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i
Surrogate Methods of Road Safety

This book provides a comprehensive understanding of accident data collection, analysis, and the use of surrogate safety measures (SSMs) from both vehicular and pedestrian perspectives. It discusses the application of simulation tools for surrogate safety analysis, with an emphasis on risk estimation and the integration of machine learning techniques. This book also explores the use of augmented and virtual reality for road user training and assessment, as well as safety concerns related to automated and connected vehicles. Field case studies offer a realistic view of on-site assessments, safety implications, and measures for safety enhancement.


	Explores surrogate safety methods in detail, including the identification of surrogate measures and their applications.

	Examines various SSMs, such as Post-Encroachment Time and Time-to-Collision, and identifies suitable SSMs for mixed traffic conditions, highlighting their strengths and weaknesses.

	Discusses international codes and standards at appropriate points in each chapter.

	Covers statistical methods, including Support Vector Machines, binary logit models, and ordered logit models, for estimating severity levels.

	Includes worked examples and numerical problems for practical understanding.



This book is intended for senior undergraduate and graduate students in road safety engineering, transportation, and civil engineering.ii
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Preface

Road safety is one of the crucial challenges faced by the present road transportation sector across the world. At one or other point of time, everyone in this world was a mute victim to the ever-increasing burden of road accidents. Accident frequency and severity are direct measures of road safety and accident data are used to measure road safety. But accidents are rare events and sometimes collection of sufficient accident data is not possible. In the absence of accident data, surrogate safety measures (SSMs) are used to predict and analyze the frequency and severity levels of possible potential traffic conflicts using videography data. SSMs are indirect and complementary safety measures, and they don’t rely on accident data. SSMs are more proactive, more accurate, more informative, and more time efficient. In the recent past, the use of SSMs has been widely spread across the world.

This book is intended as a one-stop reference for safe system concepts along with various SSMs adopted by various agencies across the world, data collection procedures, and methods of analysis. This book lays the foundation for the benefit of practicing road safety engineers, traffic engineers, and transportation engineers in adopting the safe system concepts for creating a safer road network. Through extensive real-world examples, case studies, and practical relevance, this book explains the intrinsic principles of safer system approach. Furthermore, pedestrian safety, use of simulation methods, and augmented and virtual reality considering the safe system concepts are further presented as a part of this book.xii
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1.1 Current Status of Road Safety

Road traffic safety involves the implementation of strategies and measures to prevent fatalities and serious injuries among individuals using roadways. Common road users include pedestrians, cyclists, drivers, vehicle occupants, horse riders, and passengers of on-road public transportation. Globally, approximately 1.19 million people lose their lives in road traffic accidents each year, and an additional 20–50 million suffer non-fatal injuries. Around 92% of the global fatalities occur in low- and middle-income countries, though these countries carry 60% of the world’s vehicular population. Vulnerable road users, such as pedestrians, cyclists, and motorcyclists with their passengers, account for more than half of these accidents. Road traffic injuries are the leading cause of death for individuals aged between 16 and 29 years, particularly affecting males under 25 years, who represent 73% of road traffic deaths. Developing economies, particularly low- and middle-income countries, bear a disproportionate burden, contributing to 93% of fatalities. Beyond the human toll, road traffic injuries impose a significant economic burden, encompassing treatment costs for the injured and the loss of productivity for those killed or disabled. These injuries also have a substantial impact on national economies, causing countries to lose 3% of their annual gross domestic product. Recognizing the severity of the situation, established measures exist to mitigate the risk of road traffic injuries and fatalities. The 2030 Agenda for Sustainable Development has set ambitious targets to address and reduce road traffic injuries.

In India, road transportation emerges as the most cost-effective mode for both freight and passenger travel, especially given its extensive coverage in densely populated regions. The country confronts heightened exposure to challenging traffic conditions due to increased motorization and urbanization, driven by a robust economic growth rate. Consequently, the incidence of road accidents, traffic injuries, and fatalities remains notably elevated. Globally, road accidents stand out as a leading cause of death, with a significant concentration among individuals aged 15–49. In the year 2023 alone, road crashes in India resulted in the loss of approximately 1.72 lakh lives and caused injuries to over 4.62 lakh individuals. Given that road accidents stem from a complex interplay of various factors, a comprehensive set of measures is imperative to reduce both the number of accidents and resulting fatalities.

In the calendar year 2023, States and Union Territories (UTs) collectively reported a total of 4,80,583 road accidents. These incidents resulted in the loss of 1,72,890 lives and caused injuries to 4,62,825 individuals. Notably, there was a 4.2% increase in the number of road accidents in 2023 compared to the preceding year, 2022. Similarly, 2fatalities and injuries stemming from road accidents also witnessed a rise, with a 2.6% and 4.4% increase, respectively. On average, this translates to 1,317 accidents and 474 deaths every day or 55 accidents and 20 deaths every hour in the country.



1.2 Need for Road Safety Measures

In today’s world of ever-increasing road accidents, road safety improvement plays a crucial role in safeguarding precious lives and burden on society. With an increasing vehicular population all over world, heavier traffic leads to a higher percentage and likelihood of accidents across countries. In fact, road accidents are the seventh leading cause of death in the world.

Most road accidents are caused by human error; although, sometimes unmaintained roads and horrible weather conditions lead to accidents, as well. The major factors that lead to traffic accidents are as follows: drunk driving, tiredness, speeding, road rage, failure to look or judge another car’s speed properly, losing control of the vehicle, tailgating, distraction, carelessness, and inexperience.

There must be number of interventions required to arrest this abnormal increase in number of road accidents across the world. The government, non-governmental organizations, civilians, and more need to start initiatives toward more technical comprehensive safety improvement measures. Increased awareness of speed limits, alcohol limitations, seatbelt usage, child restraints, mobile usage, and construction zones needs to be emphasized. New policies need to be put in place to create safer streets, and older (but good) policies need to be enforced harder for them to take proper effect. Vehicles need to continue to evolve to be safe modes of transportation for not only the driver, but also for pedestrians and cyclists.

To lower the number of accidents, road traffic authorities need to assess problems with existing laws, rules, and systems to determine the real cause of accidents. A new and improved road safety strategy can then be put in place, which will have set actions to help prevent crashes from happening. In case of do-nothing scenario, as per the estimates of Association for Safe International predictions, traffic injuries will jump to the fifth leading cause of death by 2030 in the world.



1.3 Reasons for Road Accidents

Road traffic accident results from a combination of factors related to the components of the system comprising roads, the environment, vehicles and road users, and the way they interact. These can be grouped under the following heads as depicted in Table 1.1.


Table 1.1 Factors resulting in accidents Return to text.⏎


	Road User Factors
	Law and Enforcement
	Road Factors
	Vehicular Factors
	Others





	

	Over-speeding

	Distracted driving

	Non-compliance of motorcycle helmets, seatbelts, and child restraints

	Fatigue

	Carelessness



	

	Inadequate speed limits

	Need for national safety laws

	Reliable enforcement strategies



	

	Pavement failures

	Inadequate footpaths, crossings, intersection designs

	Poor geometrical elements

	Insufficient friction



	

	Unsafe vehicles

	Improper tire pressure

	Braking failure

	Lack of adequate maintenance

	Improper use of vehicle restraint system



	

	Inadequate post-crash care

	Weather conditions like heavy rain, fog, and snow








Some of these factors have a detrimental effect on the occurrence of road accidents. For example, every 1% increase in mean speed produces a 4% increase in the fatal crash risk and a 3% increase in the serious crash risk. Driving under the influence of alcohol and any psychoactive substance or drug increases the risk of a crash that results in death or serious injuries. In the case of drink-driving, the risk of a road 3traffic crash starts at low levels of blood alcohol concentration (BAC) and increases significantly when the driver’s BAC is ≥0.2% (0.04 g/dl).

Correct use of helmet can lead to approximately 42% reduction in the risk of fatal injuries and 69% reduction in the risk of head injuries. Wearing a seatbelt reduces the risk of death among drivers and front seat occupants by 45–50%, and the risk of death and serious injuries among rear seat occupants by 25%. The use of child restraints can lead to a 60% reduction in deaths.

There are many types of distractions that can lead to impaired driving. The distraction caused by mobile phones is a growing concern for road safety. Drivers using mobile phones are approximately four times more likely to be involved in a crash than drivers not using a mobile phone. Using a phone while driving slows reaction times (notably braking reaction time, but also reaction to traffic signals), and makes it difficult to keep in the correct lane, and to keep the required following distances.



1.4 Causes and Effect of Road Accidents

Although road defects are not the major cause of road crashes, efforts to improve road design, construction, and maintenance are often highly cost-effective—and much easier than trying to improve the skills and attitudes of drivers. Research shows that there are three contributing factors to road crashes:


	Human factors (involved in about 95% of crashes)

	Road and road environment factors (involved in about 28% of crashes)

	Vehicle factors (involved in around 8% of crashes)



4In the case of road accidents, multiple factors from the above three groups often combine in a chain of events that result in an accident. One such example can be depicted as follows:


Driver is tired >> driver is on an unfamiliar road >> road is wet >> brakes on the car are poorly adjusted >> driver is travelling too fast for the conditions >> a sharp bend in the road is hidden by a vertical crest >> there is no sign warning of the sharp bend >> driver loses control, skids, runs off the road and crashes into a tree.



In this example, the road defects (poor alignment, lack of warning sign) are not the major cause of the accident, but they would have been relatively easy to avoid (through auditing)—and experience shows that it only takes one of the links in the chain to be broken to prevent an accident or reduce its consequences.



1.5 Conventional and Surrogate Approach

In the traditional approach of traffic safety analysis, one needs to collect the historical accident record at a particular location and safety evaluation is done in terms of number of fatal, injury, and property damage accidents and their consequences. It is termed as a reactive approach of traffic safety analysis. As in this approach analysis was done using the historical accident data, it was also termed as after-the-fact analysis. Although conventional data provides basis for the modeling of various transportation planning schemes, there is uncertainty in quality and broad availability of data, lack of accuracy and reliability of the data, and dynamic randomness of the data. In the recent past, surrogate safety analysis techniques attempt to lessen the burden of data collection cycle by identifying specific surrogate indicators that are highly correlated to risk of collisions and occur much more frequently than crashes but might otherwise not be reported through the traditional channels. In contrast to traditional collision studies requiring many years of data, surrogate safety studies only require limited video footage from any kind of camera, making it a time and cost-effective method. In addition, the burden of road accidents on the road users and the nation is lessened through this pro-active approach.



1.6 Road Safety Initiatives by Government of India


	The Government has approved a National Road Safety Policy. This policy outlines various policy measures such as promoting awareness, establishing road safety information database, and encouraging safer road infrastructure including application of intelligent transport and enforcement of safety laws.

	The Government has constituted the National Road Safety Council as the apex body to take policy decisions in matters of road safety.

	The Ministry has requested all States/UTs to constitute State Road Safety Council and District Road Safety Committees, and to hold their meetings regularly.

	The Ministry has formulated a multi-pronged strategy to address the issue of road safety based on 6’E’s, viz. Education, Engineering (both of roads and vehicles), Enforcement, Emergency Care, Evaluation, and Encouragement.

	5Road safety has been made an integral part of road design at the planning stage.

	Tightening of safety standards for vehicles like seatbelts and anti-lock braking system.

	The Ministry of Road Transport and Highways has introduced Motor Vehicle (Amendment) Bill, 2016, in Lok Sabha in August 2016 containing the different provisions of road safety. The Bill addresses road safety issues by providing for stricter penalties for traffic offences, permitting electronic and IT-enabled enforcement, improving fitness certification and licensing regime, statutory provision for protection of good Samaritans, etc.





1.7 Accident Analysis

A road accident refers to any accident involving at least one road vehicle, occurring on a road open to public circulation, and in which at least one person is injured or killed or occurrence of a property damage. The problem of accident is very acute in highway transportation due to complex flow pattern of vehicular traffic, presence of mixed traffic along with pedestrians.

Road accidents cannot be totally prevented but, by suitable traffic engineering and management, the accident rate can be reduced to a certain extent. For this reason, systematic study of traffic accidents is required to be carried out. Proper investigation of the cause of accident will help to propose preventive measures in terms of design and control. Accident analysis is the major part in the accident studies. Accident analysis involves the tasks of accident data collection and analysis of collected data to suggest suitable safety improvement measures.

The accident data collection involves the data collection by the police or a road safety engineer. The data to be collected should comprise the following parameters:


	General: Date, time, person involved in accident, classification of accident like fatal, serious, or minor

	Location: Description and detail of location of accident

	Details of vehicle involved: Registration number, description of vehicle, loading detail, vehicular defects

	Nature of accident: Details of collision, damages, injury, and casualty

	Road and traffic condition: Details of road geometry, surface characteristics, type of traffic, traffic density, etc.

	Primary causes of accident: Details of various possible cases that are the main causes of accident.



These data collected need proper storing and retrieving for the purpose of identification of location of points at which unusually high number of accidents occur; detailed functional evaluation of critical accident location to identify the causes of accidents; development of procedure that allows identification of hazards before large number of accidents occur; and development of different statistical measures of various accident-related factors to give insight into general trends, common casual factors, driver profiles, etc.
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2.1 Introduction

Road accidents are one of the major reasons for loss of life or severe/minor injuries or property damage, and these are not constrained to a particular location on the globe. Human errors are one of the major causes of road accidents and these errors include over speeding, distractions to drivers, drunken driving, avoiding safety gears, and red light jumping. Not only human errors but other factors (weather conditions, road conditions, etc.) also influence the road accidents and a lot of research is going on to identify the factors that cause the road accidents.

India is the second largest country in the world in terms of both population and road network. With the growing number of vehicles and increase in road length, accidents resulting in injuries and fatalities have been mounting over the past 20 years. One serious road accident occurs every minute and one death occurs every four minutes due to a road accident in India. The Gross Domestric Product of any country is highly influenced by the road accidents and India loses 3% of its Gross Domestric Product only due to the road accidents. As per the statistics of the Ministry of Road Transport and Highways, total road accidents occurred, number of persons killed, and number of persons injured over the last five decades were shown in Figure 2.1. A drastic decrease in the total number of accidents and number of injuries, and almost equal number of road accident deaths every year from 2010 to 2020 was observed. This drastic change in the number of accidents and number of injuries is due to the improvements in the road traffic issues for smooth traffic flow. In 2020, a total of 3,66,138 accidents happened on Indian roads, which claimed 1,31,714 lives and caused 3,48,279 injuries. The number of persons killed in 2020 due to road accidents were 12.6% less than the number of persons killed in road accidents during 2019.


[image: A line plot shows trends in road accidents, deaths, and injuries from 1970 to 2020.]

Long Description for Figure 2.1
The vertical plot represents the number of road accidents, road accident deaths, and road accident injuries, measured in thousands, ranging from 0 to 600 in increments of 100. The horizontal plot represents time in years, ranging from 1970 to 2020 in increments of 10. Road accidents increased from about 110 thousand in 1970 to around 500 thousand in 2010, then declined to roughly 370 thousand by 2020. Road accident injuries follow a similar pattern, peaking at about 520 thousand in 2010 before decreasing to about 350 thousand. Road accident deaths rise gradually from about 20 thousand in 1970 to around 130 thousand by 2010 and remain nearly constant through 2020.


Figure 2.1 Decadal trend in the number of road accidents, deaths, and injuries from 1980 to 2020 Return to text.⏎
Source: https://morth-roadsafety.nic.in/





2.2 Road Factors

The geometry of road and pavement characteristics influence the occurrence of accidents. Tire-pavement interaction plays a key role in reducing the severity of accidents. The road surface characteristics like frictional properties, road condition, type of pavement, and condition of pavement have a high bearing on the cause of the accidents. A very smooth surface with less amount of friction must be avoided and at the same time a corrugated surface may not be an option considering the road user comfort and convenience.

8The various road factors resulting in occurrence of accidents are listed as follows:




	Frictional characteristics of pavement surface

	Pavement condition and roughness

	Gradient of the road

	Carriageway elements like number of lanes, presence of shoulders and its width, and median presence.

	Road geometrical elements like sight distance, super elevation, and extra-widening provided.



The road design and geometrical elements play a crucial role in preventing accidents. A proper geometrical design catering to all types of road users will reduce the burden of road accidents. However, the design must be accompanied by an effective road planning exercise avoiding potential critical locations that are prone to possible blackspot locations. Sight distance plays a crucial role in preventing accidents and a proper sight distance triangle will have a crucial role in preventing the occurrence of road accidents. The intersection sight distance and proper line of sight visibility across the entire stretch will be crucial in having a proper road alignment.



2.3 Vehicle Factors

Vehicular characteristics like braking efficiency, age of vehicle, vehicle condition, and regular maintenance influence the occurrence of accidents. The vehicular characteristics can be categorized into static and dynamic characteristics; static characteristics refer to vehicle length, breadth, height, turning radius, etc., whereas dynamic characteristics are speed, acceleration, engine power, etc.

9The speed has a high bearing on the probability of an accident and is one of the major cause of most of the accidents and particularly crucial in the case of fatal accidents. A proper control of speed of vehicles is required from the road design and vehicular design point of view to reduce the effect of an accident in case of human error.

India’s roads accommodate a wide variety of vehicles, including two-wheelers, cars, buses, trucks, bicycles, and even animal-drawn carts, along with pedestrians. This diversity leads to a chaotic environment at intersections. Nevertheless, issues such as poor lane discipline, improper roundabout use, and a lack of public awareness about the rules often result in confusion and accidents, highlighting the importance of context-specific studies and interventions. The rapid urbanization and growing vehicle densities across the world highlight the urgent need for effective traffic safety management solutions.

The vehicular design has grown widely in terms of safety perspective and in the recent years, number of assessment programs have been designed to ensure vehicles meet high safety standards in preventing accidents. Some of the recent developments in the safer vehicular technology are as follows:


	Bharat New Vehicle Safety Assessment Program: Crash tests cars to ensure safety compliance.

	Mandatory Safety Features: Airbags, anti-lock braking system, electronic stability control.

	Periodic Vehicle Fitness Tests: Older commercial vehicles must undergo fitness certification to remain operational.





2.4 Road User Factors

The other major factor contributing to road accidents is road user factors. Road user characteristics such as vision, hearing, reaction time, and crossing speed play a major role in the driving activity as well as pedestrian activities. The reaction time of the driver is very much crucial in various tasks involved with vehicles. The reaction time may get influenced by the age, gender, experience, type of vehicle, and type of road. An inexperienced driver with little knowledge of road safety signs may require higher reaction times. Some of the recent studies observed that drivers in the young and middle-aged group are more likely to be involved in accidents. The reasons for this may be due to the higher involvement of this age group in the driving task and attitude levels. One more major cause for concern in the recent past is driver and pedestrian distraction due to various electronic devices.

Road user distraction refers to the behavior of road users using mobile devices, such as smartphones, for texting, talking, or listening to music while navigating on the road. This phenomenon poses significant challenges to road safety, as the use of electronic devices negatively impacts the attention and performance of road users. While much research has focused on the effects of such distractions on drivers, the growing prevalence of mobile phones has also raised concerns about their influence on pedestrians, particularly during critical tasks like walking and crossing streets. 10Digital distraction, such as using a mobile phone or looking at a digital billboard, can negatively impact driver safety at critical road sections.

Digital distractions impair situational awareness and reaction times, making both drivers and pedestrians more vulnerable to accidents. For pedestrians, activities like texting or listening to music can reduce their ability to detect traffic signals, hear approaching vehicles, or make quick, safe decisions at intersections. As mobile phone use continues to increase, addressing these risks has become a priority for improving overall road safety. Educational campaigns, technological solutions, and behavioral interventions are being explored to mitigate the impact of digital distractions on road users.

Drivers distracted by their phones tend to have reduced safety margins and exhibit wider pupil dilation compared to those who are focused on driving.

Pedestrians: Pedestrians distracted by digital devices exhibit slower reaction times when nearing crossing locations, intersections, and roundabouts.

The major road user characteristics and their recommended values are presented in Table 2.1.


Table 2.1 Major road user characteristics Return to text.⏎


	Type 
	Characteristic
	Recommendations





	
Visual
	Horizontal view
	0°–10° (Acute vision) 
0–120° (Peripheral vision)



	Glare
	Glare from opposite vehicles and recovery time takes 3 to 6 seconds



	Color
	Ability to distinguish color variations



	Hearing
	Ability to hear sounds
	No defined recommendations



	Reaction time
	Reaction of the driver
	
Useful in stopping the vehicle within safe distance and without colliding. 
Generally, 2.5 s for stopping sight distance and 2.0 s for overtaking operations. 



	Attention span
	Ability to concentrate on the driving task
	Average human attention span is 15 to 20 minutes and short-time lapses of looking away from the road for more than 2–3 seconds is major cause of crashes



	Depth Perception
	Ability to judge distances
	Impaired ability to judge distances between vehicles or during overtaking operation







2.5 Traffic Factors, Environmental Factors, and Other Factors

Traffic density plays a crucial role in the occurrence of accidents. An expressway section or highway section with lesser traffic may result in higher vehicular speeds resulting in severe accidents. On urban road sections with denser traffic, speeds are generally lower; however, frequent stop-and-go operations in congested situations may test the road user patience levels resulting in accidents. Intersections are one of the major locations for the occurrence of accidents. Type of intersection plays a 11crucial role, and, in particular, uncontrolled intersections are more prone to accidents due to the lesser control of speed of vehicles. At signalized intersections, violation of red signal is one of the major causes of accidents. At roundabouts, non-confirmation of the rules of traversing around the roundabout may result in the occurrence of road crashes.

Environmental characteristics such as presence of fog and snow may result in low visibility conditions and result in fatal accidents in inclement weather. Presence of rain may result in slippery surface and loss of proper grip between tire and road surface. This may result in aqua planning effect resulting in fatal accidents.

Other factors like the presence of poles, billboards, and sign boards may obstruct the line of sight of road users and may result in crash occurrence.



2.6 Combination of Factors/Multiple Influencing Factors

Considering the role of various factors and their contributing cause of road accidents as described above, in reality most of the fatal accidents are due to multiple factors. For example, on a rainy day, a driver speeding at a higher speed above 60 km/h may result in lesser frictional coefficients between the road and tire surface resulting in loss of grip leading to a fatal accident. A proper reduction of speed might have reduced the severity of this accident. In most of the cases, a driver error or misjudgment combined with higher speeds and lack of proper signages may result in fatal accidents. For example, at an uncontrolled intersection, a car traveling at a very high speed nearly 100 km/h may collide with another vehicle from the other leg of the intersection due to a sight distance constraint. Considering these factors, there is a need to critically analyze the cause of accidents and the factors resulting from the various causes such as road, vehicle, and road user factors.

The accident cause-and-effect relation is very complex in nature and in some of the accidents; the real cause of the accident cannot be fathomed considering the gravity of the situation and likely tampering of accident scene due to the rescue operations. Nowadays, security surveillance cameras are available at major locations and offer a valuable information regarding the actual cause of accidents. However, on highway sections and other places, it is very difficult to ascertain the real cause of the accidents.

A proper accident reconstruction exercise from different perspectives needs to be planned to analyze an accident and suggest possible remedial measures.
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