances;
pavement research; research into vehicle technology development (with a focus on braking
and tyre-road interface); and research on international highway geometric design. The report
also presents a review of recent road design guidelines of selected EU Member States and
presents these results in the form of country specific factsheets. The report concludes with a
section summarising the key findings and discussing the relevance of the various aspects
describing the calculation of stopping sight distance in current design guidelines.

1.1 Background

Many aspects have to be taken into consideration when developing a geometric road design.
The road capacity and the level of service are important as well as road safety, construction
and maintenance costs, the environmental impact and the fitting of the road into the
landscape. None of these aspects should be considered separately. Optimising a design in
terms of one aspect may impact negatively on other aspects. Designing roads is a complex
task requiring an optimal balance between all relevant design elements. In road design, sight
distances are of great importance to, for example:

1 avoid a collision with a possible obstacle downstream on the carriageway, the stopping
sight distance. The obstacle can be an object or a stationary vehicle on the road
(because of lost load, a breakdown or a queue of vehicles);

1 given traffic condictions and other stimuli that complicate the driving task, adapt speed
and steer the vehicle in accordance with the course of the road, the orientation or
decision sight distance;

1 Safely overtake a slower vehicle on a carriageway with two-way traffic, the overtaking
sight distance;
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1 comfortably merge with or cross traffic at an intersection, the approaching and the

intersection sight distance;
1 process roadside information on traffic signs, the information processing sight distance.

Some international guidelines and handbooks (e.g. AASHTO Green Book) explicitly
distinguish the type of obstacle: stopping for an object on the road is referred to as stopping
sight distance (SSD), avoiding potentially dangerous situations (such as stopping for a queue
of vehicles) is referred to as decision sight distance (DSD). The difference between SSD and
DSD lies in the fact the SSD is based on a relatively simple process of events in a relatively
simple traffic situation whereas DSD is more appropriate to more complex traffic situations
where a driver needs more time to process information and take avoiding action. DSD is
more forgiving but results in a more forgiving design that can increase the cost of a project.
In this research the focus is on SSD although DSD (and the German Orientation Sight
distance) are also briefly mentioned and discused.

Almost all handbooks for road design emphasize the importance of sight distance for traffic
safety (AASHTO, 2004; Lamm, 1999). A study on two-lane rural roads in Germany by Krebs
and Kloeckner (1977) concluded that accident risk decreases with increased sight distances.
This study showed that sight distances of less than 100m can be associated with the highest
accident rates. Sight distances between 100 and 200m result in accident rates which are
about 25% lower than those associated with sight distances less than 100m.

On the other hand, large sight distances could result in expansive road designs, because
sight distances are directly related to horizontal and vertical curve radii. Therefore, it is
important to use appropriate sight distances, based on representative driver, vehicle and
road characteristics. Technological advances in road and vehicle design have an impact on
certain parameters relevant to SSD calculation (i.e. braking distance, deceleration rates, and
skid resistance) and these may change in time. It is therefore essential that these parameters
are regularly reviewed and updated to take into account such changes, especially since
these changes could materially affect SSD. Regular updating of these parameters will ensure
that designs meet current and future needs and will prevent resulting designs being based on
outdated information leading to overdesign, leading to unnecessarily high requirements on
space and costs.

The EUSight project focusses on the stopping sight distance (SSD). The project comprises 8
work packages (one of which is project management). This report presents the results of the
first of the technical work packages, namely the literature review (Work Package 2). This
report serves as an internal project report and the results provide essential input into the
other work packages. Of importance is that this project, and therefore the WP, focusses on
specifically SSD and does not deal with sight distance requirements relating to intersections
and overtaking requirements.
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2 Study objectives

The overall objective of this CEDR research project is to conduct a detailed examination of
the subject of stopping sight distance (SSD) and its role and impact on highway geometric
design, taking into account differences (and similarities) between EU member States. Sight
Distances (in their broadest sense), and specifically SSD, are the result of interactions
between a driver, the vehicle and the road given a set of (environmental, traffic etc.)
conditions (Figure 2.1). Consequently, this research considers stopping sight distance from
all of these interrelated aspects and focusses on these individually and/or collectively.

Stopping sight distance

m_

Conditions

Figure 2.1: SSD-research in three aspects

Given the above, the specific objectives of WP 2 are:

1. To review international state-of-the-art literature related to sight distance (vehicle, driver,
road given prevailing conditions)

2. To compare EU Member States road design guidelines on SSD definitions, parameters,
parameter values, backgrounds and regulations

3. Toidentify relations between stopping sight distance parameter values and road design
elements
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3 Met hodol ogy

Work package 2 comprises three primary tasks:

1 Task 2.1: Review of sight distance related aspects
1 Task 2.2: Review of EU-Member States road design guidelines
1 Task 2.3: Reporting

An earlier comparison of road design guidelines of selected European countries showed a
variety of SSD definitions and parameters (Broeren, Van Delden & Stegeman, 2011). For
instance, different definitions for the stationary object were found: some countries use the
brake lights of a passenger car, some use the third brake light whilst others use an object on
the road surface for calculating the available stopping distance. Also the position and
dimensions of the object on the road and in the lane differ.

The results of Work Package 2 are dealt with in two primary sections:

1 An introduction to the concept of SSD, Stopping Distance (SD) and Orientation Sight
Distance (OSD i which is also known as orientation sight visibility or orientation visibility
(OV) and similar in concept to the American Decision Sight Distance (DSD) and a
description of the relation with crash rates and most recent insights into sight distance
related aspects, applications and conditions.

1 A selected number of country reports containing definitions, parameters, parameter
values, conditions, regulations, SSD values (for various design speeds) and
corresponding geometric design elements (crest curve radii and horizontal curve radii)
related to SSD calculation.

In all cases specific reference will be made to driver, vehicle and road related aspects
relevant to SSD, SD and OSD/OV. The results will be supported by table forms and graphs
(with links to background information).

3.1 Literature study 1 review of sight distance related aspects

Because stopping sight distance is an important basis for road design and is closely related
to road safety, this subject has been studied intensively over the years. Most of these studies
are based on analysis of road geometry, driving simulator studies, evaluating sight distance
in the road design stage and equipped vehicle measurements. This research and related
studies will be screened and, if relevant, will be incorporated into this project.

Recently, the aspect of orientation sight distance or orientation visibility (OV) was introduced
as a new approach on sight distance in Germany (Lippold & Schultz, 2007). Since changes
in driver behaviour and improvements in vehicle and road design technology may result in
short SSD requirements, the OSD/OV approach considers the driver workload and driver
behaviour in relation to sight distance with the premise that shorter SDs might lead to a
higher driver stress. Similar to DSD, OV takes into account the complexity of the traffic
situation and allows for an added safety margin by relating reaction times to driving
workloads.
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WP2 included an international literature review focused on human factor research
concerning sight distances, traffic safety studies in relation to sight distances, road surface
and skid resistance research and international highway geometric design symposia
publications (TRB, TRA, etc.). From the literature, statistical data of the sight distance related
characteristics like the height of braking lights, share of cars with third braking light, drivers

eye height, road surface characteristics, are reviewed. The literature review is directed at
driver, vehicle and road parameters that are relevant to SSD.

The international literature review is based on an international search of the most relevant
scientific publications on the subject of sight distances and stopping sight distances and their
relation to driver behaviour, to road design and vehicle characteristics. The search was
internet based and initially directed at publications in English and not more than ten years old
(unless a founding document or practice). The search has been refined by reviewing
abstracts and selecting the most relevant publications, limited to no more than 50
publications, and covering mainly Europe, the United States and Australia. The review was
focussed on parameters for highway and motorway design. Urban road design did not form
part of the review.

3.2 Review of EU-Member States road design guidelines

Besides reviewing relevant research studies, the road design guidelines of selected EU
Member states will be studied with specific attention to the different definitions, parameters
and parameter values of SSD, SD and OV. In addition, the design of geometric elements
(crest curves and horizontal curves with sight obstructions) will be reported. The results will
be tabulated, allowing for easy comparison of the SSD, SD and OV elements between
selected EU Member States.

The parameter values in the SSD, SD and OV model must represent the driver, vehicle and
road characteristics. As stated before, these conditions can vary per country. Background
information of the road design guidelines, should give information about the representative
vehicle and driver characteristics. In total the guidelines of 5 EU Member States,
representing the different regions of the EU, will be reviewed and discussed.

3.3 Reporting

The final task entails integrating the results into an internal project report comprising:

1 Introduction of the SSD, SD and OV, presented in chapter 4

1 A literature review presenting the most recent insights on road, car and driver
characteristics related to sight distance focused on the stopping site distance, presented
in chapter 5.

1 A review of design guidelines on SSD for a selection of EU member states, considering:
definitions, parameters, parameter values, conditions, regulations, SSD values (for
various design speeds) and corresponding geometric design elements (crest curve radii
and horizontal curve radii), presented in chapter 6.

Together, the results of the literature and guidelines review are integrated into the
conclusions, presented in chapter 7.
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4 Background to sight distance

4.1 Stopping sight distance

Stopping sight distance is the most basic requirement in geometric design since a design
must at any single point along a road provide enough sight distance for a driver to be able to
safely stop in front of an unexpected obstacle on the carriageway. SSD is nothing more than
the distance that a driver must be able to see ahead along the road to detect a hazard or
object and to bring the vehicle to a safe stop. SSD is affected by both the horizontal and
vertical alignment. Within curves the cross section and the roadside space might have an
impact too.

SSD is the sum of the distance during the driver perception-reaction time and the vehicle
braking distance. Essentially this is the distance required for a vehicle traveling at or near
design speed to be able to stop before reaching the object/hazard. Stopping sight distance
depends on :
9 the time required for a driver to perceive and react to the stopping requirement; and
9 the time needed for the driver to complete the braking manoeuvre

A basic SSD formula (Fambro, Fitzpatrick, & Koppa, 1997) is given in equation (1).

YYO 1@ Yo n&oea),— 1)

Where :

V is the design speed (km/h),

trr is the reaction time (s) and

a is the average deceleration level (m/s?).

This initial formula is fairly basic in that the geometry and condition of the road are not
considered as independent variables, mainly due to the fact that the model was developed
for a range of roads covering a range of conditions. More complexity stems from the

iconstant s 0 nianre not thuly constargsibat torredated with other factors, and also
stochastic in nature.

When considering all parameters concerning SSD, one has to distinguish the minimum SSD
according to the road design guideline (usually referred to as SSD) and the available sight
distance on the road (SD). Both are closely related to traffic safety and road design.

Table 1 shows all the parameters relevant to determining SSD and SD.
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Relevant for |

Parameter Influenced by _

Speed Driver (, condition) SD, SSD

P_erception reaction Driver (, condition) SSD

time

Deceleration rate Driver, vehicle, road SSD
surface, condition

Drivers eye height Driver, vehicle SD, SSD

Drivers lateral position  Vehicle, road design SD, SSD

Stationary object Vehicle, condition, country SSD

definition definitions

Horizontal alignment Road design SD, SSD

Vertical alignment Road design SD, SSD

Cross section Road design SD, SSD

Road side objects Road design SD, SSD

Table 4.1 sight distance parameters

A parameter particularly relevant to SD and SSD is the definition of an object and/or of the
situation requiring the stop to be made. This definition has a material effect on the outcome
of the SSD required, generally the smaller the object the bigger the SSD required. It is
therefore not unimportant to base this definition on what really constitutes a threat to a driver
and what must really be detectable at a given speed and allow the driver to safely come to a
stop. In some countries the rear brake lights of cars define the object height and in others an
inanimate object on the carriageway (such as a box).

The parameter values may vary between EU Member States, since:

1 The vehicle fleets and driver population in the individual EU Member States may vary,

whi ch may

resul t i n

d and &ceelemtion/ dedeleratioreratés ®tc. e y e

1 The driving behaviour in the different countries may vary too, resulting in different
perception reaction times, speeds and deceleration rates.

1 The physical geographical conditions differ per country; the impact of SSD on road
design in mountainous countries (like Austria) is bigger than in flat countries (e.g.the
Netherlands), resulting in more expansive road designs.

1 The road infrastructure differs per country, e.g. the width of the traffic lanes (and thus the
position of the vehicle on the road), the width of the hard shoulders, the distance between
both roadside obstacles as well as barriers to the traffic lane, the minimum roughness of

the surface required.

1 The regulations could differ, e.g. the maximum speed allowed, the minimum deceleration
rate, the minimum tyre profile depth, the minimum friction coefficient of the road surface,

ambient lighting, etc.
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4.2 Orientation Sight Distance or Orientation Visibility

In Germany a behaviour based approach called orientation sight distance has been
introduced (Lippold & Schultz, 2007). The orientation sight distance supplements geometric
parameters used in assessing sight distances with so called psycho-physiological criteria that
allow for the extra demand placed on drivers (and their perception reaction times) by
conditions on the road. This relationship was measured by looking at driving and viewing
behaviour such as braking retardation, gaze at the road and time spend at a secondary task.
Shorter SDs resulted in an extra demand of workload placed on drivers.

The design guidelines in Germany now include a standard methodology to check the 3
dimensional alignment of a road during design (Kuhn and Jha, 2010) and this takes into
account the constraints mentioned with regards to sight distance and driver
reaction/perception.

OSD or OV is further discussed in later chapters.

4.3 Developments in relation to sight distance

Sight distances are impacted by many different aspects and changes to any of these may
result in the SD requirements changing. It is therefore important to regularly evaluate the
criteria used in SD and SSD calculation to establish whether these are still relevant given the
driver and vehicle population using the road network. Table 4.2 lists a number of factors that
through change can impact on SD requirement from a driver, vehicle or road environment
perspective.

T ——— e

Technological development of vehicles (ABS, ESP, brakes, etc.)

Road surface characteristics (higher friction coefficient)

X
Quality oftyres (higher friction coefficient) X
Cross-bordertraffic in Europe (cars and especially trucks). X X
Road safety equipment (managed roads, dynamic traffic management) X
Third brake light X
Aging driving population (more elder drivers (60+) on the road) X
In-car technology (both assisting and distracting drivers) X X
Increasing complexity of road configurations (self explaining roads versus special configurations) X X
Economic crisis in some EU-countries: less budget for maintaining road infrastructure and design of new X X

roads as well as less budget for modernand well equipped vehicles

Table 4.2: Examples of sight distance related developments that may impact sight distance
requirements

Chapter 5 presents the current state of art as found in the literature on these developments
and if and to what extend these developments are influencing SDD and SD.
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4.4 Accident factors and assumed relationship

Sight distances are reported to have a negative relationship with run off the road accidents
and to a lesser extent with head-on accidents. The accident rate decreases as the sight
distance increases. The relationship between accident rate and sight distance is not linear
since the rate is seen to decrease rapidly until a certain critical distance (Fambro, Fitzpatrick
& Koppa, 1997).

On rural roads, sight distances less than 200 m require a higher attention of drivers,
At sight distances less than 150 m the impact is much higher (Lippold & Schultz, 2007), the
critical sight distance is in the order of 90-100 m
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5 Literature review of sight dista

This literature review presents the latest insights on sight distance (SD). Several resources
have been used for this literature review. As databases / search engines, mainly Scopus and
Google Scholar have been used with the following (combination of) keywords: Perception
Reaction time (PRT), sight, corners, visibility, brake light, guardrail, driver eye height, brake
assist, physiological development, elderly drivers, aging, road surface, friction, geometric
design, wear/maintenance.

Next to these keyword guided searches, searches by reference from a couple of key review
papers have been used. Two of the review papers on stopping sight distance that have
recently been published (Layton & Dixon, 2012; Young & Stanton, 2007) are used as a basis
for this text. For some details we will refer to the original papers.

If the text of these review papers is quoted literally, the text is presented in italics with
a reference at the end of the section to the specific paper.

In addition, other literature already available with the project partners was used.

Initially the search was aimed at relatively new material, from 2010 or later. However, some
older work was incorporated as well when this was needed to fill elements that would
otherwise remain empty, or for material that was judged to be fundamental.

In the following sections, the factors important to stopping sight distance that are mainly
related to driver aspects, vehicle aspects or road aspects can be found. The factors to which
attention is given, can be found in chapter 4 (see Table 4.1).

5.1 Factors related to the drivers

This section gives an overview of the literature on factors related to drivers with respect to
stopping sight distance.

5.1.1 Perception Reaction times(PRT)

Perception Reaction time (PRT) is the time it takes for the driver to perceive an object and to
initiate an appropriate action to deal with its presence. PRT time is often divided into the
following components:

Perception: the time to see or discern and to focus an object or event;

I ntell ection: the time to understand the i mpl
Emotion: the time to decide how to react;

Reaction (or Movement Time or Volition): the time to initiate the action, for example,

the time to move the right foot from the gas pedal to the brake pedal (human aspects)

and the time for the brakes to engage (vehicle aspects).

= =4 -8

Perception Reaction time is also described as braking reaction time (BRT) and movement
time (MT). Brake reaction time corresponds to the first three components and Movement
Time to the fourth component described above. The sum of BRT and MT is sometimes called
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Total Braking Time (TBT), which corresponds one to one with PRT. In this report, PRT will be
the preferred term.

In human factors research, PRT is classically measured using observed behaviour, taking
the reaction time of the 85" per cent i l e driver as 6éthedé reaction -
drivers are able to react within that time).

In the UK, SSD is based on a driver Perception Reaction time of 2 seconds and a
deceleration rate of 2.45 m/s?. The stopping distance in the Highway Code (UK) assume a
driver reaction time of 0.67 seconds and a deceleration rate of 6.57m/s? for emergency
braking. A review by Harwood et al. (1995) showed that the perception reaction on which the
UK has based SSD is conservative by comparison elsewhere.

The American Association of State Highway and Transportation Officials recommends to use
a PRT of 2.5 seconds (AASHTO, 2001). The reaction, or volition component, is estimated to
take 1.0 seconds by AASHTO (2001).

Sohn and Stepleman (1998) recommended to use the 85th or even the 99th percentile value
for PRT. In a meta-analysis they reported values as listed in Table 5.1.

85t percentile (s) 99t percentile (s)
USA 1.92 2.52
Non-USA 1.40 1.52

Table 5.1: PRT percentiles from Sohn and Stepleman (1998)

Sohn and Steplemanés (1998) study revealed consi
(which is equivalent to Perception Reaction Time) distributions, which were influenced by

both the country of origin (US drivers tended to be slower than non-US drivers) and the

awareness of the driver (responses are generally slower where the driver is not aware of the

hazard). The components of TBT (i.e. BRT + MT) can therefore be affected by a combination

of factors involving the driver, the vehicle and the situation (cf. Warshawsky-Livhe & Shinar,

2002). (Young & Stanton, 2007)

Green (2000) examined various factors that influence PRT: expectation, urgency, age,
gender and cognitive load. He conducted a meta-analysis using 40 different reports or
papers. He found expectation to be the dominant factor. He stated that with high expectancy
and little uncertainty, the shortest PRT is about 0.70 to 0.75 s. With normal signals such as
brake lights, expected mean PRTs are about 1.25 s. For surprise intrusions, he reported a
mean of 1.5 s. The urgency to take evasive action also plays a role: drivers respond faster
when Time To Collision is smaller. Green did not report percentiles or standard deviations.
Therefore, drawing conclusions in terms of percentiles is not feasible.

Layton and Dixon (2012) give estimates of PRT values from various studies (Table 5.2 :
Perception Reaction time studies reported by Layton and Dixon (2012).
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The original table from Layton and Dixon also listed Sivak et al. (1982) as a source for 85"
and 95™ percentiles. Since this article did in fact not report on these percentiles, this
reference was removed fromTable 5.2.

Gazis et al. (1960) 1.48 1.75
Wortman & Matthias (1983) 1.80 2.35
Chang et al. (1985) 1.90 2.50

Table 5.2 : Perception Reaction time studies reported by Layton and Dixon (2012).

Maycock and colleagues (1995) showed that the 90™ percentile of drivers in a simulator
respond within 1.5 s to a road side hazard. This is averaged over 4 hazard types. The 90"
percentile varied from 0.67 to 1.99 s, again showing that the criticality of the event influenced
PRT. (Note that these were all aware drivers, being exposed to several hazards in one
simulator run.

In summary, there is reason to believe that a requirement for designing with PRT values of 2
to 2.5 seconds might be conservative. Many of the studies reveal 85" percentile values of
below 2 seconds and mean values as low as 1,25s. Considering that in many of these
studies drivers were subjected to conditions involving more complex driving situations, PRT
values measured were lower than the general 2s value adopted in most guidelines for
calculating SSD.

Braking Reaction Times

Young and Stanton (2007) studied the relationship between braking reaction time (BRT),
movement time (MT) and Perception Reaction time (PRT) among drivers with different
levels of awareness (aware, partially aware, unaware) and drivers from different age groups
(young, mid-age, older). As can be seen fromTable 5.3, large differences are found between
different scenarios (different implementations in studies) and also between aware and
unaware drivers.

As Table 5.3 shows, reaction times are typically longer when the driver is surprised. An

exception is the study by Dingus et al. (1998), who found a fastest PRT (0.65 s) in a

surprising event and a slower PRT (1.3 s) for a fully anticipated event. This may be due to

the nature of the events involved in their study
stopping at an intersection for traffic lights). Once again in line with criticality of the event

influencing the BRT.

The Van der Hulst et al. (1999) study shows relatively long reaction times. This can be
attributed to the nature of the event that they used: Van der Hulst et al. had a lead vehicle
with relatively low deceleration (like releasing the gas pedal, not causing the need for rapid
reactions). Thus, these reaction times are not to be considered as normative for the current
study.
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Aware 4200 (1) 180 (2) 1300 (5)
360 (2) 1290 (3)
550 (4)
Partially Aware 390 (2) 175 (2) 1100 (5)
632 (4)
Unaware 6300 (1) 170 (2) 1360 (3)
420 (2) 739 (4)
650 (5)
Young 350 (2) 2330 (6)
Mid-Age 390 (2)
Older 430 (2) 2450 (6)

Table 5.3 : Summary of mean driver response times from the literature review for driver
factors (Young & Stanton, 2007).

Notes:

1. Van der Hulst et al. (1999); slow deceleration condition.

2. Warshawsky-Livne and Shinar (2002).

3. Sohn and Stepleman (1998); 85th percentile non-US data.

4. Schweitzer et al. (1995); 50 mph (80 kph) with 12 m gap condition.
5. Dingus et al. (1998).

6. Warnes et al. (1993); no warning or distraction condition.
BRT = Brake Reaction Time; MT = movement time; PRT = Perception Reaction Time.

Field studies on perception (brake) reaction time

Durth and Bernhard (2000) published the results of a field study on Perception Reaction

Times. On a crest curve drivers were confronted with cardboard boxes on the road for which
they had to come to a full stop. They were initially uninformed about the scenario. The

braking task therefore came as a surprise. Results show that all drivers were able to stop in
time within a PRT of 2.0 seconds. The 95" percentile was below 1.8 seconds, but as the
researchers point out, these were drivers that participated in an experiment and may
therefore have been more alert than O6nor mal
times when the initial speed was higher, in line with the urgency effect mentioned above.

Attention and eyes on the road

Using the 100-car study data to test the effects of distraction and eyes-on/off-the-road,
Dozza (2012) found evidence for the slowing down of reaction times when drivers perform
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other tasks in the car. Attending to secondary tasks and eyes-off-road significantly slowed
down response times in real-traffic (by 16% and 29%, respectively). In addition, different
incident types, and related evasive manoeuvres, elicit different response times. Also, during
night driving, response times were faster on lighted roads than on unlit roads. Finally, truck
drivers were found to respond faster than car drivers; however, Dozza (2012) concluded that
a more sophisticated analysis of the possible confounders is needed to further explore this

conclusion.

5.1.2 Driver eye height

Driver eye height determines for a large part the sight of the driver on the road, especially in
situations with a crest in the road and sight obstacles alongside the road. Driver eye height
depends on the model of passenger cars, the length and the posture of the driver. Drivers
will take different postures in the car (to maximise comfort), which is highly accommodated
for in modern cars that allow longitudinal positioning, vertical positioning, backrest and
headrest adjustments. This may all vary the actual driver eye height. Chapter 0 gives an
overview of the design guidelines for European countries for driver eye height figures.

Driver eye height had on average decreased slightly over time with changing designs of

vehicles (Layton & Dixon, 2012). However in recent years the variation in driver eye height
increased,
higher seat height (designed for an easier entry/exit into the car) (Layton & Dixon, 2012).

has al so

with the

roi

S e

of t he

Actual driver eye height may differ from the design driver eye height that is stated in national
guidelines. Capaldo (2012), for example, took experimental measures to compare actual
(Italian) driver eye height with the standards of the Italian government. By examination of
pictures, taking measures from scale sketches and measuring in a fleet from 2004 to 2011,
Capaldo was able to establish that the average driver eye height was 125cm, and the 15th
percentile value of the data distribution was 117cm. The 15" percentile value is relevant
since this represents the lowest driver eye height value (giving a longer SSD) and therefore
should be used to determine SSD rather than the 85 or 95" percentiles values representing
the highest value (and resulting in a shorter SSD). Both values were higher than the value
indicated by Italian standards (110 cm).

Differences between European countries can be assessed from the CAESAR database.
Table 5.4 shows the mean eye height above seat level of the Dutch and the Italian
populations, which are representative for the extremes of the populations within the EC. The
difference in means between both countries is about 3.5 cm.

Population n Mean (cm) S.D. (cm)
Dutch, male 563 82.7 4.0
Dutch, female 668 77.6 3.6
Italian, male 412 79.1 3.4
Italian, female 387 74.3 29

number
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Table 5.4 : Eye height data from the CAESAR database (eye height seat level; Robinette et

al., 2002).

Trucks

Driver eye height for trucks is normally not of concern because they are significantly higher
than passenger cars, which may even compensate for longer braking distance. However,
truck eye height may be an issue where the stopping sight distance is controlled by
horizontal alignment, such as cut slopes, or other vertical sight obstructions, such as a
hedge, overhanging limbs or signs. 1 (Layton and Dixon, 2012).

No studies were found on changes in the average eye height for truck drivers. Bassan (2012)
presented SSD calculations for trucks, buses and cars. He used an eye height of 2.4 m for
trucks and 1.8 m for small trucks, however, without showing empirical data.

5.1.3 Visual acuity and eye movement time

Visual acuity is the ability to resolve the details of an object. It is dependent on the physical
composition of the eye and is one of the limiting factors for detecting objects on the road.
Together with the required movement time to move the eye to a certain position, this
constitutes how much time drivers physically need to discern an object or event. Humans
have a clear field of vision of about 10° in which they are able to see clear enough to detect
objects and interpret its meaning for the current situation. The time to shift to a new position
(0.15-0.33s) combined with the time to focus on the object (0.1 7 0.3s) means a driver needs
0.5s to focus on an object. A full cycle, scanning from left to right, takes therefore 1.0s. This
increases with glare (3.0s) and when changing from bright to dim conditions (6s) (Layton &
Dixon, 2012).

5.1.4 Traffic conditions and driver expectancy

Under some conditions the added complexity of traffic, local activities and driver expectancy
may require longer times to accommodate long Perception Reaction times due to situation
complexity, expectations and alertness, as well as longer distance for normal vehicle
manoeuvres of lane changing, speed changes and path changes, or for stopping. The
current standards for stopping sight distance take these factors into account.

These increased Perception Reaction Times and longer manoeuvring distances are
accommodated by decision sight distance. Decision sight distance is applied where
numerous conflicts, pedestrians, various vehicle types, design features, complex control,
intense land use, and topographic conditions must be addressed by the driver. Stopping
sight distance is applied where only one obstacle must be seen in the roadway and dealt
with. Decision sight distance is different for urban versus rural conditions, and also for
manoeuvres ranging from stopping, to speed, path or direction change within the traffic
stream.

Humans are sequential processors; that is, drivers sample, select and process information
one element at a time, though very quickly. Therefore, complex situations create unsafe or
inefficient operations because it takes so long for drivers to sample, select and process the
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information. This means that as complexity increases, a longer Perception Reaction time

should be available. The visual acuity limitations, visibility constraints of glare/dimness

recovery and complexity of traffic conditions, when taken together, require much longer
Perception Reaction times or decision times (Layton and Dixon, 2012).

In this project the focus is on stopping sight distance, if traffic conditions, local activities and
driver expectancy play a very important role this will be noted. A few important aspects will
be explicitly described here.

Driver expectancy

Drivers are led to expect a particular operation condition based on the information presented
to them. They use both formal and informal information.

o Formal information i this includes the traffic-control devices and primary
geometric design features of the roadway, but does not include the roadside
features such as ditch lines, guardrail, and other street furniture.

o Informal information 7 this includes roadside features and also land use features,
such as brush lines, tree lines, fences and information signing. It includes all
information that is not formal.

Traffic conditions vary dramatically on major facilities; consequently, the information that
drivers receive from other vehicles and traffic conditions is constantly changing. Therefore,
high volume and high speed conditions with the added complexity and heavier driver
workloads require longer decision times and compound any problems arising from driver
expectancy. Increased Perception Reaction time is needed to allow time for drivers to make
the proper decision when information conflicts and driver expectancy may be in error.
(Layton and Dixon, 2012).

The simulator study by Van der Hulst, Meijman, and Rothengatter (1999) showed a

difference between drivers that expect an event and those that do not. The fastest BRT

(3.6s) was in the condition where the driver was expecting the lead vehicle to decelerate and

the speed of the lead vehicle deceleration was fast. This compares to 6.3s when deceleration

was slow and unexpected. The reason for the relatively longer BRT results in this study is

due to the relatively slow rate of deceleration compared to the braking scenarios that other
researchers have investigated. Al though the 6sl o
resulting relatively long reaction times are of little relevance for the current project, the results

are in line with the general finding of faster reactions for expecting drivers.

Young and Stanton report a study by Schweitzer (1995), who foundthat6 gr eat er awar ene
of the driver leads to a reduction in mean (and maximum) TBT (PRT). Moreover, TBT

increases in line with the size of the gap between vehicles. On the basis of their data, the

worst case scenario should assume a TBT of 1.5sinacarf ol | owi ng task. 6
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This finding is similar to the results of Warshawsky-Livnhe and Shinar (2000) who also found
that BRT increases with uncertainty from a minimum of 0.36s to a maximum of 0.42s,
although MT actually decreases slightly.

Complexity differs for different road types and driver states. Table 5.5 from Layton and Dixon
gives insight into the different Perception Reaction Times for different complexities and driver
states (Layton & Dixon, 2012; Sivak ,1982). Interesting to note is the PRT on an urban
arterial with an alert driver and complex traffic situation is the same as that of a rural freeway
with a fatigued driver and low task complexity. This again illustrates that task complexity has
a major impact on the PRT, as does fatigue.

Low Volume Road Alert

Two-Lane Primary Rural Fatigued Moderate 3.0s
Road

Urban Arterial Alert High 25s
Rural Freeway Fatigued Low 25s
Urban Freeway Fatigued High 3.0s

Table 5.5 : Perception Reaction Times Considering Complexity and Driver State (Layton &
Dixon, 2012; Sivak ,1982).

Orientation sight distance/orientation visibility and driver workload

Lippold, Schulz, Kriiger, Scheuchenpflug, & Piechulla (2007) developed what they called an
orientation visibility or orientation sight distance model. They used an interdisciplinary
approach, blending transport engineering and traffic psychology. The empirical foundation of
their work was a combination of real-life test drivers with an instrumented vehicle and driving
simulator studies. Participants drove a test vehicle over a fixed route, with and without a
visual-manual secondary task. The secondary task rationale was that drivers would engage
the secondary task only after having obtained sufficient preview of the upcoming route
section. During runs, driving behaviour as well as gaze patterns were logged.

Results of the real-life tests showed an influence of available visibility, shorter visibility (due
to road lay-out, not due to e.g. fog) being associated with more concentrated looking at the
road and reducing speed and are associated by the authors with higher workloads or driver
stress. Such effects start to manifest themselves at visibility ranges below 200 m. In runs
with secondary tasks, the task was ignored completely at visibilities below 150 m.
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Based on their findings, Lippold et al. (2007) recommended orientation sight distances for

four different design classes. These orientation sight distances typically extend beyond the
SSD criteria being used in the German design guidelines.

5.1.5 Elderly drivers

Perception Reaction Times

The Perception Reaction Times for elderly drivers have not been found to be significantly
longer than the average for younger drivers. However, the changes in physical and cognitive
abilities for the elderly could have significant impacts on their abilities to understand
conditions and react safely. Consequently, AASHTO has recommended that a design
Perception Reaction Time of 3.0 seconds be used (Staplin et al.,1997) - (Layton & Dixon,
2012).

Warshawsky-Livne and Shinar (2002) also considered the effects of age on reaction times in
a driving simulator, with younger drivers (aged less than 25 years) demonstrating the fastest
BRT (0.35s), ages 261 49 years were slightly slower (0.39s), while those over 50 years were
slowest (0.43s). Warnes et al. (1993) found elderly drivers were slightly (although non-
significantly) slower than controls (2.45s vs. 2.33s) when not given a warning, the elderly
drivers were however significantly faster than the control group when there was a warning
and a distraction task (2.61s vs. 3.89s).

Visual acuity, contrast sensitivity, illumination

For drivers over 65, the average static visual acuity has dropped to 20/70 (Holland, 2001).
The static visual acuity is dependent on the background, brightness, contrast and time for
viewing. Dynamic visual acuity is the ability to resolve the details of a moving object.
Dynamic visual acuity related to crash involvement is regardless of age. However, there is
gradual deterioration of dynamic visual acuity with advancing age.

Contrast sensitivity is the ability of drivers to analyze contrast information and see patterns in
the visual field. Horswill et al., (2008) found that hazard perception-response time increases
significantly with loss in contrast sensitivity. Contrast sensitivity is more important than visual
acuity for night time driving safety and operations. Older drivers have less contrast sensitivity
than younger drivers.

Virtually all vision measures deteriorate with lower levels of illumination. Less illumination is
especially problematic for the elderly driver. Drivers by age 75 need about 32 times as much
illumination to see well as they did at age 25 (Staplin et al., 1997).

Elderly drivers have more difficulty selecting the critical information, and it takes them longer
to process it. Care must be taken to provide adequate viewing and response time, where
conflicts are numerous, conditions are complex, and speeds and volumes are high to limit
driver workload to acceptable levels. i (Layton and Dixon, 2012).
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Note: A standard, normal eye has 20/20 vision (ie. the letter being read does not need

magnification at 20ft/6m). If vision is said to be 20/70 then the eyesight of the subject has
deteriorated by some 30% compared to a standard eye.

5.1.6 Driver deceleration behaviour

Van der Horst (1990) conducted a study in an instrumented vehicle, where participants

approached a stationary obstacle (a mock-up resembling a stopped vehicle). Participants

were instructed to brake Aat the | atest moment vy
objecto. The initial approach speeds varied fron
was performed was (dry) asphalt. The maximum deceleration level that was reached during

braking was around 6.5 m/s? for an initial speed of 30 km/h, up to 7.5 m/s? when driving 70

km/ h. The results suggested that d-Ta-Goelrlsi sfioon o we
strategy more than a fc o Gigehtheexperdnentabsketing,thé i ono st r
deceleration values found by Van der Horst should be considered as a upper limit of driving

performance, not of values that are suitable for SSD criteria.

The field trial of Durth and Bernhard (2000), involving a surprise braking situation, also
showed that drivers braked harder when the initial speed was higher, in line with the urgency
effect mentioned above. The levels ranged from about 3 m/s? at 70 km/h to 7.5 m/s? at 100
km/h. For SSD calculations, they recommended the use of a constant level of 4.5 m/s2.

Kusano and Gabler (2011) also investigated deceleration and time to collision (TTC) in

crash-iminent situations. Their data were collected by Event Data Recorders (EDRS), using

cases from a database with real-world cases of actual collisions. They reported an average

braking deceleration of 0.52 g's (5.1 m/s?). It should be noted that all these manoeuvres

ended in a collision, meaning that the braking was too little or too late. Lower values of TTC

at the initiation of braking corresponded to stronger deceleration, which is again in line with

the 6urgencyd effect. The average maxi mum decel e
Van der Horst (1990). This may be due to the methodology applied by Kusano and Gabler.

Drivers who applied stronger braking might have avoided the collision, thus not ending up in

the EDR data.

Fambro et al. (2000) measured driver braking distances and decelerations to both
unexpected and anticipated stops:

Differences were noted in individual driver performance in terms of maximum deceleration. ...
Overall, drivers generated maximum decelerations from 6.9 to 9.1 m/s?. The equivalent
constant deceleration also varied among drivers. Based on the 90-km/h data, 90 percent of
all drivers without ABS chose equivalent constant decelerations of at least 3.4 m/s? under
wet conditions, and 90 percent of all drivers with ABS chose equivalent constant deceleration
of at least 4.7 m/s? on dry pavements. i (Fambro et al., 2000). Their results show that drivers
typically realise decelerations that are below the levels that are possible given the
pavement's coefficient of friction: the average maximum deceleration was about 75 percent
of that level.
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5.2 Factors related to vehicles

In the context of SSD, the vehicle factors are essentially those that determine the braking
capabilities of the vehicle:

9 brake coefficients,
1 tyre changes,
9 fleet difference between countries (deceleration rates),

9 effect of ABS and other brake system developments.

5.2.1 Minimum braking requirements

The ECE regulation (UN, 2014) describes the brake tests and minimal requirements for the
type approval of the braking systems of passenger cars. It describes among others the cold
and hot brake performance, including detailed procedures for how to conduct the tests. Note
that these tests are technical tests, not involving driving behaviour.

The minimal requirements of the cold and hot brake tests are:
1 Cold test with engine disconnected: deceleration > 6.43 m/s?
1 Cold test with engine connected: deceleration > 5.76 m/s?
1 Hot test with engine disconnected: deceleration > 4.82 m/s?

These deceleration values are the so-called mean fully developed deceleration (mfdd)
between 80% and 10% of the test speed. The test speed is prescribed to be 100 km/h for the
di sconnected test and 80% of the vehiclebds maxin

5.2.2 Effects of brake system developments

Barrios, Aparicio, Dindar, and Schoinas (2008) listed the following safety systems related to
brake systems.

Control

Anti-Lock Braking System (ABS)
Cornering Brake Control
Sensotronic Brake Control
Electronic Brake Force Distribution
Cross by Wire Brakes

Electro Mechanical Brake
Electro Hydraulic Braking
Electro-Hydraulic parking brake
Electronic Parking brake
Assisted

= =8 -8_8_9_-9_-9_4a_-4a_-9a._-2

I CEDR
24 \ , Conférence Européenne
des Directeurs des Routes
Conference of European
Directors of Roads

o



CEDR Call 2013: Safety &/ N
e —
Brake Assist (BAS)

Predictive Assist Braking

Dynamic Brake Control
Hydraulic Brake Boost

=a =4 -

Fambro et al. (2000) measured driver braking distances and decelerations to both
unexpected and anticipated stops. Vehicle speeds, braking distances, and deceleration
profiles were determined for each braking manoeuvre. The research results show that ABS
result in shorter braking distances by as much as 30m at 90km/ h. These differences were
most noticeable on wet pavements where ABS resulted in better control and shorter braking
distances. i (Fambro et al., 2000).

Similar, Fambro, Fitzpatrick, and Koppa (1997) reported an experimental study (expected
braking), showing shorter stopping distances and larger deceleration under influence of ABS.

However, Burton et al. (2004) reported several studies that showed an increase of braking
distance on loose surfaces (such as gravel or snow; ABS still offering the benefit of improved
vehicle control). Forkenbrock, Flick, and Garrott (1999) confirmed that for most maneuvers,
on most surfaces, ABS yielded shorter braking distances and that loose gravel was an
exception.

ABS is highly common on new vehicles. Looking at the 50 best sold vehicle types in the
Netherlands, the percentage of newly sold vehicles with ABS has risen from around 10% in
1995 to 50% in 2000 and to almost 100% in 2005 (BOVAG/RAI, 2013). Due to a commitment
by the European Car Manufactorers Association all new cars have to be equiped with ABS
since mid of 2004. Since 2009 all new cars have to be equiped with BAS.

The effects of these newer systems on driving behaviour (especially deceleration behaviour)

is not well documented. There is a potential for
implemented. Sitill, for the current vehicle fleet, the SSD considerations will have to be based

on vehicles not equipped with such systems.

5.2.3 Effects of tyres

Van zZyl, De Roo, Dittrich, Jansen, and De Graaf (2014) performed a quick scan to the
potential of high-quality tyres on safety, noise and CO, emissions.

In the context of road surface and tyre interactions, dry grip and wet grip are distinguished

(where 6gripd and oO6friction coefficientdé are the
dry grip performance are determined by different tyre characteristics. In terms of safety

effects, the focus is entirely on the wet grip level.

Wet grip for a given tyre is defined relative to the wet grip of a reference tyre, which is tested
under the same conditions. In the analyses of Van Zyl et al. (2014), the calculations were
done for a wet grip level of the reference tyre of 0.6 (this is in the required range defined by
the standard).
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The resulting grip levels (coefficients of friction) for different tyre labels are listed inTable 5.6.

As a reference a grip level for non-labelled tyres is set at the legal requirement for passenger
car braking performance according to ECE R13H & ECE R13 (defined for dry roads)

Tyre label Cli passenger [C2 1 vans & light | C3 - trucks
cars trucks
A >0.92 >0.84 0.75
B 0.847 0.92 0.757 0.83 0.661 0.74
C 0.757 0.83 0.667 0.74 0.571 0.65
E 0.667 0.74 0.577 0.65 0.397 0.47
F 0.671 0.65 0.537 0.56 0.357 0.38
Legal limit (dry) >0.52 >0.5 >0.5

Table 5.6 : Wet grip levels (or coefficients of friction) for different tyre labels and vehicle
categories (source: Van Zyl et al., 2014)

Table 5.6 : Wet grip levels (or coefficients of friction) for different tyre labels and vehicle
categories (source: Van Zyl et al., 2014) gives the calculated braking distances for the
respective tyre labels as a function of a number of initial speeds and given the calculated
coefficients of friction.

Braking distance [m]

Tyre label |50 km/h 80 km/h 100 km/h {130 km/h
A 104 26.6 41.5 70.1

B 11.5 294 45.9 77.6

C 12.9 32.9 514 86.9

E 14.6 374 58.5 98.8

F 16.1 41.2 64.3 108.7
Legal limit |18.5 47.5 74.2 1254

Table 5.7 : Calculated braking distance for different tyre label as a function of initial speed.
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In 2003 the Motor Industry Research Association (MIRA) investigated the effects of tread
depth on stopping distances by means of real wet brake test (RoSPA, 2005). The tests were
carried out on a test track, where 5 different tread depths were tested (Figure 5.1).

Stopping Distance vs Tread Depth

7 1 . —o— Hot Rolled Asphalt |
N

£ 6 1 I N ; | —e—Smooth Concrete |
£ 54 \ e S
- \
§ 4 *\\
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= 5

2

\\ \‘_\b-—-
1 T e
0
20 25 30 35 40 45 50
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Figure 5.1 : Stopping distance vs treads depth on wet roads (source: RoSPA, 2005).

The stopping distance is different for the two road surfaces due to their different water
retention properties. Further, the graph clearly indicates that the stopping distances
increases dramatically at tread depths below 3 mm. Comparing the results of the maximum
tread depth of 6.7 mm to the legal minimum tread depth of 1.6 mm, the stopping distance is
increased by 36.8% on the hot rolled asphalt and 44.6% on the smooth concrete .

5.2.4 Brake light systems

In some countries the tail light or the brake light of a leading vehicle is defined to be the
relevant element to be perceived and reacted upon. (see also Section 5.3.5). In the USA

600mm is applied as the height of a passenger

object of 150mm)(Layton and Dixon, 2012). It is not only the height of the tail lights but with
the introduction of the third tail light there is now also the matter of the tail light configuration.
Including the presence of a third brake light, Sivak et al. (1982) found no effects of a high-
mounted brake light system on BRT in their field study (exposing un-alerted drivers to brake
signals). In contrast, Theeuwes and Alferdinck (1995) found in a lab study that reaction time
measures (speed and accuracy) improved for a high-placed centre high-mounted stop lamp.
They mentioned that the absolute differences were small but reliable, indicating that this
effect is systematic and occurs for all subjects.

Various other brake light systems have been reported in the literature.
1 Results from Wierwille at al. (2006) showed that adding an visual "imminent warning

signalso to brake | ights can help reduce

9 Isler and Starkey (2010) evaluated g-force controlled activation of the rear hazard
lights (the rear indicators flashed), in addition to the standard brake lights. They found
that responses to the braking manoeuvres of the leading vehicles when the hazard

4
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lights were activated by the warning system were 0.34. s (19%) faster compared to
the standard brake lights.
1 Stanton et al. (2011) assessed the effectiveness of a Graded Deceleration Display
(GDD) that is designed to replace the rear centre high mounted stop lamp on
automobiles.0 Results entailed that the graded syst
behavioural responses during deceleration, fewer collisions, and a safer following
di stance than the binary system. o

5.3 Factors related to the road

5.3.1 Friction

As already explained in section 5.2.3, a distinction is made between wet and dry friction (or

grip) levels. For SSD, the wet grip level is the relevant condition. Two main determinants for
the friction are (1) the road surface (expressed as texture or surface type), and (2) the depth
of the water film.

5.3.2 Texture

Two different texture scales are distinguished, i.e. a macro scale and a micro. The extremes
of micro texture and macro texture (rough versus smooth) are illustrated in Figure 5.2. The
texture at macro scale is required to remove on a wet road surface, especially at higher
vehicle speeds, the water from the contact area between the tyre and the road surface. The
macro texture is determined by the size of the aggregate particles on the road surface. The
micro texture is determined by the roughness and angularity of the surface of the aggregate
particles. The micro texture ensures the removal of the last traces of water from those
locations where high contact pressures between the aggregate and the tyre are present.

Microroughness scele

Rough
A
Macrosmooth L Macrorough
and microrough ¥ and microrough

road surface ERECEER gt road surface
Macroroughness
scale

Smooth = > Rough
S Macrorough
11”(1 microsmaootn
'.‘., road surface

NS

Smooth

Y

Figure 5.2 : Extremes of texture likely to be encountered on roads: microroughness and
macroroughness (Source: Kane & Scharnigg, 2009).
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For road surfaces with rough macro textures the wet friction coefficient is almost independent
of speed, but the level of friction coefficient is very much dependend on the micro texture,
see Figure 5.3. The wet friction coefficient of road surfaces with smooth macro textures are
very influenced by speed and also by the micro texture (rough vs smooth).
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Figure 5.3 : Wet road skid resistance measured with smooth tyre on four surfaces
representing the extremes of micro and macrotexture as shown in Figure 5.2
(Source: Sabey et al., 1970). A: rough micro and macro; B: rough macro smooth
micro; C: smooth micro rough macro; D: smooth micro and macro.

The skid resistance (wet road friction coefficient) is dependent on the macro-texture depth,
see Figure 5.4. The figure shows how the friction coefficient (given as the Friction Number:
Fn = wet road friction coefficient * 100) noticeably decreases with the macro-texture depth
(SMTD: sensor measured texture depth) at a test speed of 100 km/h (Fn100) whereas the
skid resistance remains relatively constant with macro-texture when tested at 20 km/h
(Fn20).
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SMTD (mm)

Figure 5.4: Friction number as a function of texture depth (SMTD) and tread depth and speed
(Fn20, Fn100: Friction Number at 20km/h and 100km/h) (for a smooth tyre on a
wet road)(Ref: Viner, Roe, Parry, & Sinhal, 2000).

5.3.3 Road surface type

Another way of classifying road surfaces is by surface type. On a high level, the following
distinction can be made:
{ Concrete
1 Asphalt
o Porous (or open) asphalt
o0 Dense asphalt.

On asphalt, drainage of water is improved compared with a concrete surface (Elvik et al.,
2009). Porous asphalt has even better drainage properties, reducing the splash and spray as
well the likelyhood of aquaplaning (Tromp, 1994). However, porous asphalt also has some
disadvantages:

1 On dry surfaces, the friction on porous asphalt is less than on dense asphalt. This
holds especially for newly applied porous asphalt. Tromp (1994) mentioned maximum
decelerations (locked wheels) of 6 m/s? for new porous asphalt, 7 m/s? for old porous
asphalt, and 8 m/s? for dense asphalt.

1 In winter conditions, porous asphalt freezes sooner than dense asphalt (Elvik et al.,
2009).

1 The open structure can become blocked by dirt, which reduces the draining. Thus,
porous asphalt needs more cleaning to maintain its favourable effects (Tromp, 1994).

Sandberg et al. (2011) made an overview of developments in Thin Asphalt Layers (TAL).
Their main conclusion was that the application of TAL is certainly worthwhile, combining
sufficient skid resistance, low noise levels and relatively low rolling resistance because of the
favourable surface texture. In various studies, skid resistance of TAL was reported to be

higher than of dense asphalt.
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5.3.4 Water film thickness

On a dry road surface the influence of the speed of the wheel (vehicle) on the friction
coefficient in general is limited. The effect of the thickness of the water layer on the wet road
friction coefficient or skid resistance is small at low speeds but quite pronounced at higher
speeds. Two studies, in France and the UK confirm this conclusion (cited in Kane &
Scharnigg, 2009) show the results of these experimental investigations on the combined
effects of water depth and speed (Figure 5.5 andFigure 5.6). The friction coefficient only
becomes greater if the driver slows down or if the thickness of the water layer decreases.

Load 1335N
Tyre pressure: 215 kN/m?

Smo%h concrete surface

later depth
0-8 O Just wet —
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Figure 5.5 : Effect of water depth on the braking force with a radial ply tyre (source: Kane &
Scharnigg, 2009 / Sabey at al., 1970)

On a dry road surface the influence of the speed of the wheel (vehicle) on the friction
coefficient in general is limited. However, on a wet road surface the friction coefficient
strongly decreases with increasing vehicle speed and increasing thickness of the water layer
(seeFigure 5.6).
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Figure 5.6: Comparison of the locked-wheel BFC (Brake Friction Coefficient) versus slip ratio
relationships for a tyre with 2 mm tread depth (WD) on asphalt concrete, at two
speeds and two water depths (WD=1 mm and WD=8 mm) (source: Kane &
Scharnigg, 2009 / Gothi€, 2001)

Jahromi et al. (2011) conducted a study to quantify the effect of pavement surface
temperature on the frictional properties of the pavementi tyre interface. To accomplish this,
tests were carried out on seven different wearing surfaces under different climatic conditions
were analysed. Results showed that at low speed, pavement friction tends to decrease with
increased pavement temperature, and at high speed, the effect is reverted and pavement
friction tends to increase with increasing pavement temperature.

5.3.5 Obstacles

Implicit in the SSD definition of equation (1) is that the driver brakes in response to detecting
an obstacle. However, there is little clarity on what actually constitutes an obstacle or an
object that may be a hazard for approaching drivers. It could be argued that a large pothole
constitutes a major threat but in providing adequate SSD such a situation could hardly be
accommodated. It has been general practice to define an object on the road as an object
150mm high. This seems to have been a pragmatic rather than researched choice.

The object height that has been used for stopping sight distance has been 150 mm since
1965. (é) This arbitrary value recognized
represent, since 30% of the compact and subcompact vehicles could not clear a 150 mm

2

t he

h a

object. (é) Under some ci r clighna45amnecte 800 mnmveas hei g ht

recognized as a more appropriate  (Layton & Dixon, 2012)

This quote shows the use of a rather artificia | fstsaddaodstacle has
practice in road design guidelines for many years. Another approach is to investigate what
kind of obstacles traffic really has to deal with, which may vary depending on the
geographical location being studied. In addition to object size, there are other visibility factors
that determine if an object is visible, e.g. luminance contrast, colour contrast, ambient
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