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ABSTRACT 
The majority of the road infrastructure in developing countries consists of two-lane 
highways with one lane in each travel direction. Operational efficiency of these 
highways is derived from intermittent passing zones where fast vehicles are 
permitted by design to pass slow vehicles using the opposite traffic lane. Passing 
zones contribute to reduction of travel delay and queuing of fast vehicles behind 
slow vehicles. This however increases crash risks between passing and opposite 
vehicles especially at high traffic volumes due to reduction of passing opportunities. 
Reduction of passing-related crash risks is therefore a primary concern of policy 
makers, planners, and highway design engineers. Despite the wide application of 
passing zones on two-lane highways, there is limited knowledge on the underlying 
causal mechanisms that exacerbate crash risks, and the essential tools to assess 
safety of the passing zones. 

This thesis presents a methodology to appraise safety of two-lane rural highways 
based on observed operation of passing zones. The proposed methodology takes into 
account the impact of traffic and geometric factors on the rate passing maneuvers 
end inside passing zones and in the no-passing zones, adequacy of the design 
passing sight distance, and time-to-collision at the end of passing maneuvers. The 
thesis is comprised of five papers addressing capacity and safety aspects of passing 
zones on two-lane rural highways. Paper I presents a review of the literature on 
capacity and safety of passing zones. Paper II discusses adequacy of the design 
passing sight distance based on the sight distance required to complete a passing 
maneuver using observed data. Paper III discusses formulation, estimation, and 
application of a model to predict the passing rate using geometric and traffic factors, 
and applications. Paper IV discusses risk appraisal of the passing process based on 
the probability to complete passing maneuvers with time-to-collision less than 3.0 
seconds taking into account the accepted gap in the opposite direction and the 
passing duration. Paper V discusses formulation and estimation of models to predict 
the probability and the rate at which passing maneuvers end in a no-passing zone, 
and applications. 

Results show that passing zones of lengths between 1.30 and 2.50 km are good for 
both operational efficiency and safety. Passing zones of lengths between 0.50 and 
1.30 km exhibit increasing crash risks resulting from delayed passing maneuvers 
that end in the no-passing zone where the sight distance is limited to evade potential 
collisions. Safety of these passing zones could be enhanced with additional signage 
to indicate the farthest point along a passing zone that maneuvers can be initiated so 
as not to end in a no-passing zone. Passing zones less than 0.50 km compel drivers 
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to commence passing maneuvers close to the beginning of the passing zone, and 
should be avoided during design for safety reasons. 

The results further show that the passing rate depends on the length of the passing 
zone, absolute vertical grade, traffic volume in two travel directions, directional split, 
85th percentile speed of free flow vehicles, and percent of heavy vehicles in the 
subject direction. The peak-passing rate also known as the passing capacity occurs at 
200, 220, and 240 vph in the subject direction for 50/50, 55/45, and 60/40 
directional splits, respectively. The rate at which passing maneuvers end in a no-
passing zone increases with traffic volume and unequal distribution of traffic in two 
directions, absolute vertical grade, and percent of heavy vehicles in the subject 
direction. The thesis further discusses practical applications of the study findings in 
highway planning and design to enhance safety and improve operational efficiency 
of two-lane rural highways. 

Key words: passing zones, passing rate, collision risk, accepted gap, time-to-
collision, passing sight distance, two-lane rural highways, Uganda   
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1.0 INTRODUCTION 
1.1 Background 
Two-lane highways have one lane in each travel direction separated by centerline 
paint markings (Federal Highway Administration [FHWA], 2009; Ministry of 
Works Housing and Communications [MOWHC], 2004c). Highway is a technical 
term for road often applied in planning, design, and operational analyses related to 
roads (American Association of State Highway and Transportation Officials 
[AASHTO], 2001, 2011; Ministry of Works and Transport [MOWT], 2010). For 
consistency with technical applications, the term highway is used throughout this 
thesis. Highways in Uganda traverse diverse land-use types: built-up (urban or semi-
urban), and non-built-up (rural). The Highway Code of Uganda distinguishes built-
up and non-built-up areas based on the posted speed limits. That is, 50 km/h for 
built-up areas, and 80 or 100 km/h for non-built-up areas (MOWHC, 2004b). The 
present study focuses on highway sections traversing non-built-up areas referred to 
in this thesis as ‘rural highways’ with posted speed limit of 80 km/h. 

Two-lane highways in Uganda play a fundamental role in transportation of 
passengers and freight within the country, and between neighboring countries in 
East Africa. The National Roads network, which is primarily two-lane highways is 
21000 km long with 4000 km (19%) paved and 17000 km (81%) un-paved (Uganda 
National Roads Authority [UNRA], 2015). The length of paved highways increased 
from 2800 km in 2008 to 4000 km in 2015 as a result of accelerated investment in 
highway development by the Government of Uganda (UNRA, 2015). The objective 
was to reduce vehicle-operating costs, travel time, and traffic crashes. 

Fatalities and injuries arising out of traffic crashes however, continued to increase to 
2937 in 2013 up from 2035 in 2008 despite growth in the length of highways with 
good pavement surface (Uganda Bureau of Statistics [UBOS], 2014). The traffic 
fatalities and injuries have been on the rise since 1990 as shown by the aggregate 
annual traffic crash data summarized in Fig. 1-1 (Ministry of Finance Planning and 
Economic Development, 1998; UBOS, 2002, 2006, 2008, 2010, 2014). The traffic 
fatalities for example increased from 778 in 1990 to 2937 in 2013. Similarly, traffic 
injuries increased from 3460 in 1990 to 14346 in 2013. Most of the fatalities (44% 
involving drivers and passengers) in 2013 were reported to occur on two-lane rural 
highway sections, attributed to over-speeding and careless/dangerous driving 
(UBOS, 2014). 

The above traffic fatalities and injuries are unacceptably high for the low vehicle 
population, which was 60 000 in 1993 and 1.01 million in 2013 (Fig.1-1). Although, 
the vehicle population has exponentially increased since 1993, it is still very low in 
comparison with Uganda’s population of 34.9 million people in 2013 (2908 vehicles 
per 100 000 people) (UBOS, 2014). The vehicle population is expected to continue 
to increase exponentially with sustained economic growth, which may result in more 
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traffic crashes unless measures are put in place to mitigate factors that increase the 
risk of traffic crashes. 

 
(Source: Statistical Abstracts 1998, 2002, 2006, 2008, 2010, 2014) 

Fig. 1-1: Annual recorded road traffic fatalities and injuries in Uganda from 
1990 to 2013 

In comparison with Sweden, one of the countries with the lowest traffic crash 
fatalities despite having a high vehicle population shows a bigger traffic fatality 
problem in Uganda in terms of absolute fatalities and rates. For instance, by the end 
of 2006, Sweden recorded 445 traffic fatalities with a vehicle population of 5.04 
million vehicles 1. The corresponding recorded annual traffic fatalities in Uganda 
were 2171 with 0.32 million vehicles. That is, traffic fatalities in Sweden reduced to 
260 in 2013 despite the vehicle population increasing to 5.60 million. Fig.1-2 
summarizes the trends of annual traffic fatalities and fatalities per 100000 vehicles 
of Sweden and Uganda in the eight-year period between 2006 and 2013. Note from 
the figure that the fatality rates per 100 000 vehicles are very low for Sweden (5-9) 
compared to Uganda (289-687) in the eight-year period. 

The fatality rates in Uganda show a downward trend not because the annual 
fatalities have been decreasing but rather the vehicle population is increasing faster 
than the traffic fatalities. This is the major application drawback of traffic crash rates 
in policy and planning for safety improvements. The low Swedish traffic fatalities 
and rates stem from the ‘Swedish Vision Zero’ policy passed by parliament in 1997 
to improve safety on the nation’s highways (Fahlquist, 2006). Under vision zero, the 
                                                 
 
1 Source of Swedish vehicle and traffic fatality data: http://www.trafa.se/en/Statistics/Road-traffic/ 
accessed on June 2, 2015) 
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responsibility of highway safety was placed on designers to identify and remove 
potential traffic conflicts on all Swedish highways. As a result, the Swedish Roads 
Administration in 1998 commenced a program to specifically convert 13-meter 
existing two-lane highways to 2+1 highway system separated by a steel median 
barrier to mitigate passing-related conflicts (Bergh et al., 2003). It was projected that 
the measure would contribute to a reduction of fatal and serious injury crashes by 
50%. The 2+1 highway system has since been adopted in Germany and Finland with 
significant success in reduction of fatalities and severe injuries as well as improving 
operational efficiency (Transportation Research Board [TRB], 2003). Elimination of 
traffic conflicts and other policy measures from a holistic perspective have 
contributed to reduction of road traffic crashes and fatalities in Sweden. The 
Swedish experience has shown that it is possible to reduce traffic fatalities and 
injuries through appropriate design interventions geared at reducing traffic conflicts. 

 

Fig. 1-2: Comparison of the annual traffic fatalities and fatality rates between 
Sweden and Uganda from 2006 to 2013 

In an effort to reduce traffic fatalities and injuries, the Government of Uganda 
introduced mandatory road safety audits of highway development projects after 
publication of the Road Safety Audit Manual in 2004 (MOWHC, 2004a). Road 
safety audits are now mandatory for all highway development projects undertaken 
by UNRA. Despite this effort and enforcement strategies, traffic fatalities and 
injuries on completed highways have continued to rise especially on rural sections. 
This is partly because the road safety audits and expert reviews currently in use are 
largely qualitative and rely on expertise of the audit team, which is often lacking. 
The situation has been compounded by lack of quality traffic crash data collection, 
storage, and retrieval system in Uganda to carry out detailed blackspot analyses 
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(Mwesige et al., 2011). This therefore calls for evidence-based approaches to 
planning and design of Uganda’s high-speed two-lane highways. 

The traffic crash problem especially of two-lane rural highways is not unique to 
Uganda but rather global, resulting in higher fatal crashes and fatalities compared to 
other highway types (Agent et al., 2001; Gårder, 2006; Persaud et al., 2004; Shariat-
Mohaymany et al., 2011; Turner & Tate, 2009; Tziotis et al., 2010). For instance, 
Jurewicz et al., (2015) reported that 60% and 70% of fatal traffic crashes in 
Australia and New Zealand, respectively occurred on rural sections of two-lane 
highways. Inappropriate passing (accepting shorter gaps or sight distance limitations) 
using the opposite traffic lane has been cited as one of the major cause of frequently 
observed head-on crashes on two-lane rural highways (Bergh et al., 2003; Clarke et 
al., 1998; Farah, Bekhor, & Polus, 2009; Gårder, 2006; Harwood et al., 2008; 
Tziotis et al., 2010). Other reported causes of head-on crashes include; drifting of 
subject vehicle in the opposite traffic lane or the shoulder, over-correcting and 
entering the path of the opposite vehicle, misjudging the needed gap in the opposite 
direction to complete passing maneuvers safely, and cutting across lanes when 
negotiating curves (Tziotis et al., 2010). 

The above causes, to a great extent, relate to passing using the opposite traffic lane, 
which is both a design and operational characteristic of two-lane rural highways 
(AASHTO, 2001, 2011; MOWT, 2010; TRB, 2010). Passing using the opposite lane 
improves operational efficiency of these highways by reducing the time fast vehicles 
spend behind slow vehicles (TRB, 2010). This however, increases the risk of head-
on collisions between the passing and opposite vehicles if the sight distance or the 
gap in the opposite traffic is not sufficient to complete passing maneuvers safely. 
Research on the passing process and the operation of passing zones could yield 
analytical tools to appraise risks of passing-related traffic crashes on two-lane rural 
highways. 

1.2 Statement of the Problem 
The unique operational characteristic of two-lane rural highways in which fast 
vehicles are permitted by design to pass slow vehicles using the opposite traffic lane 
has been reported to contribute to the occurrence of head-on crashes (Bar-Gera & 
Shinar, 2005; Harwood et al., 2008; Hegeman, 2004; Tziotis et al., 2010). Despite 
the high number of road traffic crashes on Uganda’s two-lane rural highways, there 
is limited research on passing behavior and operational characteristics of passing 
zones. As such, the impact of the passing process on occurrence of road traffic 
crashes is largely incomprehensible. This has made it difficult for policy makers, 
planners, and highway design engineers to determine the factors that exacerbate 
traffic crash risk, and accordingly to propose measures to enhance safety of the 
passing process. 
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Studies of the passing process on two-lane rural highways have been conducted in 
several developed countries namely: Israel (Bar-Gera & Shinar, 2005; Farah & 
Toledo, 2010; Farah et al., 2008; Polus et al., 2000), Spain (Llorca & Garcia, 2011; 
Moreno et al., 2013), The Netherlands (Hegeman, 2008), The United States (Carlson 
et al., 2006; Harwood et al., 2008), Iran (Shariat-Mohaymany et al., 2011), South 
Africa (Van As & Van Niekerk, 2004), and Greece (Vlahogianni & Golias, 2012; 
Vlahogianni, 2013). The outcomes often formed the basis for the revision of design 
guidelines, investment decisions, and enforcement to enhance safety of two-lane 
rural highways. Transferability of research findings between countries is however, 
limited by differences in driver behavior, infrastructure quality, and traffic 
characteristics. 

Past studies have specifically addressed: adequacy of passing sight distance [PSD] 
required to complete a passing maneuver comparing design and marking thresholds 
(Carlson et al., 2006; Harwood et al., 2008; Llorca & Garcia, 2011); the duration a 
passing vehicle spends in the opposite traffic lane (Farah, 2013; Llorca & Garcia, 
2011; Vlahogianni, 2013); the accepted gaps in the opposite direction (Farah et al., 
2009; Llorca, et al., 2012; Toledo & Farah, 2011); and time-to-collision at the end of 
the passing maneuver (El Khoury & Hobeika, 2007; Farah, Bekhor, & Polus, 2009; 
Hegeman, 2008; Jenkins & Rilett, 2005; Polus et al., 2000; Shariat-Mohaymany et 
al., 2011). Despite the above research efforts, there are still knowledge gaps in 
general especially on the causal factors that lead to passing-related traffic crashes. 

For instance, adequacy of the design PSD is often assessed considering the sight 
distance required to complete individual passing maneuvers rather than the 
likelihood of completion of several passing maneuvers to satisfy the passing demand 
(AASHTO, 2001, 2011). That is, there is no consideration of the number of passing 
maneuvers that can be successfully completed inside passing zones equal in lengths 
to the design threshold. This is specifically important because from operational 
perspective, the passing process should be able to disperse platoons behind slow 
vehicles on arrival at a passing zone (TRB, 2010). Presence of opposite vehicles 
close to the beginning of a passing zone may for instance cause delays to initiate 
passing maneuvers, requiring longer passing zones than the design thresholds. 
Therefore, there is need to assess the effect of the passing zone length on the number 
of passing maneuvers ending outside the passing zone (in the no-passing zone). This 
is specifically important for safety reasons because no-passing zones are often 
located on crests or horizontal curves, where sight distance between the passing and 
the opposite vehicles is limited to evade potential collisions. 

Further research is also required to determine the impact of geometric and traffic 
factors of passing zones on the rate passing maneuvers end inside the passing zone 
as a direct measure of passing capacity. This is important from policy and planning 
perspectives to determine when passing capacity is reached on two-lane rural 
highways so that passing using the opposite lane is prohibited for safety reasons. A 
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recent study by Moreno et al. (2013) developed a model for the rate of passing 
maneuvers at a passing zone with length of passing zone, directional split and traffic 
flow in two directions as the explanatory variables. The study did not explore the 
impact of other traffic and geometric variables such as absolute vertical grade, 
percent of heavy vehicles and speeds of vehicles on the rate passing maneuvers end 
inside the passing zone and in the no-passing zone. 

Safety of the passing process has been evaluated using a safety surrogate measure 
known as the time-to-collision estimated from the remaining time when the passing 
vehicle goes back to its lane, and arrival of the opposite vehicle (Polus et al., 2000). 
The time-to-collision concept originated from traffic conflict techniques that have 
long been applied to safety appraisal of intersections (Campbell & King, 1970; 
Hauer, 1982; Hyden, 1987; Laureshyn et al., 2010; Minderhoud & Bovy, 2001; 
Williams, 1981). The time-to-collision as a surrogate safety measure of the passing 
process has been determined independent of the other traffic variables such as the 
accepted gap in the opposite direction and the passing duration (Hegeman et al., 
2005; Polus et al., 2000; Shariat-Mohaymany et al., 2011). Past studies have shown 
that the size and proportion of sufficient accepted gaps in the opposite direction 
decreases with directional traffic volume (Farah et al., 2009; Polus & Cohen, 2009; 
Rozenshtein et al., 2013; TRB, 2010). This affects the magnitude of the time-to-
collision at the end of a passing maneuver, with safety consequences at higher 
directional traffic volumes. Further research is therefore required to explore the 
relationship between the time-to-collision, the passing duration, and the accepted 
gap in the opposite direction with applications to safety appraisal of two-lane rural 
highways. 

1.3 Study Objectives 
The main objective of this study is to assess, using empirical data, the impact of 
geometric and traffic factors on the passing behavior of drivers and consequently on 
the operation and safety of passing zones. 

More specifically, the research aims at the following: 

1) Assessing adequacy of design passing sight distances based on observed 
passing behavior at passing zones in Uganda. 

2) Developing a model to predict the passing rate at passing zones based on 
geometric and traffic factors. 

3) Assessing the risk associated with completion of passing maneuvers with 
shorter than safe time-to-collision accounting for the passing duration and 
the accepted gap in the opposite direction. 

4) Assessing the effect of the length of passing zone on the operation and 
safety of two-lane rural highways based on the probability and the rate 
passing maneuvers end in the no-passing zone. 
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1.4 Significance of the Study 
The study contributes to the United Nations Decade of Action on Road Safety 
requiring member countries to reduce road traffic crashes through road safety 
management, safer roads and mobility, safer vehicles, safer road users, and post-
crash response (World Health Organization, 2011). This study in particular falls 
under the second pillar on safer roads and mobility, and explores ways to reduce 
road traffic conflicts that result in crashes through planning, design, and operation of 
two-lane highways. Secondly, the study contributes to the Government of Uganda’s 
mission ‘to develop and maintain a safe national roads network that fosters the 
economic development of Uganda’ (UNRA, 2015). The study also contributes to the 
understanding of safety impacts of the passing process on two-lane rural highways. 
Specifically, the relationship between capacity of passing zones and safety at higher 
directional traffic volumes is explored with applications to policy, planning, and 
highway geometric design. 

1.6 Approvals 
Approvals were sought and obtained from UNRA and Uganda Police Force [UPF] 
to collect speed, passing maneuver and other traffic data along the highway sections 
namely: Jinja-Iganga; Iganga-Bugiri; Kampala-Masaka; and Masaka-Mbarara. In 
addition, as-built drawings showing alignment features on the highway sections 
were obtained from UNRA’s Directorate of Planning. Field data collection of speeds 
and passing maneuvers adhered to safety standards and the laws of the Republic of 
Uganda. 

1.7 Delimitations 
The findings and discussion of this study is limited to observed passing behavior on 
two-lane rural highways in Uganda. Model formulation and estimation techniques 
proposed are transferable but not absolute parameter estimates because they were 
determined based on passing behavior in Uganda. The study was carried out at 
macroscopic level using aggregate data rather than individual driver behavior or 
vehicle trajectories. The data used in the analyses was collected by static video 
recording using tripod-mounted camcorders on clear non-rainy days between 13:00 
and 18:00 hours East African standard time between March and May in 2012 and 
2013. All passing zones had absolute vertical grade in the range −4% to +4% for a 
flat terrain (MOWT, 2010). This excluded passing zones that could be located in 
rolling and mountainous terrain. The lane and shoulder widths were 3.50 and 2.00 
meters, respectively. The effect of lane and shoulder width on the passing behavior 
was not investigated in this study. The highway sections had similar surfacing type 
of 50 mm asphalt concrete in good condition thus controlling for the effect of 
frictional resistance on passing behavior. The data was collected on non-rainy days 
to control for the impact of the reduction of surface frictional resistance on passing 
behavior. The directional traffic volume was in the range 44-254 vph on sections of 
the northern highway corridor of East African Region. 
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1.8 Outline of the Thesis 
The rest of the thesis is organized as follows. Chapter 2 presents a discussion on 
traditional approaches to safety appraisal of two-lane rural highways, which include 
traffic crash-based methods and the operations-based methods. In this chapter, the 
study conceptual framework, research questions, and hypotheses are also presented. 
Chapter 3 presents the methods and tools used in the study including site selection 
considerations, data collection tools, field layout of data collection, and data 
processing. Finally, Chapter 4 presents summaries of appended papers, study 
contributions, a summary, and proposals for future research.   
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2.0 APPROACHES TO SAFETY APPRAISAL OF TWO-LANE 
HIGHWAYS 

This chapter presents a discussion of the approaches to safety appraisal of two-lane 
rural highways. The chapter presents a discussion of the traffic crash-based and 
operations-based methods. These are followed by discussions of the study 
conceptual framework, research questions and hypotheses. 

2.1 Traffic Crash-Based Methods 
Safety appraisal of two-lane highways has traditionally used traffic crash data 
analyses to identify blackspots on highways and to propose improvements. Decision 
support to policy makers, planners, and highway design engineers has 
conventionally been based on recommendations obtained from: before-and-after 
studies (Benekohal & Hashmi, 1992; Labi, 2006; McLean et al., 2010; Persaud et al., 
2004; Srinivasan et al., 2010); safety reviews (Montella, 2005); and the aggregate 
traffic crash prediction models using geometric, traffic and environmental factors as 
explanatory variables (Anderson & Krammes, 2000; Labi, 2006, 2011; Lord et al., 
2005; Miaou & Lum, 1993; Miaou, 1994; Mitra & Washington, 2007; Srinivasan et 
al., 2010). These methods are widely used in practice albeit with limitations. 

Before-and-after studies for instance are reported to suffer the regression-to-the-
mean [RTM] effect (Elvik et al., 2009; Hauer, 1971; 2001), and failure to account 
for local changes in traffic flow conditions at study sites (Hirst et al., 2004; Labi, 
2006). The RTM effects lead to overestimation of treatment effects on crash 
reduction. Hirst et al., (2004) and Labi (2006) observed that in order to account for 
RTM effect there is need to consider changes in traffic crashes that would occur if 
the treatment were not in place, as well as changes in traffic flow conditions, which 
is rather difficult in practice. To correct for the RTM effect in before-and-after 
studies, the Empirical Bayes [EB] method is often used to account for changes in 
traffic volumes and other factors (Elvik et al., 2009; Hirst et al., 2004; Persaud et al., 
2004). On the other hand, traffic crash prediction models are reportedly limited by 
lack of adequate traffic crash data as well as failure to account for spatial variability 
effects (Lin, 1990; Anderson & Krammes, 2000; Aarts & Schagen, 2006).  

Traffic crash-based methods have also been criticized for being reactive rather than 
proactive, unstable, unreliable; and do not adequately explain the underlying cause-
effect relationships between traffic crashes and other factors related to highway 
geometry, traffic and the environment (Bonneson & Ivan, 2013; Songchitruksa & 
Tarko, 2006; Tarko et al., 2009). Bonneson & Ivan (2013) have argued that spatial 
aggregation of traffic crash data increases bias of estimated coefficients leading to 
inaccurate safety inferences and conclusions. The authors proposed structural 
modelling (mechanism-based) approach in future safety research using theoretical 
relationship between traffic and geometric factors than relying on statistical 
correlations as is the case with traffic crash prediction modelling. Laureshyn et al., 
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(2010) held the view that safety measures based on traffic crash data are not 
sufficient to assess operational efficiency of a traffic system. Songchitruksa & Tarko 
(2006) for example proposed use of ‘the extreme value theory’ where traffic events 
are analyzed in a continuum from the safest to the most dangerous (that result in 
traffic crashes) for vehicles whose paths cross at a common conflict point. The 
authors argued that crashes are minor events that do not adequately represent the 
entire operational continuum of a traffic system. They proposed organizing traffic 
encounters into a hierarchy based on an operational severity measure from safest to 
the most dangerous encounters (resulting in crashes). Songchitruksa & Tarko (2006) 
and Laureshyn et al., (2010) used the time-to-collision as a safety surrogate measure 
with application to traffic conflicts at intersections. 

More recently, the Highway Safety Manual was published as a single reference 
source for planners and highway design engineers to appraise safety of two-lane 
rural highways (AASHTO, 2010). The manual contains models and procedures 
derived from a combination of historical traffic crash data, traffic crash prediction 
models, before-and-after studies, and expert judgement. The manual states amongst 
its practical limitations; lack of consideration of differences of driver populations, 
changes in climatic conditions, hourly traffic volume variations during the day, and 
safety issues arising out of the interaction between adjacent features. Nevertheless, 
the prescribed procedures provide promising tools for safety appraisal of two-lane 
highways notwithstanding general limitations of traffic crash-based methods. 

2.2 Operations-Based Methods 
Recent advances in road traffic safety research have adopted proactive methods such 
as road safety audits [RSA] to assess safety of specific highway elements and to 
propose interventions (Kanellaidis, 1999; Spring, 2005). Road safety audits rely 
heavily on the expertise of the audit team to assess safety of existing highways and 
development projects using a combination of design reviews and targeted site 
investigations. The RSA procedure are now used in Uganda after publication of the 
Road Safety Audit Manual in 2004 (MOWHC, 2004a). The drawback of RSA is its 
reliance on the expertise of the audit team and absence of quantitative methods to 
check or validate recommendations. 

The second operations-based method is the ‘geometric design consistency’, which 
uses operating speed models of passenger cars under free flow conditions at 
horizontal curves (Collins & Krammes, 1996; Gibreel, Easa, & El-Dimeery, 2001; 
Hassan et al., 2000; Hassan, 2004; Kanellaidis et al., 1990; Krammes et al., 1995; 
Lamm et al., 1990; Marchionna et al., 2011; Turner & Tate, 2009; Zuriaga et al., 
2011). The method requires development of models to predict the 85th percentile 
speed of passenger cars under free flow conditions for horizontal curves or tangents 
using independent variables derived from their respective geometric attributes. The 
models are then used to check for operating speed consistency between two 
successive alignment elements against a defined safety criterion. 
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Lamm et al. (1988) proposed safety criterion based on three thresholds for 
evaluating geometric design consistency by comparing 85th percentile speed 
difference ( ΔV85 ) between two successive horizontal curves or tangent and 
horizontal curve as follows: good design: (ΔV85 ≤ 10 km/h); fair design: (10 ≤
ΔV85 ≤ 20  km/h); and poor design: ( ΔV85 ≥ 20  km/h). These thresholds were 
implemented in the Interactive Highway Safety Design Model [IHSDM] as an 
additional tool for highway designers to appraise geometric consistency of 
alignments (FHWA, 1999). The objective of geometric design consistency approach 
is to provide a highway alignment during design that guarantees a consistent 
speeding environment. This indirectly contributes to reduction of loss-of-control 
traffic crashes resulting from excessive speeds especially in horizontal curves 
(Anderson & Krammes, 2000; Krammes, 2000). 

The third operations-based method is the operational analysis of the passing process 
traditionally accomplished using methods and tools contained in the Highway 
Capacity Manual [HCM 2010] namely the average travel speed, and percent-time-
spent-following [PTSF] (TRB, 2000, 2010). The PTSF is widely applied in 
operational analyses of two-lane highways as a surrogate measure of passing 
demand estimated from the proportion of vehicles travelling with headways less 
than 3.0 seconds. The PTSF however does not take into account the interaction 
effects that occur on two-lane highways and supply of passing opportunities such as 
the sight distance and gaps in the opposite traffic stream at passing zones. Design 
and marking of passing zones focusses on the sight distance required to complete a 
single passing maneuver but not the likelihood of completing several passing 
maneuvers to satisfy the demand to pass, which is often the objective of placing 
passing zones on two-lane highways (AASHTO, 2001, 2011; FHWA, 2009; MOWT, 
2010; MOWHC, 2004c). The disjoint between design and marking of passing zones, 
and the need to satisfy the passing demand creates a knowledge gap, making it 
difficult to comprehend the impact of limited passing opportunities on safety of two-
lane rural highways. The joint effect of increasing passing demand and reduction of 
passing opportunities could for instance yield insights into the factors that 
exacerbate passing-related crash risks (head-on, rear-end, and sideswipe in the 
opposite direction), and contribute to safety appraisal of two-lane rural highways. 

2.3 Conceptual Framework 
The focus of this study is to appraise safety of two-lane rural highways by jointly 
considering passing demand and opportunities using observed operation of passing 
zones and passing behavior. The study extends operations-based methods for safety 
appraisal of two-lane rural highways to consider mechanisms and factors that could 
help explain and quantify passing-related crash risks. Fig. 2-1 is a conceptual 
framework showing categorization of passing-related crash types and the potential 
causal factors. The causes of passing-related crashes are broadly grouped into 
‘systematic’ and ‘random’ in view of the theoretical likelihoods of occurrence on 
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two-lane rural highways during normal operation. Systematic causes arise because 
by design and operation, passing using the opposite lane increases collision risk 
attributed to: (a) insufficient passing gaps in the opposite direction especially at high 
traffic volumes (Gårder, 2006; TRB, 2010); and (b) inadequate sight distance to 
complete passing maneuvers safely (Tziotis et al., 2010). The expectation is that 
two-lane rural highways with insufficient passing opportunities experience high 
passing-related crash risks in form of accepting shorter than safe gaps to complete 
passing maneuvers, and reduction of the rate of completion of passing maneuvers in 
comparison with the demand to pass. 

In contrast, random causes, which include vehicle mechanical condition, weather 
and visibility and driver behavior (fatigue, alcohol and other drugs use) should result 
in crashes less frequently unless the vehicle population is characterized by regular 
breakdowns or the driver population is largely impaired. Random causal factors 
have been reported to result into unintentional crossing of the centerline to the 
opposite traffic lane lead to head-on crashes (Clarke et al., 1998; Gårder, 2006; 
Tziotis et al., 2010). Findings by Gårder (2006) on these random causes in head-on 
crashes in Maine supports the theory that they less frequently result in crashes. For 
instance, driver fatigue was reported to be responsible for one in forty; and alcohol 
or drugs one in twelve of all head-on crashes. 

This study is focused on estimation of crash risks resulting from the systematic 
causes resulting from normal operation of two-lane rural highways. Specifically, 
passing capacity and its impact on safety of two-lane rural highways is examined 
considering design and operational aspects of passing zones. This is because the 
passing capacity is known to decrease with increase in passing demand due to 
reduction of passing opportunities especially at high opposite traffic volumes (TRB, 
2010). In this study, the passing capacity is estimated considering the rate at which 
passing maneuvers end inside a passing zone using geometric and traffic factors 
controlling environmental, driver and vehicle factors as illustrated in Fig. 2-1. The 
impact of passing capacity on safety is assessed considering adequacy of passing 
sight distance to complete passing maneuvers, risk appraisal based on time-to-
collision at the end of passing maneuvers, and the probability and rate at which 
passing maneuvers end outside the passing zone (in the no-passing zone). 
2.4 Research Questions and Hypotheses 
The following are the five study research questions and hypotheses: 

Q1: How is the capacity and safety of passing zones on two-lane rural highways 
defined and estimated? 

This research question is explored in Paper I based on previous studies, design and 
marking standards of passing zones on two-lane rural highways. It provides the 
foundation onto which other research questions (Q2-Q5) were derived as shown in 
the conceptual framework in Fig. 2-1.   
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Q2: What is the required PSD threshold to complete passing maneuvers safely 
based on observed passing behavior in Uganda? How does the PSD threshold 
compare with those used to design and marking of passing zones in Uganda? 

The second research question is explored in Paper II. The adequacy of PSD 
thresholds to complete safely passing maneuvers based on observed passing 
behavior on two-lane rural highways in Uganda in explored. In addition, 
performance of passing zones is compared with design and marking thresholds used 
in Uganda. 

Q3: How does the rate at which passing maneuvers end inside the passing zone vary 
with geometric and traffic factors? 

The third research question is explored in Paper III by presenting the rational and 
formulation of the model to predict the rate at which passing maneuvers end inside 
the passing zone for a set of geometric and traffic factors, also referred to as the 
passing rate. The null hypothesis was tested that the passing rate: (a) increases at a 
decreasing rate with traffic volume in two directions, percent of heavy vehicles, and 
length of passing zone; and (b) increases with the directional split, the 85th percentile 
speed of passenger cars under free flow conditions, the absolute percent vertical 
grade, and the length of upstream no-passing zone. 

Q4: What is the relationship between time-to-collision at the end of passing 
maneuvers, the passing duration, and accepted gap in the opposite direction? How 
can this relationship be used to explain crash risk at high opposite traffic volumes? 

The estimated passing rate model in Q3 is not sufficient to explain why passing rates 
decrease at high opposite direction traffic volumes, and to quantify passing-related 
risks, which is necessary for safety appraisal. From a theoretical point of view, the 
passing rate decreases at high opposite traffic volumes because of the reduction in 
size and proportion of gaps to complete passing maneuvers safely. To explain this 
behavior, it is important to explore the relationship between the time-to-collision at 
the end of a passing maneuver, the passing duration, and the accepted gaps in the 
opposite direction. This research question is explored in Paper IV. The null 
hypothesis tested is that the probability of completing individual passing maneuvers 
with time-to-collision less than safe threshold increases: (a) as the size of accepted 
gaps in the opposite direction gets smaller; and (b) as the duration taken to complete 
the passing maneuver gets longer. 

Q5: How does the rate at which passing maneuvers ending in the no-passing zone 
change with the length of the passing zone and the directional traffic volumes? What 
factors increase the probability of individual passing maneuvers ending in the no-
passing zone? 

The fifth research question addresses an important issue of what happens to the 
operation of passing zones at high opposite traffic volumes. Theoretically, it is 
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expected that commencement of individual passing maneuvers increasingly become 
delayed as suitable gaps appear later inside the passing zone. This increases the risk 
and rate of passing maneuvers ending in the no passing zone where there is limited 
sight distance to evade potential collisions. This research question is explored in 
Paper V, and comprises of two parts: (i) estimation of the probability of passing 
maneuvers ending in the no-passing zone for a given length of passing zone; and (ii) 
the rate at which passing maneuvers end in the no-passing zone based on geometric 
and traffic factors. Two hypotheses investigated are: (a) the probability of passing 
maneuvers ending in the no-passing zone decreases as the length of the passing zone 
increases, and increases with the delay to initiate the maneuver from the beginning 
of the zone; (b) the rate at which passing maneuvers end in a no-passing zone 
increases with the increase of the traffic volume, and unequal distribution of traffic 
in the two travel directions, absolute vertical grade, and percent heavy vehicles.  
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3.0 METHODS AND TOOLS 

This chapter describes the methods and tools used in the study for data collection 
and processing. It is comprised of five sections namely; site selection considerations, 
data collection tools, layout of tools during field data collection, and data processing. 

3.1 Site Selection Considerations 
Study sites were selected with the objective of controlling for external 
(environmental, terrain, driver, and vehicle) factors that could influence vehicle 
speeds and passing behavior. Rural sections of two-lane highways were selected to 
control for the impact of roadside activity and access density on vehicle speeds. A 
study by Cruzado & Donnell (2010) for instance reported that vehicle speeds 
reduced by 0.60 km/h for every increase in access points to a highway section. 
Moreover, presence of access points within the passing zone would, from a 
theoretical point of view, influence the passing behavior. Thus, selected sites did not 
have any access points and were in rural areas with a posted speed limit of 80 km/h. 

The sites were also selected in flat terrain to have consistent vehicle speed 
characteristics and sight distances than in rolling and mountainous terrain. 
Fitzpatrick et al. (2000) have shown that the vertical grade leads to significant 
reduction of vehicle operating speeds. This study concentrated on two-lane rural 
highway sections located in a flat terrain with vertical grades between -4% and 4% 
(MOWT, 2010). All study sites were located on a tangent with clear centerline 
delineators to mark the beginning and end of a passing zone. 

All sites were located on undivided National Road Class Ib (MOWT, 2010) with 
lane and shoulder widths of 3.50 and 2.00 meters, respectively. The sites were 
located on the highway that forms the continental Northern Corridor serving the 
Great Lakes region of East Africa shown in Fig. 3-1. The highway carries local and 
through traffic from Mombasa in Kenya through Kampala Capital City of Uganda to 
Rwanda, Burundi, and the Democratic Republic of Congo. The highway was also 
chosen because it carries high hourly traffic volumes than other highways in Uganda. 
Study sites were selected from the eastern (07), central (04), and southwestern (08) 
regions of Uganda as shown in Fig. 3-1. The purpose was to increase data variability 
and to control for local effects that would affect driver behavior in relation to speeds 
and passing behavior. 

To control for the impact of frictional resistance on vehicle speeds and passing 
behavior, all study sections had 50 mm asphalt concrete pavement surface in good 
condition. Frictional resistance has been reported to impact the ability of vehicles to 
stop in emergencies, and differences exist between dry and wet pavements (Labi, 
2006). The selected highway sections had recently been rehabilitated with no 
pavement distresses such as ruts and potholes that would influence operating speeds. 
For instance, no sites were selected between Kampala Capital City and Jinja Town 
because of pavement distresses. 
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Fig. 3-1: Map of Uganda showing location of study passing zones (Adopted from 
Google Maps, 2014) 

3.2 Data Collection Tools 
Three categories of data were required for the study, namely: observed passing 
maneuvers, highway geometric characteristics, traffic volumes, and speeds. Each of 
the three data types required a different tool for collection in the field. These tools 
are presented in the subsequent sub-sections. 

3.2.1 Observed Passing Maneuver Attributes 
Observed passing maneuver attributes include: (a) the number passing maneuvers 
per hour; and (b) individual passing maneuver characteristics (such as the passing 
duration, accepted gaps in the opposite direction, speeds of all vehicles involved, 
and types of passing and passed vehicles). These variables were measured at the 
beginning of the passing zone and at abreast position, when the passing and passed 
vehicles appeared parallel to each other during the passing maneuver. According to 
the study objectives, it was necessary to classify passing maneuver counts by where 
they began and ended with respect to the passing zone. This classification meant that 
the selected data collection tools should be capable of observing both ends of a 
passing zone in addition to collecting individual passing maneuver attributes. 
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Past studies used different methods to collect passing maneuver data namely; 
helicopter hovering over a highway section (Polus et al., 2000); instrumented vehicle 
(Carlson et al., 2006; Hegeman, 2008; Llorca et al., 2014); tower-mounted cameras 
(Harwood et al., 2008; Llorca & Garcia, 2011); roadside cameras (Hegeman, 2008; 
Polus et al., 2000); and driving simulator (Bar-Gera & Shinar, 2005; El Khoury & 
Hobeika, 2007, 2012; Farah, Bekhor, & Polus, 2009; Vlahogianni & Golias, 2012; 
Vlahogianni, 2013). The merits and limitations of each of the methods are discussed 
in the subsequent sections. 

Polus et al. (2000) used a helicopter hovering above the highway section, and 
roadside cameras to study the passing process on two-lane rural highways in Israel. 
The authors used data from the helicopter to develop trajectories of individual 
passing maneuvers, and the roadside camera data to compute speeds of the vehicles 
involved in the passing maneuver. Data collection using a helicopter is expensive, in 
addition to requiring supplementary data from roadside cameras to estimate speeds 
of vehicles involved in the passing maneuver. 

An instrumented vehicle, which is a car fitted with cameras in the front and rear can 
record passing maneuver characteristics such as the speed of the passing vehicle, the 
following distance before the maneuver, speeds of the passing vehicle before the 
maneuver and at abreast position, and the passing duration. The instrumented 
vehicle acts as the slow vehicle by setting the driving speeds to a relatively low 
speeds to enable passing of fast vehicles (Carlson et al., 2006; Hegeman, 2008; 
Llorca et al., 2014). The major drawback of this method is the inability to collect 
data of other vehicles, such as the opposite vehicle, and passing maneuver counts. 
The method also reduces variability of speeds of the passed vehicle since the 
researcher sets speeds at which the instrumented vehicle is driven. 

Studies by Harwood et al. (2008) in the United States, and Llorca & Garcia (2011) 
in Spain used tower-mounted cameras to collect passing maneuver data. The 
Spanish study used six cameras mounted on a single tower with adjustable zone 
placed in the midway of the passing zone. Using this method, the authors could 
process passing vehicle trajectories up to 600 meters from the position of the 
cameras due to resolution loss. The tower was positioned by the roadside away from 
direct sight of drivers to minimize effect on driver behavior. Harwood et al. (2008) 
used one camera on the tower placed at one end of the passing zone. The authors 
similarly cited loss of image resolution at long distances from the camera position, 
and inaccuracies in distance measurements at curved alignment sections. 

Other studies have used a driving simulator to study characteristics of the passing 
process at a microscopic level to determine the impact of vehicle and driver factors 
on passing behavior. The driving simulator has been for instance used to study 
factors that govern the driver’s desire to pass (Bar-Gera & Shinar, 2005; 
Vlahogianni & Golias, 2012); driver gap acceptance characteristics (Farah et al., 
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2009; Farah & Toledo, 2010); and risk proneness of drivers in passing maneuvers 
based on faulty decision making, average driving speed, and acceleration noise 
(Farah et al., 2008). The driving simulator is applicable for studies that seek to 
determine individual driver behavior characteristics, and the impact on the passing 
process. The purpose of this research was to collect empirical data on both the 
passing behavior and operation of passing zones on two-lane rural highways for 
which a driving simulator was not applicable. 

In light of the limitations of the methods used in past studies to collect passing 
maneuver data, this study opted to use ordinary high definition tripod-mounted 
camcorders placed along the passing zone. The reasons for the choice of this tool 
were lower acquisition costs, portability, and deployment flexibility to collect both 
individual passing maneuver data and to observe the operation of the passing zone. 
For instance, to observe the operation of passing zones, it was necessary to place 
camcorders at both ends of the passing zone. In the case of tower-mounted camera, 
two towers would be required, which is costly. 

a) Placement of tripod-mounted camcorder   b) Measuring wheel 

 
 
 
 
 
 
 
 
 
 
 
 

c) Traffic classifiers and pneumatic tubes placed across the highway pavement 
Fig. 3-2: Tools used in the study to collect geometric, passing maneuver and 

other traffic data 
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Tripod-mounted camcorders were placed by the roadside and parallel to the 
centerline of the highway to collect passing maneuver data. The set-up and 
positioning of the camcorder are as shown in Fig. 3-2a. Despite the above-
mentioned advantages, data collection using roadside cameras has the limitation of 
falls due to wind, and suction from long vehicles if positioned close to the shoulder. 
To overcome this limitation, surcharge weights where attached to the tripods to 
enhance stability of the camcorders (see Fig.3-2a). 
3.2.2 Geometric Attributes 
The geometric data required for the study included: lane and shoulder widths, 
absolute vertical grade, length of passing and upstream no-passing zones at 
individual passing zones. The lane and shoulder widths, lengths of passing and no-
passing zones were measured using a digital measuring wheel shown in Fig. 3-2b. 
The measuring wheel is portable, accurate, and easy to use since one person is 
sufficient to collect the required data. The vertical grades of the respective passing 
zones were extracted from as-built drawings obtained from UNRA for the respective 
highway sections. 

3.2.3 Traffic Volume and Speeds 
Traffic volume and speed data of the other vehicles in the traffic stream, which were 
not involved in the passing maneuvers, were collected using pneumatic tube sensors 
connected to traffic classifiers. The Apollo II traffic classifiers were used to collect 
directional traffic characteristics namely; timestamps of each vehicle, headways, 
axle length, vehicle type, and speeds of individual vehicles (Diamond Traffic 
Products, 2006). The choice to use Apollo II classifiers was based on robustness and 
reliability (the classifier had solar panel to charge battery while recording in rural 
areas), accuracy and acquisition cost. The procedure for tube installation involved a 
series of steps that included; laying two parallel tubes at right angles to travelled 
direction at a spacing of 1.22 meters, plugging and anchoring one end of the tubes 
with nails and clamps, and connecting the other ends of the tubes to traffic classifiers 
as shown in Fig. 3-2c. 

3.3 Field Layout of Data Collection 
Tripod-mounted camcorders were placed by the roadside at the edge of the shoulder 
or the side drain and not visible to the passing vehicles from a distance in order not 
to influence driver and passing behavior. Three camcorders were positioned by the 
roadside at the beginning, midway, and end of the passing zone (see Fig. 3-3). Two 
additional cameras were placed in between the three camera positions to capture 
passing maneuvers that were initiated and completed in the intermediate sections at 
long passing zones. In addition, pneumatic tube sensors were laid at the beginning, 
midway and at end of each passing zone as shown in Fig. 3-3. The traffic classifiers 
were configured to collect directional traffic data including; time stamps, number of 
axles, vehicle type, and the speed of each vehicle. 
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Fig. 3-3: Field layout and equipment used for speed and passing data collection 

Traffic and passing maneuver data were collected for a period of five hours on a 
single day from 13:00 to 18:00 East African Standard Time at individual passing 
zones. During this time, it is possible to capture clear videos and minimize shadow 
effects from sunrays. This period also provided drivers with clear visibility of the 
passing zone to initiate and complete passing maneuvers. To control for weather 
effects on surface friction as discussed in Polus et al. (2000), and Harwood et al. 
(2008), data collection was carried out on dry non-rainy days. The data collection 
assistants were deployed to protect the equipment at a distance not to interfere with 
the data collection process. The data was collected in the period between March and 
May in 2012 and 2013. 

3.4 Data Processing 
Videos were transferred from camcorders and saved on three external hard disks 
each with a capacity of one terabyte. The videos where stored by name of passing 
zone and the camcorder number to ease retrieval during data processing. Passing 
maneuver data was extracted from the videos using an open source video analysis 
software, Kinovea (Charmant, 2011) to manually read time stamps of vehicles 
against pre-determined reference points on the highway and the vehicle. The 
software breaks down the video into a series of frames making it possible to mark 
reference points and to read time stamps in microseconds. The type of vehicles 
involved in the passing maneuver, time stamps when the maneuver commenced or 
ended and the number of passed vehicles was recorded in Excel spreadsheets. The 
data processing method is however time consuming. Each hour of video takes on 
average 4-8 hours to process depending on the traffic volumes, frequency of 
observed passing maneuvers and the type of data required. 
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Traffic volume and speeds of vehicles at the beginning, midway, and end of the 
passing zone were transferred from Apollo II classifiers to hard disks using 
centurion software (Diamond Traffic Products, 2006). The data was uniquely stored 
for each passing zone and position in Excel files for further applications.  Table 3-1 
provides a summary of geometric and traffic variables of nineteen passing zones 
used in the study. The length of passing zones was in the range of 290 and 2985 
meters, thus including passing zones shorter and longer than the design passing sight 
distance of 730 meters (MOWT, 2010). The range of average percent of heavy 
vehicles was between 20% and 56%, which is not surprising given the fact that the 
passing zones were located on a major export-import route in Uganda. The range of 
two-directional traffic volumes was 112 and 426 vph. 

Table 3-1: Geometric and traffic attributes of passing zones used in the study 

Section 
Name 

Length of 
passing zone 

(meters) 

Absolute 
vertical 

grade (%) 

Traffic volume in two 
directions (vph) 

Average 
percent of 

heavy 
vehicles Minimum Maximum 

Bulanga 960 4,20 344 370 36 
Busesa 1270 2,97 169 216 45 
Idudi 355 3,12 191 217 56 
Namasoga 355 2,37 366 426 26 
Igenge 290 1,97 291 313 28 
Busobi 675 2,72 211 214 45 
Kaguta 610 1,56 115 125 33 
Ruyonza 457 2,61 121 136 33 
Kyapa 397 0,08 132 134 29 
Kityaza 890 0,02 114 127 34 
Rushororo 902 3.00 163 174 20 
Kibega1 1330 2.00 127 133 24 
Kiruhura 704 1,54 132 135 29 
Munaana 1500 0,67 112 119 30 
Kyabadaaza 664 0.00 258 343 33 
Kuyaya 1625 0.00 278 368 25 
Mbizinya 1122 1,40 330 402 21 
Nyondo 2985 0.00 262 298 28 
Nakalama 730 2,40 179 234 35 

Fig. 3-4 illustrates other variables used in the study that were determined from video 
data: passing duration; time-to-collision at the end of a passing maneuver, 
perception reaction time; and accepted and effective accepted passing gaps in the 
opposite direction. 

The passing duration (PD) was determined as the time from when the front right tire 
of the passing vehicle crossed the centerline to initiate a maneuver and the rear-right 
tire crossed the centerline after the maneuver to return to its lane (in Uganda drivers 
use the left lane). The duration was determined for single passing maneuvers 
involving a passenger car and another; a passenger car and a short truck (2-3 axles) 
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of length less than 10 meters; and a passenger car and a long truck (4-7 axles) of 
length between 10-23 meters. In all these passing maneuvers, the passing vehicle 
was always a passenger car. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-4: Definition and measurement of passing maneuver variables 

The TTC was measured as the time between a passing vehicle and an opposite 
vehicle at the moment when the passing vehicle completes the passing maneuver 
and returns to its lane. This is consistent with that used in previous studies (Farah, 
2013; Jenkins & Rilett, 2004; Polus et al., 2000). Hegeman (2008) defined the TTC 
as the duration between the end of the maneuver, and meeting of the passing and 
opposite vehicles. This definition excludes the duration the opposite vehicle takes 

Notation and definitions 
A: Beginning of the passing zone 
B: Lead opposite vehicle position when the passing vehicle initiates a maneuver 
C: Position when the passing vehicle initiates a maneuver (front right tire crosses the 

centerline) 
D: Position the passing vehicle completes the maneuver (rear right tire crosses the 

centerline) 
E: Position of lag opposite vehicle when passing vehicle returns to its lane 
F: Position of lag opposite vehicle when passing vehicle initiates a maneuver 
G: Position of lag opposite vehicle when passing and lead opposite vehicles are parallel 

to each other 
PD: Passing duration (duration passing vehicle occupies opposite traffic lane). 
TTC: Time-to-collision (the duration the passing vehicle returns to its lane and arrival of 

opposite vehicle) 
PRT: Duration from when the lead opposite vehicle and passing vehicle appear side-by-

side up to initiation of the maneuver 
AG: Accepted gap measured as the time gap between two successive opposite traffic 

vehicles 
EAG: Effective accepted gap in the opposite direction 
Ti: The time from the beginning of the passing zone up to initiation of a passing 

maneuver 
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between meeting the passing vehicle and arrival at the position the passing vehicle 
returned to its lane at the end of the maneuver. 

The perception reaction time (PRT), measured as the duration a passing vehicle 
takes to move from the position when it is parallel with the lead opposite vehicle to 
the point of initiation of the maneuver. This definition was similarly used in a study 
conducted in the Netherlands (Hegeman, 2008). The AASHTO (2001) design guide 
uses the time of initial maneuver consisting of the perception reaction time and time 
up to encroachment on the opposite lane. The design guide acknowledges there is no 
clear distinction between the two time components if the passing vehicle was in a 
following state before initiating a maneuver. This variable was measured for the 
passing vehicle in the constrained state behind a slow vehicle prior to passing the 
lead opposite vehicle. That is, the passing vehicle is close enough to the passed 
vehicle when the lead opposite and passing vehicle appear side-by-side. Six-seconds 
headway threshold between passing and passed vehicles at the beginning of the 
passing zone was used to indicate free flow conditions (Al-Kaisy & Karjala, 2010). 

The accepted gap (AG), measured as the time gap between two successive vehicles 
in the opposite direction in which a maneuver was successfully completed. It was 
measured at the point the lead opposite vehicle was parallel with the passing vehicle. 
This definition has similarly been applied in previous studies by Jenkins & Rilett 
(2005), Hanley & Forkenbrock (2005), and Toledo & Farah (2011). The size of the 
accepted gap thus is influenced by flow in the opposite direction. The passing 
vehicle however, does not utilize the entire accepted gap due to delays in initiating 
the passing maneuvers. Therefore, another variable is defined as the effective 
accepted gap (EAG), measured from the point of initiation of a maneuver up to 
arrival of the opposite vehicle. The EAG was determined from videos. 

The average speed of the passing and passed vehicles measured from abreast 
position is an input variable in the AASHTO (2001) PSD model. From previous 
studies, these speeds are measured when the passing and passed vehicles appear 
parallel to each other during the maneuver (AASHTO, 2001; Harwood et al., 2008; 
Llorca & Garcia, 2011). The speeds were determined from the video data from 
cameras placed midway the passing zone and computed using the speed trap 
principle (Gerlough & Huber, 1975). That is, travel time between two reference 
points at a known distance apart. The centerline markings of 3-meter yellow strips 
and 9-meter gaps in the passing zone, used as reference points to compute spot 
speeds as shown in Eqn. 1. The length of strips and gaps were verified in the field 
during data collection. To minimize measurement errors in reading travel time 
between reference points, a longer distance (24-meters) comprising of two strips and 
two gaps was used during data processing. 









=

i
i t

dS 6.3
        (1) 



25 

Where: Si is the speed of the passing or passed vehicle, (km/h); d the reference 
distance in the video (24 meters); and  ti the time taken to travel the distance (d) in 
the video (seconds). 

As an illustration, snapshots of passing and passed vehicles recorded using the 
camcorders positioned midway the passing zone is shown in Fig. 3-5. The centerline 
strips and gaps are shown in the pictures. The time in microseconds from the video 
from the start of video recording is superimposed on each of the photos. The 
duration taken by the passed vehicle to traverse a 24 meter distance is the difference 
between 997280 (Fig. 3-5d) and 996160 (Fig. 3-5a), which is 1120 microseconds 
(1.120 seconds). The similar duration for the passing vehicle is 680 microseconds 
(0.680 seconds). Using Eqn. 1, the calculated speeds of the passing and passed 
vehicles are 127.1 km/h and 77.1 km/h respectively. Note that in 𝐹 ig. 3-5b, the 
passing and passed vehicles are parallel to each other (at abreast position). This 
procedure was followed as well to calculate speeds of passing and passed vehicles at 
the beginning of the passing zone. 

  
a) Passed vehicle reaches end of 24m mark b) Passing vehicle reaches end of 24m 
mark 

  
c) Passing vehicle reaches beginning of 24m mark d) Passed vehicle reaches 
beginning of 24m mark 

Fig. 3-5: Calculation of speeds of the passing and passed vehicles   

996160 996240 

996920 
997280 
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4.0 SUMMARY OF PAPERS 

The thesis includes five papers assessing the operation and safety of passing zones 
on two-lane rural highways. The papers address different but related aspects of the 
passing zone namely; a review of capacity and safety appraisal of passing zones 
(Paper I), assessment of adequacy of design passing sight distances used in Uganda 
(Paper II), formulation and estimation of a model to predict passing rate using 
geometric and traffic factors (Paper III), risk appraisal based on time-to-collision at 
the end of passing maneuvers (Paper IV), and lastly effect of passing zone length on 
operation and safety of two-lane rural highways (Paper V). A summary of the 
methodology, results, and applications is presented in Sections 4.1 to 4.5. 

4.1 Paper I 
Paper I is a review of the literature on how capacity and safety of passing zones are 
defined and estimated in theory and practice. The paper addresses the first research 
question (Q1) and sets the theoretical foundation onto which other research 
objectives and questions were derived. The review focused on the effect of passing 
capacity on safety of passing zones and overall performance of two-lane rural 
highways, and covered design, marking and operational aspects of passing zones. 

The review established that capacity was defined for two-lane highways as 1700 and 
3200 passenger cars per hour in one direction and two travel directions, respectively. 
The capacity values were derived from traffic volumes in one direction measured at 
a single location, independent of the interactions that often occur at passing zones 
that are a characteristic of the operation of two-lane rural highways. The lane 
capacity is therefore not an accurate parameter to measure effectiveness of two-lane 
rural highways. This fact is supported by the Highway Capacity Manual which 
states that most highways never reach the lane capacity (1700 passenger cars per 
hour) before they are converted to multi-lane highways (TRB, 2010). In addition, the 
literature and practice neither define nor quantify passing capacity despite passing 
zones being major operational features of these highways. The significance of 
passing capacity on operation and safety of two-lane highways is still largely 
unknown. 

The review further established that operational analysis of two-lane highways uses 
surrogate measures such as the average travel speeds and percent-time-spent 
following [PTSF] (TRB, 2000, 2010). Specifically, PTSF is applied as an indirect 
measure of passing demand estimated considering the proportion of vehicles in one 
direction travelling with headways of 3.0 seconds or less (TRB, 2000, 2010). The 
PTSF as a measure of effectiveness has several drawbacks; (a) it is difficult to verify 
in the field (TRB, 2010), (b) reportedly yields over estimated values at high 
directional flows (Cohen & Polus, 2011; Luttinen, 2001), and (c) it does not take 
into account interactions that occur at passing zones but rather rely on macroscopic 
traffic flow parameters. 
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Past studies and practice broadly considered safety of passing zones in terms of: 
adequacy of design and marking PSD to accommodate long vehicles and fast 
vehicles, and time-to-collision at the end of the passing maneuver. However, there 
was no direct relation between capacity and safety of passing zones. That is, how 
safety margins change when passing opportunities dwindle at high opposite traffic 
volumes. 

The paper concludes with a summary of knowledge gaps on capacity and safety 
estimation of passing zones and recommends further research to address these gaps, 
which are: (a) development of robust passing rate models for individual passing 
zones; (b) estimation of passing zone capacity in magnitude and location based on 
geometric, environmental and traffic factors of individual passing zones; (c) 
development of criteria to evaluate capacity and safety of passing zones for use by 
planners and transportation engineers; and (d) application of passing zone capacity 
to evaluate highway sections with several passing zones. The above research gaps 
have been specifically addressed in this study and are discussed in Paper II; III, IV, 
and V. 

4.2 Paper II 
Paper II addresses the first specific objective and the second research question (Q2). 
The paper discusses two approaches to assess adequacy of the design PSD based on 
observed passing behavior and operational characteristics of passing zones in 
Uganda. First, the design PSD threshold required to complete safely passing 
maneuvers is determined using the inputs of kinematic models in AASHTO (2001) 
as adopted in Uganda (MOWT, 2010). The PSD thresholds were calculated 
separately for a passenger car and a long truck as the passed vehicles. The purpose 
was to determine whether the design PSD threshold used in Uganda (730 meters for 
a design speed of 110 km/h in a flat terrain) was sufficient for safe completion of 
passing maneuvers involving a passenger car or long truck as the passed vehicle. 
The design PSD thresholds were also calculated following the model proposed in the 
2011 edition of AASHTO design guide (AASHTO, 2011). 

The results suggest that the current design threshold (730 meters) is longer than 
necessary for safe completion of passing maneuvers. Upholding the 730-meter PSD 
threshold during design would result in reduced passing opportunities due to fewer 
marked passing zones on two-lane rural highways. The calculated PSD thresholds 
are based on assumption that most passing maneuvers commence at the beginning of 
the passing zone. This is often not feasible due to delays to initiate passing 
maneuvers resulting from presence of opposite vehicle at the beginning of the 
passing zone, or high-speed catch-ups between the passing and passed vehicle inside 
the passing zone. 

Secondly, adequacy of PSD was assessed considering difference between design and 
marking thresholds used in Uganda. The marking PSD thresholds used in Uganda 
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(MOWHC, 2004c) were adopted from MUTCD of the United States (FHWA, 2009) 
and are nearly half the thresholds used in design. An implication of the disparity 
between design and marking thresholds is that the marked passing zones are shorter 
than the design PSD thresholds on two-lane rural highways in Uganda. Operational 
characteristics of passing zones were compared to assess adequacy of PSD 
thresholds based on where passing maneuvers began and ended with respect to the 
passing zone. 

The results showed that long passing zones are good for both operational efficiency 
and safety of two-lane rural highways. In addition, passing zones 290 (shortest 
recorded in the study) and 355 (PSD threshold in AASHTO 2011 edition) meters 
long offer little operational benefits to high-speed two-lane highways due to high 
passing maneuvers that begin or end in no-passing zone than those that begin and 
end inside the passing zone. 

The paper also discusses some of the key passing behavioral parameters that 
influence the distance required to complete safely a passing maneuver, namely: the 
passing duration, the speeds of passing and passed vehicles at abreast position, the 
average speed difference at abreast position, and the time-to-collision at the end of 
the passing maneuver. Results showed that it takes longer on average (10.84 seconds) 
to pass a long truck (4-7 axles) than a passenger car or short truck (2-3 axles) (8.75 
seconds). From design perspective, this result means that highways with a high 
proportion of trucks should be designed with longer passing sight distances. The 
average speed difference at abreast position (23.59 km/h) is constant irrespective of 
the speed of the passing and passed vehicles. The speed of the passing vehicle at 
abreast position increases with the speed of the passed vehicle at a constant rate. 
This result was consistent with the design assumption used to calculate the passing 
sight distance that the speed difference between the passing and passed vehicle is 
constant. Lastly, the time-to-collision at the end of passing maneuvers depends on 
the size of the accepted gaps. Accepted gaps smaller than 20 seconds resulted in 
time-to-collisions less than 2.0 seconds characterized by evasive actions by drivers 
of the passing and opposite vehicles. 

The two methods used to assess adequacy of the design PSD were not sufficient to 
determine the optimal length of passing zone that results in a high percentage of 
passing maneuvers ending inside the passing zone. A model was thus required to 
predict the rate of passing maneuvers that end inside the passing zone based on 
geometric and other traffic related factors. The model is developed and estimated in 
Paper III. Secondly, it was also not possible in this paper to determine the length of 
the passing zone that minimizes the passing maneuvers ending in a no-passing zone. 
Models were developed to predict the probability and the rate passing maneuvers 
end in the no-passing zone in Paper V. Lastly, the relationship between the time-to-
collision with factors such as size of accepted gap, passing duration, and type of 
passed vehicle are also explored in Paper IV. 
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4.3 Paper III 
Paper III addresses the second specific objective of the study, and the third research 
question (Q3). It discusses the development and estimation of a model to predict the 
rate passing maneuvers that end inside the passing zone, referred to as the passing 
rate, using geometric, and traffic factors as explanatory variables. The objective was 
to illustrate how the passing rate varies with the traffic volume in two directions, and 
to determine the position of the peak-passing rate referred to as the passing capacity. 
Two null hypothesis were tested: (a) that the passing rate increases at a decreasing 
rate with traffic volume in two directions, percent of heavy vehicles, and length of 
passing zone; and (b) that the passing rate increases with the directional split, the 
85th  percentile speed of passenger cars under free flow conditions, the absolute 
percent vertical grade, and the length of upstream no-passing zone. 

The passing rate was modelled as a discrete random variable using Negative 
Binomial regression and the parameters were estimated using maximum likelihood 
in R statistical software (R Core Team, 2014) and MASS package (Venables and 
Ripley, 2002). The model was estimated for a vector of explanatory variables 
derived from geometric and traffic factors. The paper discusses statistical tests for 
coefficients of model variables checking for consistency with the null hypotheses. 

The results show that indeed the passing rate depends on the length of the passing 
zone, absolute vertical grade, traffic volume in two travel directions, directional split, 
85th percentile speed of free flow vehicles and percent heavy vehicles in the subject 
direction. Furthermore, the peak-passing rate also known as the passing capacity 
occurs at 200, 220, and 240 vph in the subject direction for 50/50, 55/45, and 60/40 
directional splits, respectively. Beyond these thresholds, the passing rates are 
reduced at high directional traffic volumes. It was not possible in this study to 
investigate the passing rate for directional traffic volume more than 254 vph due to 
lower traffic volumes on the highway sections used in the study. 

The results further showed that the passing rate generally increases uniformly at 
decreasing rate with the length of the passing zone for the four levels of traffic 
volume in the two travel directions (100, 200, 300 and 400 vph). This is consistent 
with designing highways with long passing zones for passing efficiency (AASHTO, 
2011; MOWT, 2010). It is also consistent with the discussion in Paper II that long 
passing zones yielded high passing maneuvers ending inside the passing zone. The 
passing rate however increases marginally for a unit increase of the length of the 
passing zone beyond 2.50 km. That is, 2.50 km is the optimal length of passing zone 
that results in high passing rates. Probable explanation is that up to 2.50 km, traffic 
platoons behind a slow vehicle have been dispersed and passing demand is marginal. 

The results also show that the length of upstream no-passing zone was not 
significant at 95% confidence level although the sign was positive which is 
consistent with a-priori expectations. The length of the upstream no-passing zone 
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represents the extent to which fast vehicles are constrained and indirectly affects the 
desire to pass prior to arrival at the passing zone. Four factors could reasonably 
explain this result. Long upstream no-passing zones do not necessarily increase the 
desire to pass but rather increase prohibited passing maneuvers in absence of strict 
passing enforcement, as is the case in Uganda. Secondly, the effective length of the 
upstream no-passing zone in which fast vehicles are constrained by a slow vehicle 
could be shorter than the overall length. This however is difficult to measure in the 
field, as one has to monitor the position at which fast vehicles catch-up with slow 
vehicles to form platoons. Thirdly, the queue length at the beginning of the passing 
zone behind a slow vehicle is not necessarily comparable with the passing rate since 
the latter depends on the size of available gap in the opposite traffic stream and the 
length of passing zone. Lastly, a high proportion (48%) of catch-up maneuvers 
(passing maneuvers with headways at the beginning of the passing zone more than 
3.0 seconds between passing and passed vehicles) in passing rate data could be 
another probable explanation. This result need to be validated by further studies in 
different driving environments. 

Results show that the passing rate increases to a peak (passing capacity) and 
decreases at higher opposite traffic volumes. This is not sufficient to explain why the 
passing rate increases from low directional traffic volumes to a peak and decrease at 
higher directional traffic volumes. From a theoretical point of view, the passing rate 
decreases because of the reduction in size and proportion of gaps in the opposite 
direction to complete passing maneuvers safely. To explain this behavior, the 
relationship between the time-to-collision at the end of a passing maneuver, the 
passing duration, and the accepted gaps in the opposite direction was explored in 
Paper IV. An important question is what happens to the operation of passing zones 
when the passing rate exceeds capacity at high directional traffic volumes? This 
question was explored further in Paper V. 

4.4 Paper IV 
Paper IV addresses the third specific objective and the fourth research question (Q4). 
The paper explores the effect on the passing duration and the accepted gap in the 
opposite direction on the time-to-collision at the end of passing maneuvers. This 
relationship has not been determined in previous studies despite its significance in 
explaining the risk associated with accepting shorter than safe gaps in the opposite 
direction to complete passing maneuvers. The relationship could, or instance, help 
explain the behavior of the passing rates at high traffic volumes observed in Paper 
III. 

The paper explores the application of time-to-collision (TTC) as a surrogate safety 
measure to quantify the risk associated with unsafe completion of passing 
maneuvers. Theoretical basis for model formulation and selection of explanatory 
variables is presented and discussed. Safe completion of passing maneuvers was 
evaluated using two TTC thresholds: 2.0 and 3.0 seconds. A logistic regression 
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model was developed with the effective accepted gap in the opposite direction, and 
the passing duration as explanatory variables. The models were estimated using the 
MASS package for logistic regression in generalized linear modeling applications 
(Venables & Ripley, 2002) in R statistical software (R Core Team, 2014). 

Results show that TTC-values less than 3.0 seconds involve evasive actions by the 
drivers of the vehicles involved in the maneuver in the form of reduced speeds, 
flashing lights, and shifting laterally to the shoulders as observed in recorded videos. 
Therefore, TTC values less than 3.0 seconds are risky for the drivers involved in the 
passing maneuvers. As a result, a safety threshold of 3.0 seconds was adopted for 
sensitivity analysis. 

The sign of the coefficient for the effective accepted gap was negative as expected 
a-priori (null hypothesis) implying that the probability of passing maneuvers ending 
with short TTC decrease with an increase in the size of the effective accepted gap in 
the opposite direction. Equally, the sign for the passing duration is positive showing 
that the probability of passing maneuvers ending with short TTC increases with the 
passing duration. 

A sensitivity analysis was conducted for 70% of the observed passing durations 
involving passenger cars or short trucks (2-3 axles), and long trucks (4-7 axles) as 
the passed vehicles for TTC threshold of 3.0 seconds. Results show that effective 
accepted gaps less than 17.00 seconds require the passing vehicle to complete 
maneuvers with durations below 6.16 seconds in order to end the passing maneuver 
with TTC greater than 3.0 seconds. Only 15% of observed passing maneuvers, 
involving passenger cars, or short trucks (2-3 axles) as the passed vehicle were 
completed with passing durations less than the 6.16 seconds. Moreover, the ability to 
achieve shorter durations depends on the passing vehicle acceleration capabilities to 
attain higher speeds, and the speed of the passed vehicle. Therefore, effective 
accepted gaps less than 17.00 seconds result in a high risk of collision due to high 
probabilities of passing maneuvers ending with TTC less than 3.0 seconds. 

The results further show that the risk of passing maneuvers ending with TTC less 
than 3.0 seconds for accepted gaps in the range between 17.00 and 29.50 seconds 
depends on the duration it takes to complete the maneuver. That is, the longer the 
duration the higher the risk for a given size of the accepted gap in the opposite 
direction. The risk is especially high if the passed vehicle is a long truck (4-7 axles). 
Effective accepted gaps greater than 29.50 seconds end with minimal risk of 
collision for passing durations 13.29 seconds or less. This passing duration threshold 
was exceeded only by 15% of observed passing maneuvers involving long trucks (4-
7 axles), and close to 7% of passenger cars or short trucks (2-3 axles) as the passed 
vehicles. 

The range of effective accepted gaps in the opposite direction presented above 
where compared with directional traffic volume considering the average headway 
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and the proportion of headways 30 seconds or more. The probability of passing 
maneuvers ending with TTC less than 3.0 seconds was less than 0.50 for 70% of 
maneuvers involving a passenger car or short truck (2-3 axles) as the passed vehicles 
for directional traffic volumes in the range 133-212 vph. The corresponding range 
for long trucks (4-7 axles) as the passed vehicle is 122-185 vph. This range is also 
consistent with the behavior of passing rate and capacity presented in Paper III. That 
is, the passing rate decreases at high opposite traffic volumes because of increased 
difficulty to find suitable gaps to complete safely passing maneuvers. 

Based on the above results, three risk levels were proposed considering the 
probability to complete passing maneuvers with TTC less than 3.0 seconds for a 
range of opposite direction traffic volumes. Applications of the proposed risk 
thresholds to policy, planning and design for highway safety improvements are 
discussed in the paper. 

4.5 Paper V 
Paper V addresses the fourth objective and the fifth research question (Q5). The 
paper presents a methodology to assess the effect of passing zone length on 
operation and safety of two-lane rural highways based on the probability and the rate 
at which passing maneuvers end in a no-passing zone. The paper addresses the 
question of what happens to the operation of passing zones when the passing 
capacity is exceeded. A theoretical framework to explain why passing maneuvers 
are likely to end in a no-passing zone at high directional traffic volumes and at short 
passing zones is presented and discussed. Two models are presented for the 
probability of a passing maneuver to end in a no-passing zone (logistic regression), 
and the rate passing maneuvers end in a no-passing zone (Negative Binomial).  

The results show that 52% of the observed passing maneuvers had headway between 
passing and passed vehicles at the beginning of the passing zone of 3.0 seconds or 
less, and 48% of the passing maneuvers had headway of more than 3.0 seconds. 
Specifically, the proportion of passing maneuvers that end in a no-passing zone was 
more than double for headways exceeding 3.0 seconds. The proportion increases to 
69% for a 6.0 seconds-threshold, which is the limit of free flow conditions. The 
results show that passing maneuvers frequently commence farther than the 
beginning of the passing zone with high chances of ending in the no-passing zone. 

Sensitivity analysis of the probability of passing maneuvers to end in a no-passing 
zone showed that passing zones up to 400 meters long confine maneuvers to 
commence close to the beginning for safe completion inside the passing zone, which 
is a safety concern. For passing zones 500, 600, and 730 meters long, the probability 
of individual maneuvers ending in the no-passing zone reached 0.50 when initiation 
of the maneuver is delayed up to 255, 350, and 465 meters, respectively. These 
passing zones provide a substantial length for initiation of the maneuvers that can 
safely end inside the passing zone. The probability of passing maneuvers ending in a 
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no-passing zone reaches 0.50 when the remaining sight distance from the beginning 
of the passing zone is 245 meters for passenger cars or short trucks (2-3 axles); and 
300 meters for long trucks (4-7 axles) as the passed vehicles. These results suggest 
changes in design and marking of passing zones to enhance safety of two-lane rural 
highways. 

The results from the estimation of the rate of passing maneuvers ending in a no-
passing zone showed consistency with a-priori expectations. The coefficients for 
percent absolute vertical grade, traffic volume in two directions, the directional split, 
length of passing zones, and the percent heavy vehicles had positive signs as 
expected. The rate at which passing maneuvers end in a no-passing zone was found 
to increase with traffic volume and unequal distribution of traffic in two directions, 
absolute vertical grade, and percent heavy vehicles. Specifically, the rate increases 
with the passing zone length up to 1.30 km and decreases at higher values. These 
results show that passing zones longer than 1.30 km are good for safety.  

In Paper III, the optimal passing zone length was determined as 2.50 km. This shows 
that passing zones of length 1.30 km to 2.50 km are good for both operational 
efficiency and safety. However, quite often alignment characteristics permit passing 
zones shorter than 1.30 km. Results in this paper suggest that safety of passing zones 
of lengths 0.50-1.30 km could be enhanced with additional signage to indicate the 
extent maneuvers can be initiated so as not to end in a no-passing zone. Passing 
zones less than 0.50 km for the type of highway used in the study confine most 
passing maneuvers to commence close to the beginning of the passing zone and are 
a safety concern. These passing zones should be avoided for safety reasons. Where 
passing zones less than 0.50 km exist, additional warning signs should be installed 
and enforced to help drivers commence maneuvers close to the beginning of the 
passing zone for safety reasons. 
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5.0 CONTRIBUTIONS AND FUTURE RESEARCH DIRECTIONS 

This section discusses the main contributions of the thesis both from theoretical and 
practical points of view. The contributions are discussed separately in sections 5.1 
and 5.2, respectively. Section 5.3 presents a discussion on the future research 
directions. 

5.1 Theoretical Contributions 
This thesis contributes to the understanding of the underlying causal mechanisms 
that impact crash risk based on observed operations of passing zones on two-lane 
rural highways. The operation (TRB, 2000, 2010) and design (AASHTO, 2001, 
2011; MOWT, 2010) aspects of passing zones have often been considered 
independently while analyzing capacity and safety of two-lane rural highways. The 
thesis presented a methodology that evaluates jointly the design and operational 
aspects of passing zones in relation to capacity and safety. Specific contributions 
include: 

1. Development of passing rate models to predict the rate passing maneuvers 
end inside and outside the passing zones incorporating geometric and traffic 
factors, and potential applications (Paper III & V). The study developed 
theoretical model formulation, estimation using empirical passing 
maneuver data, and applications to highway planning and design. 

2. Development of risk appraisal methodology of the passing process based on 
the time-to-collision at the end of the passing maneuver, effective accepted 
gap in the opposite direction and the passing duration (Paper IV). Three 
risk levels were proposed to evaluate safety of two-lane highways with 
applications to highway planning and design. 

3. The combined results of models estimated in III, IV and V provide a 
complete description of operation of passing zones illustrated in Fig. 4-1. 
The passing rate decreases at high directional traffic volumes because the 
risk of passing maneuvers ending with TTC less than 3.0 seconds is high. 
Completion of passing maneuvers becomes increasingly difficult due to 
reduction in size and proportion of safe gaps in the opposite direction. As 
the passing rate decreases, the rate at which passing maneuvers end in a no-
passing zone increases due to delays to initiate passing maneuvers as 
sufficient gaps appear later inside the passing zone. 

4. A procedure to collect passing maneuver data using ordinary tripod-
mounted camcorders as opposed to use of more expensive and inaccessible 
methods to researchers in developing countries such as the tower-mounted 
cameras, instrumented vehicles and driving simulators is proposed. 
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Fig. 4-1: Rate of passing maneuvers that end inside or outside the passing zone 
and the probability of ending with time-to-collision less than 3.0 seconds as a 
function of traffic volume in the subject direction 

5.2 Contributions to Practice 
The thesis contributes to the understanding of how the operations of passing zones 
can influence design decisions to achieve operational efficiency and safety. For 
instance, results showed that passing zones 1.30-2.50 km long were good for both 
operational efficiency and safety. Safety of passing zones 0.50-1.30 km long could 
be enhanced with additional signage to indicate the extent maneuvers can be 
initiated so as not to end in a no-passing zone. Passing zones less than 0.50 km 
should include means to compel drivers to commence passing maneuvers close to 
the beginning of the passing zone for safety. These passing zones should be avoided 
during design for this type of highway for safety reasons. 

This thesis also contributes to improved design of passing zones for increased 
operational efficiency and safety. The effect of design factors such as the length of 
the passing zone, absolute vertical grade, percent of heavy vehicles on the passing 
rate was determined which could be optimized during design to enhance operational 
efficiency and safety. Specific contributions to improvement of design and marking 
of passing zones on two-lane highways in Uganda include: 

1. The passing sight distance used in design of highways with design speeds 
of 110 km/h should be harmonized with the marking thresholds for passing 
zones. 
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2. Highways whose traffic consists predominantly of small cars (passenger 
cars) and short trucks (2-3 axles and length less than 10 meters) should be 
designed and marked using a minimum threshold of 500 meters. Examples 
include National Roads off the main export-import routes. 

3. Highways with traffic consisting of a high proportion of long trucks (4-7 
axles and length between 10 and 23 meters) should be designed and marked 
using a minimum threshold of 600 meters. Examples include National 
Roads along the main export-import routes. 

4. Installation of additional signs and/or markings inside the passing zone to 
guide the driver on when a maneuver has high chances of ending in a no-
passing zone, where sight distance is limited. The recommended positions 
where these signs should be installed as illustrated in Fig. 4-2. 

 
Fig. 4-2: Recommended additional signage in the passing zone 

5.3 Future Research Directions 

The thesis provides a comprehensive analysis of how design and operational 
characteristics of passing zones affect the operational efficiency and safety. The 
study developed models to predict the rates at which passing maneuvers end inside 
the passing and in the no-passing zone, and risk appraisal based on the probability of 
completing passing maneuvers with time-to-collision less than 3.0 seconds. A 
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logistic regression model was also estimated to predict the probability that a delayed 
passing maneuver ends in a no-passing zone. The models were estimated using 
empirical data collected at 19 passing zones on two-lane rural highways in Uganda. 
The directional traffic volume used in the study was 44-254 vph. 

This study could be extended to validate the methodology and the results using data 
collected in different driving environments and traffic conditions than in Uganda. 
Secondly, it would be interesting to compare passing maneuvers ending in the no-
passing zone with road traffic crashes that occur downstream the passing zone. This 
would provide further insights into the safety impacts of delayed passing maneuvers 
on two-lane highways. It was not possible in the current study to compare traffic 
crash data with the observed rates of passing maneuvers ending in the no-passing 
zone due to lack of quality road traffic crash data in Uganda. 

Further research could also determine the impact of variables such as lane and 
shoulder width, pavement frictional resistance, and absolute vertical grades (>4%) 
on the passing behavior and the operation of passing zones. For instance, it would be 
interesting to determine passing behavior and operational characteristics of passing 
zones located in rolling and mountainous terrain. This type of analysis requires data 
from sites with enough variability in their geometric characteristics, which was not 
available in the data used in this study. 

Passing rates in this study relate to individual passing zones. It was not possible to 
determine the optimal spacing between passing zones because the length of 
upstream no-passing zone was not statistically significant in the passing rate model. 
Therefore, the impact of two adjacent passing zones on the passing rates is another 
interesting future research direction. The results can be used to determine the 
optimal spacing between passing zones with applications to highway design. 

Lastly, the study could be extended to determine the impact of driver behavior and 
vehicle factors on the passing rate and passing behavior in Uganda at the 
microscopic level. Detailed field data collection could determine the vehicle and 
driver factors of passing vehicles. Empirical data and models developed could be 
applied as inputs to micro simulations of two-lane highways.  
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