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ABSTRACT

Bus Rapid Transit (BRT) systems are sustainable mobility interventions that provide
commuters with fast, safe, and efficient mobility. Unfortunately, they have been characterized
by fundamental traffic flow parameter anomalies, especially speed changes, with attendant
consequences on capacity utilization, capacity differentials, and time headway
implications. Consequently, this study was carried out to determine the influence of Bus Rapid
Transit (BRT) on mixed traffic capacity utilization and implications for time headways. The
overarching objective was to develop a capacity utilization criteria table for assessing roadway
performance and determining the Level of Capacity Utilization (LCU) with and without the
influence of BRT. Criteria tables serve as standards by which the performance of a roadways
in terms of capacity utilization is decided. Traffic data at peak and off-peak periods were
collected for a ‘with and without’ BRT impact study at four selected road segments along route
R27, located on BRT major trunk route TO2 which connects Atlantis, Table View, and Sunset
City. Data were logged for 12 weeks continuously using an Automatic Traffic Counter (ATC).
The study assumed that density was a function of speed and flow and hence was not directly
impacted by BRT infrastructure based on the conditions at the time of the survey. It suggests
that capacity utilization is triggered by variations in speed, and the attendant variations in
density, capacity, and time headways were used to estimate capacity utilization rates and
determine the LCU. Traffic data on speed, vehicle classes, and volumes were collected, and
the results were analyzed. The collected traffic volumes were converted to flow using the South
African passenger car equivalent (PCE) values. The results showed speed reductions with
attendant differentials in other parameters such as capacity, density, travel time, and time
headways. From the developed criteria table, the estimated capacity utilization rates for the
BRT dedicated lanes scenario showed poor LCU at E (9% and 36%) across the four sites SS001
to SS004, under steady flow conditions. The capacity utilization rates of the mixed traffic
‘without BRT’ scenario showed fair utilization within the range of 37% and 79%, with average
LCU at C across the four sites, whilst the capacity utilization rates of mixed traffic ‘with BRT’
scenario also showed fair utilization (between 40% and 75%), with average LCU C. The time
headway implications induced by the capacity utilization and its differentials were also
modelled, and the empirical time headway data were fitted to continuous probability
distribution models. The Burr continuous probability distribution model, which is known for
its compatibility, flexibility and appropriateness in modelling headway data under different
traffic conditions, provided the best fit, having emerged with the largest Log-likelihood, and

the smallest Akaike Information Criterion (AIC) values at 95% confidence and 0.05
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significance levels across the four sites. At sites SS002, SS003, and SS004, it ranked first with
the lowest AIC values of 3623.33, 4002.73, 3857.44, and corresponding largest LLH values of
-1807.64, -1997.35, and -1924.70, respectively, while the Gaussian distribution performed best
at site SS001, with the lowest AIC value of 4356.01 and largest LLH value of -2176.00, closely
followed by the Generalized Extreme Value (GEV) distribution with the lowest AIC and
largest LLH values of 4368.09 and -2181.03, respectively at off-peak traffic period. The Burr
distribution however performed second best at peak traffic with the lowest AIC and largest
LLH values of 4352.49 and -2172.23. The P-values, which ranged between 0.65 and 0.81
across the four sites showed the likelihood of the occurrence of the data sets under the null
hypothesis. Hence the null hypothesis was accepted. In conclusion, the study showed that
mixed traffic operations ‘with BRT’ and its associated minimized time headways, could
significantly enhance capacity utilization. In view of the mixed traffic scenarios considered
with and without BRT, it is hereby recommended for future research consider analysing traffic
capacity through the development and application of microscopic fundamental diagrams, and
a simulation of the time headway distribution of the mixed traffic scenario with BRT should
also be considered. In traffic engineering practice, the curbside and mixed traffic designs are
therefore recommended for implementation in future BRT infrastructure as the way forward
for the South African BRT system for enhanced capacity utilization and sustainable mobility.
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CHAPTER 1

INTRODUCTION

11 Overview

Bus Rapid Transit (BRT) is a mass transit system that transports large volumes of commuters
along a transit corridor and offers a bus service that is swifter, more efficient, appealing, and
boosts transit usage than a regular bus line (Wirasinghe et al., 2013). According to the
definition by (Levinson, Zimmerman, Clinger, Bast, et al., 2003), “It is a flexible, rubber-tired
kind of rapid transit that incorporates cars, BRT stations, transit services, dedicated lanes, and
information technologies to create an integrated system, which can be strongly identified”. All
over the World, BRT systems have been reputably identified as a cost-effective alternative,
even more than investments in urban rail transportation (Scorcia & Munoz-Raskin, 2019).
Moreover, BRT systems have been introduced and funded in most developed countries of the
world, and they have on the one hand resulted in significantly reduced travel times and
improved travel speeds on the BRT lanes. On the other hand, it frequently causes abnormalities
in other traffic stream characteristics such as capacity, density, time headways and reduced
speed on the adjoining lanes, with consequential increase in travel time. (Chengula & Kombe,
2017).

The advent of BRT systems in South Africa has spurred increased demand for public transit
ridership and provided swift mobility for commuters in all the provinces they are located and
constructed (Adewumi & Allopi, 2014b). The Rea Vaya BRT system (phase 1) in
Johannesburg, South Africa was the first to be established in the country in 2009, followed by
the MyCiTi BRT system in Cape Town which was established in 2012 (Adewumi & Allopi,
2014a; Wirasinghe et al., 2013). Traffic operations on roadway segments with or without BRT
are characterized by stream flows similar to the blood flow in the veins and arteries of the
human body (Vilakazi & Govender, 2014). The stream flows are further characterized by
speed, volume, density, and time headways which are fundamental traffic flow parameters that
define the fundamental diagram method of capacity analysis and performance evaluation of a

roadway (Alhassan et al., 2012a).

Based on the prevalent traffic conditions, these parameters are employed to evaluate the
average capacity of the roadway and the quality of service delivery using travel time as the

perception variable from the users’ standpoint (Alhassan et al., 2012b; Ben-Edighe &
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Ferguson, 2005). However, on some roadway segments with BRT lanes, BRT buses are
assigned to transit on dedicated or separate right-of-way lanes at the median section, thus
affecting the heterogeneous vehicular traffic flows on adjoining lanes with respect to the
capacity utilization and attendant time headways at large. The type of mixed traffic flow which
is the focus of this study is that which involves a mix of BRT buses (single or articulated), and
other vehicles of different classes and characteristics together in a stream. This can be
demonstrated by removing the lane separator between the BRT lanes and adjoining lanes,

thereby coalescing the two traffic flows.

In terms of the characteristics of other vehicles, mixed traffic refers to cars that have many
different physical and performance traits. Among these vehicles are cars, buses, lorries, auto-
rickshaws (three-wheelers), motorized two-wheelers, and different non-powered ones
including bicycles, and human- and animal-powered carts. Because these vehicles have a
shared right of way, they have several distinguishing characteristics that are not present in
homogeneous traffic flows. These characteristics include variations in the driving styles of the
various types of vehicles and their effects on the flow of traffic, in addition to the most
conspicuous weak lane-discipline conduct. Due to the peculiarities mentioned above, the
theory of traffic flow created for homogeneous traffic cannot be applied to mixed traffic
settings without considerable changes. However, much of the latter's present theory and models
are based on principles that were developed primarily for homogeneous traffic (Mallikarjuna,
2007). There have recently been doubts raised about the applicability of these ideas, and several
initiatives have been made to put forth fresh or modified concepts that are more suitable for
mixed traffic circumstances. (Khan & Maini, 1999) made the most recent attempt, however,
their study focused mostly on macroscopic flow correlations and micro-simulation models
(Verma, 2016). Since then, there has been significant progress in our understanding of mixed
traffic dynamics. Understanding the characteristics of each vehicle type and how they behave
in the traffic stream is crucial for studying heterogeneous or mixed traffic (Patel & Joshi, 2012),

hence a unique vehicle type that is the focus of this study is BRT.

1.2 Background to the Research Problem

Bus Rapid Transit (BRT) mixed traffic operations have been shown in previous studies by
(Chen et al., 2015; HCM, 2010; Mohan & Ramadurai, 2013; Wirasinghe et al., 2013), to
reduce travel speed and time headways, increase capacity, density, and travel time, among
other influences or consequences. Considering these, it can be argued that these anomalous

capacity utilization and time headway differentials, can result from traffic flows in the presence
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of BRT. Capacity Utilization is the ratio of operating traffic flowrate and roadway capacity.
It is a quantitative measure of road space used by traffic flow. According to (Oyaro & Ben-
Edigbe, 2020; TCQSM, 2013) and (Alhassan et al., 2012a), roadway capacity is the maximum
number of transit vehicles, commuters, or both, expected to pass a specific point or section of
a roadway in a specific amount of time (typically one hour), given the current roadway,
ambient, environmental, control, and traffic conditions. This definition shows that capacity is
influenced by many variables or factors (Oyaro & Ben-Edigbe, 2020), and is valid for the focus
of this research. Other factors that affect traffic flow are: rainfall, both on road links (Alhassan
& Ben-Edigbe, 2010, 2012c) and at roundabouts, (Ben-Edigbe & Ibijola, 2020), on-street
parking, on/off ramps, work zone activities, pavement distress (Ben-Edigbe & Ferguson,
2005), heavy trucks, road humps (Ben-Edigbe & Mashros, 2012), as well as BRT dedicated

lanes along road segments.

Furthermore, a road's capacity per lane is specified during design; as a result, the total capacity
of the roadway may be calculated from the total number of lanes. For example, if the capacity
of a two-lane road must be evaluated, and a lane's capacity is 3000veh/hr/lane, 3000 is
multiplied by two to get the capacity of the entire route. Due to the uniformity in segment
length and breadth, regardless of whether there is BRT or not, capacity estimates are projected
to be equal on all lanes. Most BRT-operating cities across the globe did not build their
roadways with the intention of introducing BRT in their minds from the start, thus adding BRT
lanes means superimposing BRT there. In other words, one lane is removed and dedicated to
BRT, reducing capacity and its utilization, meaning that capacity has not been fully utilized or
optimized. For instance, in South Africa, in the year 2010, the Rea Vaya and MyCiTi BRT
systems were designed and constructed only for the fast-approaching World cup at the time,
hence the Curitiba median configuration design was just adopted without any plan or
assessment of its shortfalls with respect to capacity utilization, safe time headways and speed,

accessibility and by extension, the functional quality of service.

Service providers have tried to address this issue by introducing articulated buses, but given
the geometry of the roadway segment, this will only increase passenger capacity and not
roadway capacity. According to certain arguments, BRT can carry more passengers per lane
than heterogeneous traffic. Although they are not intended for persons per lane or person
capacity, roadways are constructed for mixed vehicular traffic volume. In other words, it can
be argued that the removal of 200 passengers for example from a roadway by BRT, does not

necessarily mean that 200 cars have been taken off the same roadway, as it cannot be
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Vi.

Vii.

ascertained whether all the 200 passengers are private cars. Given the aforementioned
setbacks, it has therefore become expedient to investigate the impact of BRT on mixed-traffic
capacity utilization and time headway implications, as well as the quality of service (QOS),
bearing in mind that the concept of service quality (SQ) on roadways refers to the qualitative
appraisal of how well they deliver good operational performance that conforms with the
stipulations in their geometric and structural designs (Mashros & Ben-Edigbe, 2014). Given
the foregoing, the study described in this thesis was intended to fill the gap in research on the
current BRT infrastructure’s dedicated lane influence on anomalous mixed traffic capacity
utilization and the time headway implications. It is discussed in seven chapters and each
chapter is discussed in a way to address the problems spelled out by the topic. This chapter,
therefore, has been divided into six sections. Section 1.2 discusses the study's aim and
objectives. The method of study is discussed in section 1.3. The significance of the study is
discussed in section 1.4, while the organization of the thesis is presented in section 1.5.

13 Aim and Objectives of the Study

131 Aim

The study investigated the influence of Bus Rapid Transit (BRT) on road capacity utilization
and its time headway implications.

1.3.1 Objectives

The objectives were to:

develop a level of capacity utilization (LCU) criteria table and use it to assess road capacity
utilization under different traffic flow scenarios.

estimate capacity utilization of BRT dedicated lane and determine the level of capacity
utilization.

estimate capacity utilization of mixed traffic without BRT influence and determine the
level of capacity utilization.

estimate capacity utilization of mixed traffic with BRT influence and determine the level of
capacity utilization.

model the mixed traffic without BRT time headway distribution, and

determine the best-fitted continuous probability distribution model for capacity utilization.

The study is based on the following hypotheses:
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Hypothesis 1 (Null Hypothesis):
e The presence of a BRT dedicated lane on a roadway segment causes anomalous lane

capacity utilization, with attendant time headway variabilities.

Hypothesis 2 (Alternative Hypothesis):
e The presence of a BRT dedicated lane on a roadway segment does not cause anomalous
lane capacity utilization, with no significant time headway variabilities.

Hypothesis 3:

If hypothesis 1 exists, the associated time headway distribution is fitted to probability
distribution models and its compatibility with the models is rejected if (P — value < a) or
accepted if (P — value > a). Additionally, the distribution which gives the smallest AIC,
SIC, and HQIC values, as well as the largest log-likelihood value is considered the best-fitted
model (Das & Maurya, 2018, 2020). The information criterion that determines the overall best-

performing distribution is the AIC.

1.4 Method of the Study

The investigation was conducted using both empirical and analytical methods. The empirical
approach which refers to a ‘with and without BRT” impact assessment was employed because
primary and secondary data were obtained. The primary data were collected through
observations and field sample surveys on the selected BRT sites to elicit traffic information
such as speed, headways, traffic volume, gap, etc. The secondary data was sourced from the
Western Cape Department of Transport and Public Works (WCDTPW). Traffic data
parameters obtained from the survey were used to calibrate models to analyze the influence of
the incorporation of BRT lanes on mixed traffic capacity utilization ‘with or without” BRT
Different methods exist for estimating the capacity of a roadway section, estimation with
headways, estimation with traffic volumes and speeds, and estimation with the fundamental
diagram of traffic flow. Two main groups can be distinguished as follows: in the first group,
capacity is measured directly from the roadway where the bottleneck is frequently reached. In
the second group, road capacity is estimated by extrapolating free-flow observations.
Investigation into the acceptability of passenger car equivalent values was done, and where
necessary, values were changed. The main criteria for site selection were the presence of BRT
dedicated lanes on both sides of the carriageway with median configuration and traffic moving
in opposite directions, flat terrain or straight BRT segments void of circular and reverse curves
and with sufficient distance from the influence of intersections, in compliance with the

principle of Safe Stopping Distance (SSD). The site selection also required a road section or
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segment with three existing lanes, with the median lane taken away or dedicated to BRT. The
automatic traffic counter installed on the roadway segments recorded all classes of vehicles in
the traffic stream.

By way of exploring a variety of alternative methodologies to be compared with the ‘with and
without” BRT empirical approach, the study attempted to determine the influence of BRT on
mixed traffic capacity utilization and time headway implications using a ‘before and after’
BRT approach. To apply the ‘before and after’ BRT approach, and due to the pandemic in the
year 2020, the study identified the need for pre-BRT 2009, and pre-lockdown 2019 (after BRT)
traffic volume data. Consequently, two analytical steps were distinguished and applied as
follows: in the first step, traffic data for the post-lockdown year 2021 (after BRT), was
collected directly from the roadway under steady flow conditions and analyzed. In the second
step, the post-lockdown 2021 traffic data was extrapolated or compounded backward to obtain
the pre-BRT 2009 and pre-lockdown year 2019 (after BRT) traffic volumes.

Due to similarities in terminologies, the ‘before and after’ BRT approach must not be
misconstrued with the ‘with and without” BRT empirical approach. In the ‘with and without’
Bus Rapid Transit (BRT) approach, the contribution of BRT to roadway capacity utilization
was particularly emphasized. The principal aim of the investigation is to look into the question
of capacity utilization in the presence of Bus Rapid Transit and establish whether a strong

relationship exists between the variables.

15 Research Scope and Limitations

The first part of this study, herewith referred to as part A, is centered on obtaining empirical
data of mixed traffic characteristics such as flow, speed, density, and time headways on a
multilane roadway adjoining a BRT dedicated lane, with the view of determining its capacity
utilization in the presence of BRT. The R27, a BRT corridor located along the major trunk
route TO2 (Atlantis — Table View — Civic Centre) in Cape Town, South Africa fits this
geometric characteristics’ description. The traffic data collected is restricted to the
uninterrupted flow on selected road segments along the main study site. The main study site
is selected based on appropriate site location and selection criteria that would ensure that the
data collected is unbiased and void of errors. Furthermore, the study is limited to the
exploration of roadway capacity utilization with respect to vehicles moving on it and their
relationship with the geometric features of the roadway, and not person or passenger capacity.
The second part of this study focused on modelling the empirical time headway data collected

at each site in part A, by fitting them to continuous probability distribution models and
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analyzing the outcomes. The study is generally limited by manpower and funding. Limited
funding, in addition to satisfying the site location and selection criteria, compelled the
researcher to finally pitch a research tent in Cape Town, against the initial intention of
investigating the Rea Vaya and Areyeng BRT systems in Johannesburg and Pretoria
respectively. This research was also limited by the non-availability of pre-built design traffic
volumes before the advent of BRT, intended to serve as traffic information for the ‘without’
BRT survey period. Besides, the pandemic and lockdown prevented the researcher from
launching into the field early enough. Consequently, no traffic data was collected during the
pandemic period in the year 2020. However, traffic data for the pre-BRT 2009 and pre-
lockdown 2019 periods were determined by backward extrapolation using identified traffic
growth rates from the literature. Even though the traffic loggers were secured at the sites,
frequent visits were made to the sites to avoid any theft and to ascertain that the ATC machines
were actively logging data.

1.6 Significance of the Study

Firstly, vital to the socio-economic development of the South African population is the
provision of urban transport infrastructure as well as a sustainable and integrated BRT system
that is affordable, accessible, safe, and with optimum traffic capacity utilization and good
quality of service delivery especially a reduced travel time (Aropet, 2017). According to
(Mashros & Ben-Edigbe, 2014), good transportation systems are anticipated to produce an
operational performance that is consistent with their design specifications. Route R27 in Cape
Town South Africa is a very important road in Cape Town as it connects the north at Atlantis

to the south at Cape Town Civic centre.

Secondly, according to (Stone, 2009), on the regional route R27 in Cape town South Africa,
the main justification adduced for the adoption or selection of a dedicated median bus lane
configuration with central BRT stations over the curb side design was that the latter model
would not be practicable. He further argued that the whole point of BRT is to have a dedicated
bus lane that enables speedy transportation and that the kerbside design would cause
commuters to stop or park in the lane where the BRT is supposed to drive, disrupting the
smooth operation of the BRT vehicle, and forcing it into the middle or right lane, which
contradicts the objective of a speedy and easy-to-use public transportation system in the end.
This justification, although true in terms of its attendant travel time savings is however not
strong enough from the standpoint of the importance of the route R27, and the need for

commuter ridership attraction. In other words, the commercial importance of route R27



requires that more people be moved from their origin to destinations of their choice within the

corridor, hence the need to fully utilize or maximize capacity.

The road system is a capital-intensive investment, requiring a thorough schematic framework
and structured maintenance programme. In passing, although the level of service is a common
measure of road traffic effectiveness, however, the tests of road investment justification would
require roadway capacity utilization. Nevertheless, given the homogeneity in segment length
and width, road capacity estimates are anticipated to be the same on all lanes (Ben-Edigbe,
2016). Most cities with BRT schemes did not design their roads with BRT in mind when they
were being built, thus adding BRT lanes meant imposing BRT there. To put it another way,
one lane is removed and set aside for BRT, which has an impact on the macroscopic traffic
stream characteristics, capacity, and ultimately, capacity utilization. As indicated, assuming
uniform length and width and regardless of whether there is BRT, a roadway's capacities per
lane should be similar. If this is not so, then road capacity has yet to be fully utilized. Therefore,
the findings from this study are expected to provide more insight into the merits of adopting a
BRT mixed traffic infrastructure design, which could attract ridership and increase capacity
utilization of the BRT corridor.

Thirdly, previous literature by (Alhassan et al., 2012b; Ben-Edigbe, 2003; Ben-Edigbe, 2010;
Ben-Edigbe et al., 2013; Ben-Edigbe & Ferguson, 2005; Ben-Edigbe & Mashros, 2012) had
evaluated capacity and its attendant differentials, including other traffic characteristics
anomalies. These studies looked at the effect of traffic flow inhibitors such as pavement
distress, road humps, rainfall (Oyaro & Ben-Edigbe, 2020), on-street parking, and many more
to mention a few. This study, therefore, evaluates the underutilization effect of introducing
BRT dedicated lanes on mixed traffic characteristics and implications on time headway
distribution. The overarching objective of its findings is to maximize capacity and ensure
optimum traffic management through the assessment of its attendant time headway

distribution.

Fourthly, the time headway distribution on the adjoining lanes, occasioned by the presence of
BRT dedicated lanes was modelled by way of fitting continuous probability distribution
functions to data and determining which distribution provided the best fit. The purpose of this
was to provide an in-depth understanding of the induced heterogeneous traffic flow and

behaviour of motorists as well as determine the safest headway for commuters and pedestrians.



Finally, this study is significant because the evaluation of the influence of BRT on mixed traffic
capacity utilization and its time headway implications through the fundamental diagram
approach and time headway distribution modelling is a relatively new undertaking in South
Africa. Since the implementation of BRT in South Africa, previous research works of literature
have only focused on the effectiveness of the BRT buses and the justification for the adoption

of the median BRT configuration.

1.7 Organization of Thesis

This section shows how the thesis is organized into chapters. Each chapter is organized to
address concerns about the topic of the research. Figures, tables, and equations are presented
in a logical order and designated by the chapter in which they appear. Figure 3.3, for example,
is the third figure in Chapter 3, equation 2.6 is the sixth equation in Chapter 2, and table 4.4 is
the fourth table in Chapter 4. The remainder of this thesis is in six chapters as follows:

Chapter 2: Review of previous literature on roads and traffic characteristics in South
Africa, BRT in Cape Town, South Africa, and road capacity utilization
concepts. The review provided a background on the hypothesis underpinning
the concept of capacity utilization and time headway.

Chapter 3: The research methodology is presented. It outlines the design of the study, the
location of the sites, and the criteria for selection.

Chapter 4. Results of empirical surveys are presented and discussed for each study site,
including site figures and photos.

Chapter 5: Effects of BRT on mixed traffic capacity utilization are discussed.

Chapter 6: BRT implications for time headway are presented, and continuous probability
distribution models were fitted to the time headway data.

Chapter 7: The conclusions drawn, and the way forward are presented.



CHAPTER 2

LITERATURE REVIEW

21 Overview

The focus of this study is on the influence of Bus Rapid Transit (BRT) on mixed traffic capacity
utilization and its implications on the time headway distributions. The objectives were
established in the previous chapter. In this chapter, a review of previous literature to support
arguments in the subsequent chapters is presented. As defined in the previous chapter, BRT
refers to mass transit and high-capacity public transportation system that transports commuters
from one location to another within a transit corridor and provides a bus service that is faster,
more attractive, increases transit ridership, and more efficient than an ordinary bus line
(Agarbattiwala & Bhatt, 2016; Hashem et al., 2016; Kriiger et al., 2021; Wirasinghe et al.,
2013).

By this definition, BRT is expected to attract more commuters, as well as reduce their travel
time from their origin to destination by using the BRT corridor, and these two service attributes
are consequently considered as benefits or merits of introducing the dedicated lane
infrastructure, in line with the adopted design configuration. BRT is homogeneous on its
dedicated lane and the heterogeneous vehicles on the adjoining lanes experience changes in
traffic characteristics. Besides, the resulting traffic flow scenario on the adjoining lanes is
characterized by bottlenecks and differentials in traffic stream characteristics such as speed,
volume, density, and time headways. These differentials result in capacity disparities as well
as time headway variations at reduced magnitudes, which leads to increased travel times, and

anomalous capacity utilization.

In passing, the concept of service delivery in highway engineering studies involves the
interaction between the road providers or operators and users or commuters, where a service is
rendered by the provider and the road user either derives or loses time value from it
(Devasurendra et al., 2020). Road users benefit from an increase in the value of time when
services are delivered extremely well, which in turn affects the economy positively and boosts
the daily productivity of every commuter. However, capacity utilization which is the focus of
this study is a measure of the extent to which the capacity of a roadway is being used. It is the
relationship between the maximum flowrate per lane per hour that the roadway can carry, and
10



the operating flowrate that the road produced under prevailing conditions. Capacity utilization
rate measures the percentage of total capacity that is being achieved in a given period. It can
be argued that the resulting time headway distribution is continuous, capable of aligning or
fitting some existing continuous probability distributions, that can best describe its
characteristics and provide the best data fit for capacity estimations. Hence, in addition to the
development of a capacity utilization criteria table as stated in the objectives in chapter 1 for
the evaluation of traffic flow performance, this study analyses the mixed traffic ‘without BRT’
time headways by fitting them to suitable continuous probability distribution models. In view
of the aforementioned, the remainder of this chapter
is divided into six sections. Section 2.2 describes roads and traffic characteristics in South
Africa, whilst section 2.3 provides insights into Bus Rapid Transit in Cape town South Africa.
Section 2.4 gives a background on roadway capacity, while section 2.5 addresses roadway
capacity utilization. Section 2.6 describes the time headway concepts and continuous
probability distribution models, whilst section 2.7 discusses the effect of BRT time headway
distribution modelling on capacity utilization. Section 2.8 gives a summary of the chapter.

2.2 Roads and Traffic Characteristics in South Africa

Roads are components of the transportation system infrastructure that primarily support
cycling, vehicular (both motorized and non-motorized), and pedestrian traffic on the ground
(Kutz, 2011). According to (Lay, 2009), roads comprise segments, nodes or intersections, and
junctions, each with its own set of features that might influence traffic flow rates and capacity
with associated capacity utilization effects. Some geometric features of roads include lanes,
walkways, carriageways, medians, shoulders, verges, and cycle paths (Lilley, 2012). The
individual characteristics of these road features make vehicles more vulnerable to events like
reductions in speed, delays, queues, accidents, and traffic congestion. This can happen at any
time of day, regardless of the type of road or its location. In South Africa, roads are the most
popularly used modes of transportation, other modes are railways, airports, water, and
petroleum oil pipelines (Fedderke & Garlick, 2008; Tchanche, 2019). The majority of South
Africans travel by informal minibus taxis (Vilakazi & Govender, 2014). In 2009, BRT was
implemented to make public transportation more structured and secure (Gauthier & Weinstock,
2010; van Rensburg & Krygsman, 2020; Venter, 2013; Wood, 2014a, 2014b). South Africa
has the tenth-longest road system in the world, according to the South African National Roads
Agency Limited (SANRAL), with a total length of 750 000 kilometres. (Smith & Visser, 2001;
van Rensburg & Krygsman, 2020). SANRAL currently oversees a total of 21, 403 kilometres,
with 84 percent of them not tolled while only 16 percent are tolled. Municipalities oversee

51,682 kilometres, whereas provinces oversee 47,348 kilometres. The national road
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infrastructure budget is anticipated to be R197 billion. Table 2.1 provides a summary of the
South African road system as released by the Republic of South Africa's Department of
Transport (DoT).

Table 2. 1: An overview of the South African Road Network

Authority Paved Gravel Total
(km) (km)

SANRAL 21403 0 21 403
Provinces - 9 47 348 226 273 273 621
Metros - 8 51 682 14 461 66 143
Municipalities 37691 219223 256914
Sub Total 158 12 459 957 618 081
Un-Proclaimed (Estimate) - 131919 131919
Estimated Total 162124 591876 754 000

Source: South African National Roads Agency Limited (SANRAL)

In terms of road system hierarchy and ease of communication between the three major stake
holders in roadway infrastructure viz engineers, road administrators, and the general public
(Acai & Amadi-Echendu, 2018). South African roads are classified using three criteria into
administrative, functional, and design type based on roadway traffic capacity (Pasindu et al.,
2020). In South Africa, in terms of administrative responsibilities, the three different
government levels each have road functions assigned to them. Bearing in mind that no
relationship exists with the functional and design types of roads classification, the
administrative strategy employed separates the South African road network into national,
provincial, and local government roadways. (Atkinson, 2007; Heggie, 1995). The nation's main
thoroughfares and freeways connect the largest cities therein. They account for the highest
category in the South African route numbering scheme, with route numbers beginning with the
letter "N." and ranging from N1 to N18. The South African National Roads Agency SOC Ltd
(SANRAL) maintains the majority of the national route network, but other segments are
maintained by provinces or municipalities (Mitchell, 2014). The system was largely
constructed during the 1970s by South Africa's National Party government, while new roads
and repairs to old segments have continued to this day. The system was designed after the
transport system operated in the US for Interstate Highways, which was first adopted in the
1950s by US President Dwight D. Eisenhower and was inspired by the German Autobahn,
which he observed while touring Germany during World War 1l (Falkner, 2012). Although the
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terms "national road" and "national route" are sometimes interchanged, they have distinct
meanings. National Roads are not all national highways, and only some "R" - numbered routes
are recognized as such. Some road segments of the national route network are not maintained
by SANRAL and are hence not National Roads. The second category of roads in the South
African route-numbering scheme is provincial roads (sometimes known as major regional
routes). In contrast to the letter "P" followed by a number ranging from 66 as indicated earlier
for national roads, they are designated by the letter "R" followed by a number ranging from 21
to 82. They function as feeders to national routes and as trunk highways in locations where no
national routes exist. Some elements of the provincial route network are maintained by the
National Roads Agency (SANRAL), and parts of towns may be regular streets managed by
municipal road departments (SANDoT, 2007). From gravel roads (such as the R31 between
Askham and Hotazel in the Northern Cape) to freeways, provincial routes range in condition
(for example the R59 between Vereeniging and Johannesburg).

In the South African route numbering scheme, regional routes (sometimes known as minor
regional routes) are the third category of roads. The letter "R" is followed by a three-digit
number to identify them (Falkner, 2012). They act as feeders for smaller communities,
connecting them to national and provincial highways. A regional road can be anything from a
gravel road (such as the R340 between Plettenberg Bay and Uniondale) to a multi-lane highway
(like the R300 near Cape Town). Although most regional roads are maintained by provincial
road authorities, this is not always the case; some may be under the supervision of the National
Roads Agency (SANRAL) in provinces with insufficient capacity. They may also be
conventional streets under the supervision of the municipal roads department in metropolitan
areas. Similarly, rather than SANRAL, some national (N) highways, and motorways are under
the supervision of provincial or municipal agencies (Stone, 2009). Furthermore, the roads are
classified by function mainly for transportation planning purposes. The functional
classification scheme used for the South African road network is illustrated in Table 2.2. This
was employed in the early 1980s for the South African Rural Road Needs Study. There are two
functions of roads: they allow people to move around, and they allow people to access land.
These functions are, however, incompatible from the standpoint of design. Fast or consistent
speeds are useful for mobility, while variable or low speeds are undesirable; low speeds are

desirable for land access, while high speeds are bad.
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Table 2. 2: Functional Classification of Roads in South Africa

Functional

Description of Road Function or Type

Classification

la*

5***

Roads that form the principal avenues of communication between:

* Major regions of the RSA and/or, * Defined or proposed metropolitan areas
and/or * Major regions of the RSA and other countries which are declared
National roads or extensions of these.

Roads which comply with the above, but which are not declared National roads
or extensions of these.

Roads not being Class 1 or 1a, which form the main avenues of communication
between * Importation centers** and Class 1 and 1a roads and/or *Important
centers and/or of an arterial nature within a town in a rural area.

All other surfaced roads for which the road authorities are responsible, and
which are not Class 1, 1a, 2 or 5 roads.

All Gravel Roads for which the road authorities are responsible, excluding class
5 roads.

Special Purpose Roads: Roads that provide for some activity or function, and
which are not assigned to Classes 1 to 4, e.g.: *For minerals development, *For
strategic or defense purposes *For social need, or *For agricultural or other

development.

NOTES:

*Class 1a roads include declared National roads that do not follow an 'N' route.

**  Important centers are centers with a population of 5000 or more.

***  Class 5 roads may be either surfaced or gravel roads

SOURCE: SANRAL

Freeways, for example, provide a high level of mobility, with access granted only at spaced

interchanges to maintain the facility's high-speed, high-volume features. Local, low-speed

roads that primarily give local access are the opposite. Figure 2.1 depicts the overall

interdependence of functionally classed systems in serving mobility and land access. Traffic

Characteristics in South Africa follow the design and dimensions of the geometric features of

the country’s roadways. The primary purpose of traffic management is to enable safe,

comfortable, effective, and economical mobility. For traffic engineers to develop and improve

mobility and the quality of transportation services, they need to fully understand the status quo

of traffic patterns and accurately forecast future traffic conditions.
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Source: (Ross & Townshend, 2018; Veramoothea et al., 2015)
Figure 2. 1: Relationship of Functional Road Classes

Although seasonal and daily traffic patterns differ, however, for design, the traffic engineer is
expected to be aware of the magnitude of these alternations to estimate patterns of flow. The
bi-directional or unidirectional distribution of traffic and how its composition changes are
additional crucial elements to consider, hence, any genuine design must have a full
understanding of how they all interact. At this juncture, traffic flow can be defined as the
number of cars or vehicles passing through a particular point or section of roadway in each
period. The Average Daily Traffic (ADT) is the flow of interest in most cases. Evaluating
existing traffic conditions can be extremely complex due to the constant change in the
movement patterns of people. It is this continuous variation that causes the natural patterns
observed in traffic flow over time. Understanding the patterns of the movement of people is
crucial for the effective quantification of the variation in traffic flow, as well as for forecasting
representative traffic volumes for facility design purposes. Traffic variation patterns include a
variation of traffic over a day (hourly variation), a week (daily variation), months of the year
(monthly variation), and annual growth (annual variation). Vehicular traffic flows can also be
estimated and given per hour, such as "hourly observed traffic volume,” "thirtieth-highest
hour," or "hundredth hour," which are standard design metrics. Studies of signalized junctions
often utilize flows with relatively short duration, such as for five-minute periods. In rural

locations, it is typical to design for the thirtieth greatest hourly flow, i.e., the flow that is
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surpassed for just 29 hours of the year. This is because rural roads have very high seasonal
peaks, and it is not cost-effective to keep a route free of traffic every hour of the year. Seasonal
peaks are less noticeable in metropolitan settings, and for design purposes, the 100th-greatest
hourly flow is regarded as a realistic flow level. It is required to know the ADT and the peaking
factor to anticipate hourly flows. The parameter, B is a description of traffic flow on a certain
route that is affected by factors such as the percentage and frequency of holiday traffic, the
relative sizes of daily peaks, and so on. The peaking factor might range from -0,1 to -0,4. A
score of -0,1 denotes the absence of seasonal peaks. In urban planning, this value of peaking
factor should be employed. A rating of -0,4 denotes extremely high seasonal peaks and is
typically applied to highways like the N3. Usually, a value of -0.2 is considered typical as a
rule, hence the flows between the highest and 1020" highest hour can be computed using
equation 2.1.

Qy = 0.072ADT(N/1030)" 2.1
Where Q, = two directional flows in the N-th hour of the year (veh/h), ADT = average daily
traffic (veh/day), N = hour of the year, and = peaking factor.

Flows beyond the 1030th hour can be calculated using a straight-line relationship from the
1030th flow to zero veh/hr at the 8760th or last hour of the year, albeit this is not a particularly
good model. It's worth noting that the Highway Capacity Manual's peak hour factor, K, is
frequently considered to be 0,15 for design purposes. The design hour is generally referred to
as the 30th-highest hour of the year. Using a value of -0,2 for 8 and a value of 30 for N, Qy
equals 0,146 x ADT for the thirty-first highest hour, according to Equation 2.1. When designing
sections or planning for the development of new infrastructures, designers need to estimate
future traffic flows. For future planning, it is suggested that a 20-year design term be adopted.
The flow that occurs in the design year, which is normally twenty years away, is the 30th or
100th largest flow employed in the design. Over this period, staged building or road widening
might be a part of a cost-effective design. The flow referred to in this context is also known as
capacity, usually estimated by various methods. Capacity is one of the most germane traffic
characteristics of roadways. The capacity of both rural and urban road sections is affected by
certain key characteristics viz: road configuration — e.g., two-lane two-way, multilane divided
or undivided; operating speed; terrain; lane and shoulder width; traffic composition, and
gradients. In the case of road configuration, and by extension the development of new
infrastructure, the introduction of BRT with median configuration is also an important factor

that influences capacity, which is the focus of this research.
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Besides, vehicles are directionally dispersed on two-lane two-way roads, particularly in urban
centres, where morning peak traffic is often in bound into the core district (with relatively low
outward-bound flows), but afternoon peak traffic is in the opposite direction. Vehicles of
various sizes and masses, as well as diverse operational characteristics, can be found on South
African roads. Trucks have a larger mass-to-power ratio than passenger cars and take up more
road space. As a result, they obstruct traffic flow more than passenger vehicles, resulting in a
situation where one truck is comparable to numerous passenger cars. The percentage of truck
traffic during peak hours must be estimated for design purposes. As a common practice in other
countries, traffic studies in South Africa are used to identify the composition of traffic for the
design of a specific highway. In the case of a two-lane road, truck traffic is often expressed as
a percentage of total traffic during the design hour, and in the case of a multi-lane road, as a
percentage of total traffic in the prevailing direction of travel. Trucks are converted to
equivalent Passenger Car Units (PCUs) since it is impractical to plan for a heterogeneous traffic
stream, the number of PCUs linked with a single truck is a measure of the impedance it poses
to the passenger cars in the traffic stream. This subject is further discussed in section 2.4 and
covered in depth in the Highway Capacity Manual (HCM). The following section describes
BRT in Cape town, South Africa.

2.3 Bus Rapid Transit in Cape Town, South Africa

The provision of transportation to and from cities is very important because they are centres
for economic growth and development. Like other developing countries of the world, South
Africa also finds difficulty in providing mobility for its people in urban areas. Coming to the
rescue, the Bus Rapid Transit (BRT) was introduced in 2009 and became part of the National
Development Plan initiatives of the South African government which seeks to make transport
to be one of the main drivers of the economy and aims at bringing value to various stakeholders,
the commuters and the country’s economy at large. Fortunately, in 2010, South Africa was
chosen to host the World cup and this international event encouraged national-level
transportation improvement. Twelve (12) cities were selected to enhance the bus system
development viz Johannesburg, Cape town, Nelson Mandela Bay Metropole, and so on. The
focus of this study is on Cape town due to its many advantages over the other provinces, which
are discussed in detail in the next chapter. Development has spread to some areas in Cape town
termed low-density areas, which results in the movement of people in the pursuit of their daily
chores over a long distance. However, a larger percentage of about three (3) million residents
of Cape Town rely solely on public transport as their means of movement. Considering the

topography of Cape Town, there is no more space for the expansion or building of new roads
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for private automobiles that might carry one person at a time because it is surrounded by two
oceans and Table Mountain at the center. Traffic congestion increases year by year (Cape Town

Transport Integrated Rapid System, 2012).

Besides, studies have revealed that building or expansion of road networks does not ease
congestion because commuters often opt for automobiles instead of using public transport,
hence the need for a great investment in high-class public transport to encourage private car
users to use it and alleviate congestion. This was what prompted the BRT/IRT system in Cape
Town named “MyCiTi” (Cape Town Transport Integrated Rapid System, 2012). The first
phase of the Integrated Rapid Transport (IRT) system stretched from the Civic Centre (CBD)
to Table View as the trunk route coupled with a series of interim feeder services. Some of the
routes are intersected while all the routes are connected to the Civic Centre station. Numerous
design combinations have been used in 177 cities across the world that have BRT-dedicated
lanes (Levinson, Zimmerman, Clinger, & Gast, 2003). They are selected based on the benefits
and drawbacks of their service quality, as well as the arrangements for the kerbside, segregation
lanes, and geometry (Adewumi & Allopi, 2014b). The most common designs, with associated
benefits and drawbacks for the capacity utilization of the roadway, are the median and kerbside
arrangements as shown in Figure 2.2(a) and (b). As illustrated in figure 2.3, the MyCiTi BRT
system adopted the use of a median BRT lane configuration that is situated in the center of the
road in a two-way direction. It has an exclusive right-of-way with pavement/lane markings,
and intersection road markings, and is a few meters away from the main station (Civic Centre).
Some locations allow for its operation in mixed traffic and at grade, eliminating the need for

lane markers, dividers, or a segregated lane.

(a) Kerbside Dedicated Lane (b) Median Dedicated Lane
Figure 2. 2: BRT Dedicated Lane Configurations

To prevent vehicle manoeuvres, the lane marking acts as a barrier to other vehicles. A few
meters from the Civic Centre to Table View is a fully coloured bus route. It stands out from
other forms of public transportation thanks to its distinctive branding, identifiable identity, and

colour of the vehicle. In addition to having multiple entrances for boarding and alighting,

18



regular and articulated low-emission vehicle technology buses with bi-fold doors on both sides
are also used. The stations are built at the median of the road, just like the lanes, and have maps,
automatic doors on both sides of the station, an elevator for commuters with disabilities, an
improved station environment, full weather protection on all the station platforms, security,
CCTV, an information desk, and a phone booth (only at the main station). The locations of
the stations follow a predictable pattern, and only a few locations adopt the kerbside bus stops
currently used by other public transportation systems. Except for a few locations with mixed
traffic (at Table View, for example) and a segregated lane throughout the Woodstock to

Zoarvlei corridor, the lane layout and design are nearly the same throughout.

MYCIiTi BRT Median Lane Configuration

BRT Entry Lane Width -  85m
BRT Segment Lane Width - 4 3m
Adjoining Lane1 Width - 3 7m
Adjoining Lane2 Width - 3 7m

Figure 2. 3: R27 MyCiTi BRT Segment with Median Lane Configuration and Lane Widths

Adding to the road's median is a footpath. When waiting for the next bus, travellers can wait
in more efficient shelters with less comfortable seats and real-time information displays, but
the station also features CCTV, maps, a distinctive paint job, a trademark, and security. There
is a display showing the destination in front of the bus, the destination is located within the
bus, and staff members can help. From 5h10 to 21h20 on weekdays and 6h10 to 20h00 on
weekends, BRT buses are supposed to run every 20 minutes. They use the CCTV that has been
put in the hallways to keep an eye on the performance and theft of the buses. The BRT buses
use audio announcements and maps to educate passengers about the current and the next bus
stop, especially for those who are unsure about which station to exit at. It only uses smart cards,

which operate at a flat rate, and only the card's monetary value can be refunded upon its return;
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the money loaded onto the card is not reimbursed and in-bus fare verifications are usually
carried out. The operation of BRT buses is not the focus of this study but on roadway capacity
and its utilization with implications for time headways under mixed traffic conditions. The
following sections give an understanding of these concepts vis — a — vis the quality-of-service
delivery of a roadway, including other factors that can trigger their differentials in later sub-

sections such as travel speed, volume-capacity ratio, and density.

2.4 Roadway Capacity Concepts

Roadway capacity is the maximum number of vehicles passing a specific uniform section or
link of a roadway in a certain amount of time (often one hour), given prevailing traffic,
environmental, and road conditions (Oyaro & Ben-Edigbe, 2020). Even though there has been
much research carried out on roadway capacity, numerous experts have taken notice of its
definition since it has been generally called into question and demonstrated to be inadequate
and unworkable. Minderhoud, in 1996 argued that only traffic flow scenario on a roadway can
best describe the term capacity (Minderhoud et al., 1996). On second thought, (Hall &
Agyemang-Duah, 1991) believed that the definition did not include all circumstances in which

capacity was required for roadway traffic.

However contrary to Minderhoud’s assertion, (Elefteriadou & Lertworawanich, 2003) argued
that the definition of capacity for freeway capacity is inadequate because the roadway becomes
crowded and "breaks down" when demand exceeds the capacity value. According to (Jiaetal.,
2000) and (Sugiarto & Saleh, 2015), capacity estimations made using the HCM (2000)'s
physical capacity approach may be deceptive. Similar to this, (Homan, 2012) noted that the
HCM 2000 definition's use of the word "reasonable expectation” denotes a discrepancy in the
maximum number of vehicles' numerical value. The HCM 2000’s definition of roadway
capacity according to (Ben-Edigbe, 2009), suggests section measurement under certain
conditions, i.e., sections with different conditions will have different capacities, proving that
capacity is stochastic (Minderhoud et al., 1997). It can be argued that the inability to provide
a clear and acceptable definition is due to the stochastic characteristics of roadway capacity,
which results from variations in driver behaviour, as well as road and weather conditions.
Traffic characteristics such as density, speed, and flow are therefore the variables used to
calculate roadway capacity. The analysis of traffic studies for quantity and quality reasons
requires the assessment of roadway capacity. According to (Umadevi & Suresh, 2014),

capacity is viewed as a prediction and a probabilistic evaluation since variations might happen
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randomly and at different locations within the same facility. Despite this, the differences cannot

be precisely accounted for.

In the design of highways and traffic control signals, the concept of capacity has become a
central phenomenon as it can predict the possibility of traffic congestion and places where it
can occur, determine the traffic volumes expected at bottle necks, and estimate the magnitude
of delay involved in transiting from one location to another. While the HA note TA 79/99,
seems to give a clear and understandable description of capacity, a lot of misconceptions have
risen in its interpretation, owing to the different ways by which scholars have been expressing
it. Consequently, for proper modelling and the purpose of making accurate operational
decisions, is imperative to define roadway capacity properly and clearly. The following are
various definitions of roadway capacity according to the purpose for which they were
determined (Technotel0, 2013):

Design Capacity: The design capacity of a road link or segment refers to a single capacity
value, maybe computed from a distribution of capacity, that indicates the maximum volume of
traffic that may cross a road section with related probabilities under predetermined

environmental, weather, and road conditions.

Strategic Capacity: The term "strategic capacity" refers to a capacity value (perhaps generated
from a capacity distribution) expressing the highest traffic volume a road section can
accommodate. It is assumed that this capacity value is a valuable one for monitoring
circumstances in road networks (e.g., traffic flow assignment and assimilation). Static capacity

models use observed traffic flow data to determine the capacity value or distribution.

Operational Capacity: Operational capacity is a capacity value that represents a roadway's
actual maximum flow rate and is thought to be a helpful measure for short-term traffic forecasts
and for performing traffic flow management procedures. This value is determined based on

direct empirical capacity methodologies and dynamic capacity models.

As discussed in chapter one, roadway capacity is usually affected by both physical and
environmental barriers to traffic flow such as road humps (Ben-Edigbe & Mashros, 2012) and
rainfall (Ben-Edigbe & Ibijola, 2020). However, the focus of this study is on inhibitions or
flow disturbances caused by physical factors and not environmental or weather situations.
Other physical factors that have been investigated and shown to affect traffic flow are pavement

distresses (Ben-Edigbe & Ferguson, 2005), median openings (Ben-Edigbe, 2016), side friction
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(Biswas et al., 2021; Gulivindala & Mehar, 2018; Rao et al., 2017), and highway consistency
(Gibreel et al., 1999). Others are referred to as traffic conditions such as anomalous traffic
volume variations (Salisu et al., 2020b), and severe freeway traffic conditions (Berechman,
1984; Salisu et al., 2020b). The physical factor investigated in this study is Bus Rapid Transit
(BRT) dedicated lanes and their impact on capacity and capacity utilization of the BRT
corridor.

Concerning the misconceptions around roadway capacity in the vicinity of BRT dedicated
lanes, it has been generally misconstrued that the main goal of designing BRT lanes and
running BRT buses in countries that have them is to eliminate captive commuters by increasing
passenger capacity. Consequently, it has erroneously created an impression that a substantial
number of cars owned by the number of persons in a BRT bus have been automatically taken
away from the roadway, making road providers believe that more people have been transported
in this way. It can be argued that not all the passengers in the BRT bus may own a private
vehicle. However, it must be stressed, or counter-argued that mixed vehicular traffic carries
more people per lane than BRT buses only. This is the main reason why roads are designed,
for vehicular movements, not people. It is on this premise that this study investigates how well
the MyCiTi BRT corridor R27 is being utilized in terms of road space and determines whether

the capital investment in its construction has been worthwhile.

With respect to the design and design configuration adopted by road providers for BRT, it can
be argued that the type of design adopted can affect the capacity utilization on both the BRT
lane and its adjoining lanes. The design of the BRT (red line) in London for example is with
the kerbside (left side) configuration with bus parking bays located at specific locations off the
dedicated lane (Modupe & Ben-Edigbe, 2022), where the BRT buses can conveniently park
and pick commuters, while mixed traffic movements continues on the BRT lane. This approach
has substantially helped in maximizing capacity by the reduction of headways between
vehicles. The design configuration of the BRT in this study is the median configuration, and

the possible demerits in terms of capacity usage have been identified.

Studies on how BRT affects lane capacity differentials on the BRT and adjacent lanes are either
scarce or non-existent. However, using the VISSIM simulation model software, the impact of
BRT on "microscopic” traffic stream features was examined in a closely related study by
(Sipos, 2019). To determine how BRT would affect total travel time and totally stopped delays,

he studied a "with and without" BRT scenario.
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Various scholars and methodologies have also estimated capacity. It can be calculated using
various empirical data, based on, among other factors, the location, the type of data, the traffic
situation, the observation duration, and the headways. Some of the techniques used include
headway estimation, utilizing traffic flow (chosen highest method, predictable extreme value
method, and bi-modal distribution method), using traffic flow and speed (Product Limit
Method), and using traffic flow, speed, and density (fundamental diagram) (Minderhoud et al.,
1997), the sections that follow cover each of these in further detail. In a mixed traffic flow, not
only do vehicles interact amongst themselves but also with the environmental and geometric
characteristics of the roadway (Ben-Edigbe & Ferguson, 2005). Traffic flow hence refers to
the movement of people and their cars between two points, as well as their interactions with
one another. The variety of features displayed by the vehicles using the road under varied
driving styles is what causes the operation to be complex. To take care of this challenge,
guantify the impact of different characteristics on driving behaviour, a conversion term called
"passenger car equivalent” was created as a common base in achieving uniformity for all

classes of vehicles in a traffic stream flow. This is discussed in detail in the next section.

2.4.1 Passenger Car Equivalent (PCE) Values

The term "passenger car equivalent” (PCE), sometimes known as "passenger car unit" (PCU),
is used to translate various types of vehicles in a mixed traffic volume into a comparable
number of passenger cars to assess the traffic flow rate on a roadway. Passenger car
equivalence according to (Shalini & Kumar, 2014), is a measurement of how a single heavy
vehicle affects traffic characteristics (such as speed and headway) when compared to a number
of passenger vehicles. The term "passenger car equivalency" was originally used in the HCM
(1965) to explain how the presence of trucks and buses in a traffic stream can cause passenger
cars to be dislodged from their normal positions.

According to The HCM (2010, p. 9-13), a passenger car equivalent is defined as "the number
of passenger cars that will produce the same operational conditions as a single heavy vehicle
of a specific kind under specified highway, traffic, and control conditions,” (HCM, 2010). As
a result, PCE is typically used to assess how a traditional mode of transportation compares to
a car in terms of elements like speed, headway, and density of traffic. The amount and quality
of traffic flow on roads are impacted by this. To calculate the impact of heavy vehicles on a
traffic stream's behaviour under mixed traffic conditions, the (HCM, 2010) employs passenger
car equivalent factors. Considering that both are employed in defining the volume and flow
rates of traffic, the passenger car equivalent also represents the capacity of a roadway.

Passenger car units can be used to express the concept of capacity (Ben-Edigbe et al., 2013).
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In a traffic flow, passenger car equivalency values and capacity measures can thus be linked.
One could counter that while capacity may be expressed in terms of PCEs, hence, the
parameters impacting road capacity may also affect passenger car counterparts. Since heavy
vehicles are larger than passenger cars, it is logical to expect that they will take up more space
in a traffic flow. Heavy vehicles need longer and wider turning distances than passenger
vehicles because they have more limited and worse operational capabilities (Ahmed, 2010).
Numerous studies have looked at how heavy cars affect the capacity of a roadway. According
to (Mehar et al., 2014), passenger car equivalence is a complicated parameter that depends on
the traffic and geometric conditions in place at the time of the survey. While (Suhas Vijay
Patil, 2015) claimed that variables including traffic flow, road conditions, environmental,
meteorological, and control conditions have an impact on passenger car equivalency, (Ben-
Edigbe, 2009) stressed that the varied levels of instability on roads that affected the quantity
and quality of traffic flow were caused by variations in the flow of traffic. To account for
differences in the traffic stream, all traffic vehicles are translated into the acceptable passenger
car equivalent (PCE), which is represented as "pce per hour,” "pce per hour per lane,” or "pce
per kilometre" of the road's length. In general, as demonstrated in Table 2.3, passenger car
equivalents have been computed from observations and they vary with respect to the type of
vehicles and roads. The values provided are simply a guide, and designers should consult the

Highway Capacity Manual for the computation of PCUs for various settings and scenarios.

Table 2. 3: South Africa Passenger Car Equivalent Values

Passenger Car Units

Vehicle type i

P Rural roads Urban streets Roundabouts T_rafflc

signals
Cars and light vans 1,0 1,0 1,0 1,0
Heavy vehicles 3,0 1,75 2,8 1.75
Buses and coaches 3,0 3.0 2,8 2,25
Motorcycles 1,0 0,75 0,75 0,33
Pedal cycles 0,5 0,33 0,5 0,2

Source: SANRAL
Based on information from the South African National Roads Agency Limited (SANRAL), the
passenger car equivalent values provided in table 2.3 are with respect to favourable weather,
daylight, and level roadway conditions. However, due to the introduction of the BRT
infrastructure with median dedicated lanes configuration and the conditions under which this
study was conducted, including the presence and operation of BRT buses, assessing if the PCE

values are suitable is therefore necessary. Due to variations in estimation techniques, the
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calculation of passenger car equivalent values continues to be a contentious issue. It's easy to
use the headway method. It is calculated as the difference between the target vehicle's average
headway and the passenger car's average headway. It is mathematically expressed as:

i

pce; = — 2.2

Where pce; = passenger car equivalent of vehicle class I, H; = average headway of vehicle
class i (s) and H. = average headway of passenger car (s)

The headway method has the merit of being simple to use and the ease with which empirical
headway data can be calculated. The headway method could also be used to distinguish
between the effects of congested and free-flowing traffic. The headway approach will be used
in the latter stages of this study to reassess the passenger car equivalent values based on these
benefits. The (Chandra & Sikdar, 2000) speed approach method is another technique that
measures vehicle occupancy on the road surface using the actual size of the vehicle. Equation
2.3 is a mathematical expression for the speed approach technique. The approach is appropriate

for mixed traffic situations.

Ve/Vi
pee; =4 2.3

where pce; = vehicle class i ‘s passenger car unit
V. = mean speed of passenger car.
V; = mean speed of vehicle class i
A= estimated rectangular car area on the road (length x width)
A; = estimated rectangular area of vehicle class i on the road (length x breadth)

Equation 2.4, which is used in the approach based on delay, is expressed as follows:

pce;j = (Dij - Dbase)/Dbase 24
where pce;; depicts pce values of vehicle class i under conditions j
D;; denotes delay to passenger cars due to vehicle class i under conditions j.

Dpqse denotes delay to standard passenger cars due to slower passenger cars.
An alternative method for calculating the passenger car equivalent based on density is to use

equation 2.5:

Ep = — ["—3—1]+1 25

3P lam

where P; depicts the proportion of trucks of type i out of all trucks

n = no of trucks in the traffic
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qp = base flow rate (passenger cars only)
qu = the mixed flow rates

The following is another density-based method:

PCU; = "k/—;L”L’L 2.6

where PCU; = passenger car unit for i vehicle in a homogenous traffic behaviour

k.qr = density of passenger cars in homogenous traffic (car/km)

k; = density of i type of vehicle in a homogenous traffic

W, = lane width of the lane in a homogenous traffic

Notably, equation 2.5 is only applied in the case of homogeneous traffic with strict lane
discipline, automobile following, and a constant fleet of vehicles, with the assumption that the
spatial mean speeds of passenger cars and other vehicle types are equal. The (HCM, 2010)
approach adjusts the flow rate owing to the impact of heavy vehicles in a traffic stream by
employing the expression indicated in equation 2.7 and the passenger car equivalent

components.

1
T 1+Pp(Ep—1)+PRr(ER—1)

fuv 2.7

where; fyy = HV adjustment factor

Er,Ex= PCE for trucks/buses and recreational vehicles (RVs) in the traffic stream,
respectively.

P;, P, = Proportion of trucks/buses and RVs in the traffic stream, respectively.

According to (Keller & Saklas, 1984), the projected passenger car equivalents depend on the
volume of traffic and the kind of vehicle, and they suggested that the capacity reduction is
directly connected to the additional delay brought on by large vehicles in the traffic stream.

Thus, it can be mathematically stated as:

PCE = L& 2.8
TTo

where TT; = total travel time of vehicle type i over the network in hours

TT, = total travel time of base vehicle over the network in hours
There are other methods employed to estimate capacity which are based on factors like the
number of vehicle hours, travel time, platoon formation, etc. Generally, the methodologies
used to determine a vehicle's passenger car equivalent values vary widely. The variation
concerning heavy vehicles is the most significant, and numerous studies have been done on
how large vehicles affect a traffic stream. (Ahmed, 2010) found that the presence of heavy
vehicles in a traffic stream increased passenger car and heavy vehicle headways in his study of

passenger car equivalents for a level motorway operating under moderate and congested
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conditions. He added that for level urban freeway portions, the PCE ratio of 1.76 obtained was
greater than the 1.5 indicated in the HCM (2010).

Other studies that have attempted to calculate passenger car equivalent values include
saturation flows (Kimber et al., 1985), mixed traffic flow at signalized intersections (Adams et
al., 2014), capacity and LOS (Ben-Edigbe & Ferguson, 2005; Ben-Edigbe & Johnson, 2014),
Indian heterogeneous traffic scenarios’ estimation techniques (Budhkar & Maurya, 2012),
capacity LOS due to pavement distress (Ben-Edigbe, 2003; Ben-Edigbe & Ferguson, 2005),
and development of passenger car equivalents (Suhas Vijay Patil, 2015). (Tanyel et al., 2013)
investigated the impact of heavy vehicles on traffic circles and discovered that when
calculating the rates of heavy vehicles, separate passenger car equivalent values should be used
for small and major flows. When studying the effects of passenger car equivalents in work
zones, (Sun et al., 2007) found that these vehicles each have their unique characteristics. Since
capacity can be defined in terms of a passenger car equivalent, it is assumed that the claim that
a passenger car equivalent depends on the condition of the road, the volume of traffic, and the
surrounding environment is correct. As a result, it might be appropriate to calculate the
passenger car equivalent values given the local environment, traffic, and road conditions.
Therefore, it becomes logical to modify the South African passenger equivalent values for the
prevailing conditions under which this study was investigated, which is the incorporation of
BRT dedicated lanes for specialized buses. This will help to discover any possible effects

caused by the introduced infrastructure.

2.4.1.1 Assessment of Passenger Car Equivalent Values

The measurement of the impact of the mode of transportation on traffic variables is called
passenger-car equivalence. Under the current traffic and road circumstances, it is the
displacement effect of passenger cars because of heavy and medium-weight vehicles in a traffic
stream. Although the current road and traffic conditions for the passenger car equivalent (PCE)
values stated in the SANRAL highway traffic manual are not dissimilar from the conditions
considered in this study, a modification of the passenger car equivalent (PCE) value is still
required, regardless of whether the values are significant or not. A variety of techniques are
used to modify the PCE. Since the automatic traffic counter recorded the headway information
of cars, the headway approach is used for this investigation. Two hypotheses were established
to determine whether the modified passenger car equivalent (PCE) value is relevant. The

following are the two hypotheses:
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o Null hypothesis (H,): No distinction between SANRAL PCE values and the modified
values
o Alternative hypothesis (H,): There is a distinction between SANRAL PCE values and

the modified values.

A chi-square test with a 95% level of confidence is taken into consideration because the
hypotheses call for a statistical test to ascertain the significance of the modified passenger car
equivalent (PCE) values in comparison to the SANRAL passenger car equivalent values.
Equation 2.9 is used to represent the chi-square test.

_ (0-e)?
T e

X2 2.9
where X2 = chi-square
0 = observed value

e = expected value

2.4.2 Methods for Estimating Roadway Capacity

Two approaches to measuring capacity viz direct and indirect were identified by (Minderhoud
et al., 1996). The direct empirical method, which is relevant to this study and whose nature is
stochastic, analyses data to create models that forecast traffic flow and calculate road capacity.
Data on headway, traffic volume, average speed, and density are used in empirical approaches
to estimate capacity. The headway data applies the car-following theory with respect to time,
whereas the speed data divides the traffic state into stable, unstable, and congested. Other
estimation methods were created because of the drawbacks of traffic volume estimation
techniques. One of these approaches uses data on traffic flow and speed to represent the state
of the road's capacity. The upstream traffic situation of the observation point must be known
to get a satisfactory value. The product limit method (PLM), the selection method (SM), and
the empirical distribution method (EDM) are frequently used techniques. Figure 2.4 shows the
methodology framework for the direct approach to estimating capacity, according to
Minderhoud.
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Figure 2. 4: Roadway Capacity Estimation Methods

2.4.2.1 Product Limit Method (PLM)
Based on previous investigations by (Kaplan & Meier, 1958) (product limit approach) and van
(Van Toorenburg, 1986) (distribution function), (Brilon ef al., 2005) modified the capacity
estimating method developed by (Minderhoud ef al., 1997). The modification is as follows:
ki—d; .
Fe(q) =1— Nigq=0—ii € {B} 2.10
The empirical distribution approach and the product limit method are comparable in that both

emphasize the separation of flow observations acquired over the observation period. The free-
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flow and capacity measurements are both used in the product limit technique to obtain a more
accurate image of the real capacity value. Be mindful that before breakdown and recovery can
happen, the maximum observed volume must exist; otherwise, the entire distribution function
cannot be achieved because it would terminate in a value lower than one. A complete capacity
distribution function is typically difficult to model; even if it is, for a larger volume, it could
not be as reliable as such unless a sizable amount of data is obtained. On the other hand, the
product limit technique, according to (Brilon et al., 2005), does not necessitate the assumption
of a particular kind of distribution function. A technique called maximum likelihood estimation
is used to estimate the parameters of a model. The parameter settings for this approach are
chosen to maximize the likelihood that the process envisioned by the model will result in the
data that was seen. The success of the maximum likelihood method, as implied by its name,
depends on how strongly the distributional assumptions used are held. The following is a
description of a maximum likelihood method proposed by (Lawless, 2011) for estimating the

distribution function parameters:

L =TI fo(q)® 1 = Fe(q]* 211
Where  f.(q;) = statistical density function of capacity ¢
F.(q;) =cumulative distribution function of capacity ¢
n = number of intervals
61 =1, if uncensored (breakdown of classification B)
oi =0, elsewhere

The Log-likelihood function is therefore converted into capacity analysis as:

In(L) = XiZ,{6i In[fe(q)] + (1 = 61)} In[1 — Fe(qy)] 2.12

The shortcomings of this method include the too many numbers of capacity measurements
needed and its inadequacy for off-peak data collection. Besides, since no data on capacity
distribution is provided by the product limit technique, the accuracy of the projected capacity
is questionable. Furthermore, according to (Ben-Edigbe et al., 2013), the product limit is
ineffective in estimating capacity because the cumulative distribution function's capacity
values are randomly chosen, which leads to unreliable results. Whatever the case, according to
(Minderhoud et al., 1996) p. 36), traffic capacity using the product limit method is a "location
with features of the estimated capacity distribution”. The mean, median, and percentile points
are among the location features, and the estimated distribution is derived from the data on high-
volume free-flow observations, which contains the empirical distribution of capacity
observations. This approach needs a sizable database of volume and speed measurements, as
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well as a bottleneck location to determine the road's capacity once upstream congestion is
observed. The empirical distribution function is given by Equation 2.13:

G(q) = Prob(q. > q) 2.13
Where G(q) = the probability that capacity value > certain intensity g and F(q) is defined
as1— G(q). Ingeneral, equation 2.14 below represents the Product Limit Function:

Kgi—1
qi Kqi

G(g)=1 q; € {C} 2.14

Where K, =number of observation elements i in set {S} with intensity q; > q)

{C} =set of observed congested flow intensities

{0} =set of observed free flow intensities

{s} ={Q}ru{cC}, {S}issetof all observations i
Table 2.4 below gives a straightforward illustration of the product limit approach using data
that were changed from a 15-minute average interval to an hour. The hourly traffic flow
observations are shown in column 1 of the table, while the flow rates, (g;), at each interval i.
are shown in column 2. The traffic types are shown in Column 3, with Q denoting open flow
and C denoting congested flow. Column 4 displays the flows' ranking in ascending order. The
flow intensities in column 5 that are equal to or higher than the threshold capacity values are
treated as 1. Following that, the discrete functions G(g) and F(q) =1 — G(q) were computed.
However, as there is no information available regarding the quality (reliability, precision) of

the projected capacity value, the efficacy of the product limit technique is in doubt.

Table 2. 4: Product Limit Method Estimation Example

1 2 3 4 5 6 7
interval i qi Set Orderj kg, G(q) F(q)
1.15.30 - 15.45 3000 Q 2 -
2.15.45-16.00 2500 Q I . - 1 0
owest
3.16.00 - 16.15 3500 C 3 6 5/6 = 0.83 0.17
4.16.15-16.30 4000 Q 4 -
5.16.30- 1645 4000 c 6 3 ORIMABIL= g5
6.16.45 - 17.00 4500 Q 7 -
7.17.00 - 17.15 4600 C . 8 1 5/6.3/4.2/3.0/1=0 1
highest
8.17.15-17.30 4100 C 5 4 5/6.3/4.2=0.62 0.38
Total | =
Average 8 i
iin
2 hours Flow .
3775 Q=41
in (C)=4

Source: (Minderhoud et al., 1997)
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2.4.2.2 Empirical Distribution Method (EDM)

According to the empirical distribution approach, the distribution of capacity measurements
can be used to determine the value of capacity. This approach relies on the clear separation of
observed flows over the observation period. Figure 2.5 demonstrates the splitting of the
observed flow rate into two portions as determined from the upstream site.

o free flow measurement or measurements that reflect traffic demand.

e measurement of congested flow

Upstream at the bottleneck
Downstream —

(R o
—ow o
e T~
s 3
.

] —_—

1 q c

Figure 2. 5: Measurement Points for FDM, Product Limit, and Selection Method.

Source (Minderhoud et al., 1997)

Utilizing only the intensities that are components of the capacity set, C, equation 2.15 can be

used to estimate the function of the empirical capacity distribution.

F(q) =Prob(qgc<q)  qi€{C} 2.15
Rewriting equation 2.15 as equation 2.16.
F(q) = Nc/N 2.16

Where F(gq) = cumulative distribution function of capacity values
qc = value of capacity
q; = value of intensity counted at average interval i
N, =number of observation elements i, in set {C} with intensities g; less than q
N = total number of observation elements i, in set {C}

{C} = set of observed congested flow measurements
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The acceptability of the capacity value derived from the equation above is dependent on the
the variance of the intensities calculated using equation 2.17.
Var(F(q)) =F(q).(1 - F(q)) /N 2.17

One of the key benefits of this method, according to (Minderhoud et al., 1997) is the
unambiguous and unbiased capacity value with its distribution based on the intensity
measurements taken during upstream congested situations. The technique, however,
discourages the use of capacity values derived from free-flow measurements. According to the
study by (Homan, 2012) on a few work zones in the Netherlands, the empirical distribution
method (EDM) provides a more accurate capacity estimate when compared to the product limit
method PLM values. In conclusion, the empirical distribution approach has an accurate
estimate of the capacity distribution, however a good distribution requires that the road’s

frequent capacity level be reached.

2.4.2.3 Fundamental Diagram Method (FDM)

Traffic flow is the study of how different drivers travel between two points and interact with
one another. Regrettably, because the behaviour of drivers cannot be accurately predicted,
researching traffic flow becomes very challenging. Drivers however typically exhibit
consistent behavioural tendencies which also result in some consistency in the way traffic
flows, hence can be represented mathematically. The mathematical relationship, therefore,
involves three major traffic characteristics viz: flow, speed, and density, which is referred to

as the Fundamental Diagram Method (FDM), represented as:

q=ux*k, henceu=%andk=% 2.18

It is possible to write the flow-density relationship as:

— _k
q = kus (1 k,-) 2.19

In the flow — density relationship, the slope of the curve represents the speed, given by:
u=gq/k
Where u = Speed; q = flow; k = density, us= free flow speed; k; = jam density.

Figure 2.6 shows a typical flow-density curve, which describes a traffic flow. It is used in this
study to explain the concept of roadway capacity and its Utilization. Note that
us ~ free flow speed, u, ~ speed at capacity , kq ~ density at capacity, Kogs ~ density
at threshold flowrate.
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Figure 2. 6: Typical Flow—Density Curve

There are two sections to the flow-density curve: a steady flow section (left side) and a forced
flow section (right side). In the steady flow section, the flow of vehicles is at free-flow speed.
a situation where speed oscillates between the unconstrained and constrained ultimate points

or points of critical density or density at capacity (ko) while in the forced flow section. flow

contracts gradually. Four fundamental boundary conditions exist for the flow-density curve.

These are:
. when density is zero, flow is also zero. i.e..q=0atk=0
o flow is zero when density is at jam state. i.e., q =0 at k = k;
. when density is zero, speed equals free flow. i.e., u=ur atk=0
. when density is at jam condition, speed is zero. i.e., u =0 atk = k;

During a traffic flow scenario. flow rises along with density until it reaches an optimum value
under free flow known as the critical density (k). Traffic flow then enters a constrained area
beyond the critical density until the maximum value, under congested flow called jam density
k;j is reached. which is about five times the critical density due to the asymmetric nature of the
curve. The flow of vehicles is therefore hampered at this jam density because there is a
complete breakdown. Speed then decreases as density in the confined segment increases, and

it eventually reaches zero when there is no vehicle movement, or at a jam k;. In other words
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and according to (Ben-Edigbe, 2010; Ben-Edigbe & Ferguson, 2005), the density at capacity
or critical density K.+(q), is reached at the apex point of the curve as shown, and it may be
argued that the relationship between density and flow ends there. Other associated traffic
characteristics derivatives are the speed at capacity u, and time headway at capacity. In terms
of road planning and design, speed is a key control parameter, as well as a measure of the

effectiveness of vehicle operation.

The measures for control and management of traffic are based on density, which represents the
volume of traffic on the road. According to (Greenshields et al., 1935), the first speed-density
model was a negative linear model. In his postulation, the calculated speed-density connection
deviates slightly from reality due to the linear model's overlap and classification of the observed
data groupings, which is shown to be illogical, with a limited set of representations. Later, more
in-depth research into the relationship between speed and density led to the development of
various models, including the Pipes-Munjal model, a modified Greenshields model, the Newell
model, the Greenberg logarithmic model, the Edie model, the Underwood exponent model, and
so forth (Sharmaet al., 2021). (Heydecker & Addison, 2011) looked at the relationship between
density and speed using different speed limits and found that the speed of vehicles becomes
zero at the jam state.

A broad logistic model of traffic flow features was developed by (Xiao-long et al., 2015)
employing several traffic flow parameters with distinct physical interpretations. According to
the analysis of the parameters' impacts on speed-density logistic curves and the experimental
findings, the model is capable of accurately reflecting the traffic flow characteristics such as
speed change rate and the supremum of speed in various stages. (Shao et al., 2015) suggested
a speed-density model under clogged traffic situations paired with the minimum safety spacing
constraint, and the experiment results showed that the absolute error of this model was lower
than that of previous models fitting the traffic data of two highways. A family of speed-density
models was suggested by (Wang et al., 2011) using a variety of factors with significant physical
implications and they performed well in the experiment. There are two categories of travel
speed-density models: single-regime and multi-regime models. The equation for the

Greenshields speed-density model is given by equation 2.20:

u=u— Lk 2.20
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Although the function expressions vary, they are essentially the same in the domains k €
(0, k). Some of them, though, do not concurrently meet the two boundary criteria v(0) =
0,and vf,(kj) = 0. Multi-regime models often include two or three regimes to explain various
traffic circumstances, while single-regime models only include one functional form to describe
the relationship between flow, speed, and density. The Eddie model from 1961, the modified
Greenberg model, and three regime models are examples of common multi-regime models.
According to (Edie, 1961) the car-following model in equation 2.21 can be integrated to get
the Greenberg model (1959) in equation 2.22.

(G (E+AL)—knyq (E+AD)

W5€'n+1(t) =4 (en{t+At)—Xp4q (E+AL)) 221
v=V,ln (%) 2.22
j

Where w = mass of vehicle; A; = character coefficient of driver’s sensitivity; At = average
time lag, a constant, for driver-car system x,,(t), x4 (t) = the coordinate of the front vehicle
and the subjective vehicle with respect to the inertia coordinate system at time t, x,,(t),
Xn4+1 (t) is the distance headway. It should be noted that the integration would not be affected
by a constant At. Using the average distance headway and density relationship,

1 1
k===
y Xn=Xn+1

2.23

The boundary condition v (k;) =0and V,, = 4;/W is obtained.
Generally, the Greenberg model is obtained by adding parameters for data fitting flexibility:

k
v(k) = g1 +g2In (k—j) 2.24

The following are identified as the weakness of the Greenberg model:

Limy_g Vi In" = o0
This indicates that the model is inappropriate for light traffic. Eddie then asserted that

additional advancement is required by mentioning the microscopic car-following model for the

uncongested traffic shown below.

(Xpt+At)—Xp 41 (E+AL))

(X (t+At)—xp 11 (E+AL))? 2.25

wi () = AiXneq (B)
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With the boundary condition v(0) = vy (free flow) if ———=2=0.

Xn=Xn+1 Y

The speed that results when density and flow are both zero is known as free-flow speed.

Naturally, seeing zero density and flow makes no sense since zero density implies that there
isn't even a single vehicle. However, by observing the link between density and headway, one
might arrive at the following model:

k= 1/y,k = knln (L); k= 1/ 2.26

Orv= Vfexp (;—k) which is exactly the Underwood model (1961) where y,,,=

The pacing of maximum flow | estimated by minimizing the g (v)
k., = the density of maximum flow

Parameters w, and w, are added for flexibility in the data fitting:
v=V(k)= exp+ (—wlki + wy ) 2.27
It is strictly concave for k € (0, 2k,,). These two can be combined in one model as:

exp [—w1£+w2] k < k;
v(k) = a
g1+g21n(k—j) k> k;

Zhang (1999) described the following polynomial model as the one-parameter polynomial, and

stated below:

v= v (1 - <k£j)n) 2.29

Where vy = free—flow speed, k; = jam density, n =1 is the Greenshields model (1934).
This model can be thought of as a particular instance of the exponential model utilized by
Hegyi et al (2002).

v(k) = vy exp (—i(k%)‘p) 2.30
Where; vy = free flow speed; ¢ = model parameter; k. = critical density, is the same as the
k., used by Eddie. In each instance, it generalizes the Underwood model in some way. The

simplest of all the models is the Greenshields model with useful parameters. Additionally, it
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works across a wide variety of densities and statistically matches actual observations of road
traffic. The limitations include the need for a specific model for data fitting and the inability to
estimate speed at low densities. It results in the microscopic car-following model and the
macro-traffic stream model being connected. According to Greenberg's model, speed was said
to increase to infinity as density decreases. The Underwood's model however contends that
speed is zero when density is at the level of infinity, to address the flaws of the Greenberg
model. (Alhassan & Ben-Edigbe, 2012b), (Ben-Edigbe et al., 2013), (Alhassan & Ben-Edigbe,
2014), (Umadevi & Suresh, 2014), and (Ben-Edigbe & Ferguson, 2005) are some more
research studies that used fundamental diagrams (2016). According to (Khanorkar et al.,
2014), the fundamental diagram returns a futuristic value, making it appropriate for any road
operating situation. (Ben-Edighe & Ferguson, 2005) opined that equation 2.30 can be

expressed as equation 2.31 and used to calculate the capacity of a road:
2

Q=—2L| 75| + ()75 —c 2.31
ARG/ )
kj kj
Where; u = space mean speed; uy = free flow space mean speed, k; = jam density, ¢ is

constant, and Q is capacity.

2.4.3 BRT Dedicated Lane Capacity Estimation

Bus Rapid Transit (BRT) is a high-capacity bus-based public transport system that provides
fast service than conventional bus systems. Typically, a BRT system includes roadways that
are dedicated to buses and gives priority to buses at intersections where buses may interact
with other traffic. BRT aims to combine the capacity and speed of a light rail or metro system
(LRT, HRT) with the flexibility, lower cost, and simplicity of a bus system. The headway
method is a primary consideration in the estimation of BRT route capacity (Ben-Edigbe et al.,
2013). It is defined by the braking performance of vehicles and other factors like the sizes of
blocks. It considers factors such as the number of vehicles per unit of time and the maximum
safe speed of the vehicles (Dowling et al., 2004). The BRT time headway, defined by braking

performance and measured tip-to-tail, is given by:

Th=7+ tr+"2—"(i—i) 2.32

Where T}, — time headway (s); V — vehicle speed; L — Length of vehicle.
t, — Reaction time and k — arbitrary safety factor (usually greater than or equal to 1)
as — Minimum braking deceleration of the following vehicle

a; — Maximum braking deceleration of the lead vehicle
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Note that for brick wall considerations, q; is infinite and is usually eliminated. The capacity of
vehicles on a single roadway lane is the inverse of the tip-to-tip headway. Hence the BRT lane

capacity in vehicles per hour can be expressed as:
3600

QBRT
L kV[ 1 1
G+ tr’f?(;‘a—)}

2.33

2.5 Roadway Capacity Utilization (RCU)

In many cities of the world, BRT has emerged as a cost-effective mode of public transportation
(Cervero & Kang, 2011). The introduction of and investments in BRT systems across the globe
have yielded improvements in travel speed with an attendant significant reduction in travel
time on the BRT lanes on the one hand. However, on the other hand, it often results in a
decrease in travel speed on the adjoining lanes, which leads to an increase in travel time as well
as other anomalies in traffic stream characteristics, and the capacity utilization on both the BRT
dedicated lane and its adjoining lanes (Chengula & Kombe, 2017). The term ‘capacity
utilization’ is a utility phenomenon with a derived equation from the flow-density relationship
shown in Figure 2.8. It is a quantitative measure often used to describe the degree or extent to
which the roadway is used. In other words, it is measured by volume-to-capacity (v/c) ratio,
a dimension usually employed to measure the overall performance of a transportation system
and mobility in addition to quality of service. The threshold value for (v/c) is 1, which relates
traffic volumes captured at different road segments with their maximum operational capacities.
The evaluation of roadway capacity utilization is not very common in literature, hence studies
that are usually found are with respect to capacity loss. However, in a closely related transport
logistics study by (Salisu et al., 2020a), the capacity utilization of selected highways viz Lagos
— Ibadan, Lagos — Abeokuta, and Sagamu — Benin, in the vicinity of Ogun State, Nigeria was
evaluated. The approach involved the estimation of roadway capacity by simply relating the
total vehicle volume counts with the total period, and the capacity utilization rates were
determined by relating the traffic flow rate against the prevailing capacity of the highways. In
a study by (Neena et al., 2018), the efficiency of a road link in Kondotty town, India was
evaluated to determine the shortfall of the roadway segment in maximizing capacity. In this
study, capacity utilization was measured by volume-to-capacity (v/c) ratio, and findings
revealed the deplorable operating condition of the road, as flow levels exceeded the design
service volume at the desired level of service. Another familiar and closely related roadway
characteristic that is commonly found in literature is Intersection Capacity Utilization (ICU),
which is a quantitative assessment of an intersection's traffic flow in terms of the

volume/capacity (v/c) ratio for important turning movements (Goodall et al., 2013). The ICU
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is commonly used to determine the Level of Service (LOS) of intersections. For instance, an
intersection with an ICU of "1.00" is an indication of maximum capacity. Even though the
assessment of ICU from this definition conforms with the evaluation of capacity utilization, it
erroneously considers capacity utilization as a qualitative measure of effectiveness of a

roadway, whereas it is not, but rather a quantitative measure.

The highway capacity manual (concepts), also defined capacity utilization of a transportation
system as “the amount of congestion experienced by users of the system, the physical length of
the congested system, and the number of hours that the congestion exists” (HCM, 2010). This
definition is arguably very superficial in the sense that it does not properly reflect the usage of
a roadway or the number of traffic volumes per lane, in relation to the estimated maximum
number of vehicles it is expected to carry. In view of the identified gaps in research, it can be
confidently concluded that scientific contributions that have looked into the estimation of
roadway capacity utilization, with BRT dedicated lanes, using the fundamental diagram
approach, in which flow is related to density, and speed is the slope, are scarce or virtually non-
existent. As illustrated in figure 2.6, the flow density relationship is not a parabolic curve, rather

the application of polynomial is merely to determine the maximum flowrate (Q) as a function
of optimum density (kq ). The resultant slope is the speed (Uq ). The flow/density parabola
terminates at (k). and the extended density (k]-), is derived from the speed-density

relationship. Consequently, by evaluating the definite integral of the three regions under the
the flow/density curve and substituting equation 2.31 in each integral, we obtain equation 2.34,

which can be expressed as:
2 2

ko ) M| % _vr ke ) W W v
Jy b\ s +(uf)2v_f c c’)k+ka b\ s +(uf)2v_f cpok+
kj kj kj kj
k; ufs
foup = (32 k) ok 234

In equation 2.34, the first part deals with steady flow whilst the second and third parts deal
with forced flow. Since the study is based on steady flow, it will focus on the steady flow only,

given as:
2

RS -Z T | + () =5 —cpok 2.35
ARG/ )
kj kj
It can be mentioned in passing that apart from the capacity and zero points, any flow on the

curve will produce two densities and speeds. That raises the question of vehicle volume on the
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road and explains why volume/capacity ratio is not an exact replica of flow/capacity ratio
(capacity utilization). It is important to know the difference between the volume and flow of
vehicles. Note that volume and flow are variables that quantify demand. Whilst volume
describes the sheer number of vehicles being used within the roadway, flow relates to the speed
at which the vehicles are moving along the roadway. In context, traffic density is the volume
of vehicles per kilometre per lane. The argument is that beyond the optimum density as shown
in Figure 2.6, more vehicles are added to the stream, and flow experiences contraction and
speed drops with a corresponding increase in density until vehicles come to a halt at a jam state
where the flow becomes zero. Keep in mind that beyond optimum density, traffic congestion
is triggered. In passing, when traffic demand is great enough that the interaction between
vehicles slows the speed of the traffic stream, this results in congestion. Traffic congestion is
a condition that is characterized by slower speeds, longer travel times, shorter time headways,
and increased vehicular queueing, as well as increased attendant problems like increased
driving anxiety, carbon emission, and environmental degradation. In many studies, a traffic
flow ratio less than 0.85 generally indicates that adequate capacity is available, and vehicles
are not expected to experience significant queues (Ben-Edigbe et al., 2013). It is often called
the threshold flow rate, suggesting that spare capacity is available at a lower speed. In any case
assuming a threshold value of 85%, equation 2.35 can be divided into free flow and capacity-

constrained parts expressed as:
2

Free flow, f00'85 —% quf +(uf)vT’; —c ok 2.36
el (%)
2
Constrained flow, fokgs —% “Tf; +(uf)vT’; —c 0k 2.37
L))
J J

Since capacity utilization is the ratio of prevailing flowrate against road capacity it can be

expressed as:

Q, = T X 100% 2.38

2l ) )= =
<<<—>> R )

Where q,, = Prevailing flow (veh/h), and @ = Capacity. (veh/hr) [See equation 2.31]

25.1 Determination of Road Capacity Utilization Criteria Table
Criteria tables are used in context as the standard by which capacity utilization is decided. Each

row of the road capacity utilization criteria table represents an occurrence of a single entity
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within that entity set whereas each column represents an attribute, whilst the intersection of the
row and column represents a single data value. Due to its non-existence in the literature, this
study developed a capacity utilization criteria table under the steady flow condition. In
presenting it, the method of assessment for the Level of Capacity Utilization (LCU) uses steady
flow q and capacity Q as control parameters to describe five possible capacity utilization levels
on a roadway. LCU divides the flow-density curve shown in Figure 2.10 into five levels (A to
E), where LCU A is the best roadway capacity utilization and LCU E, is the worst. In other
words, LCU E denotes traffic operation at free flow but poor capacity utilization, while LCU
A denotes traffic operation at capacity (v/Q = 1), indicating excellent capacity utilization but
poor traffic flow. Keep in mind that capacity utilization is a measure of efficiency not
effectiveness. The primary concern of capacity utilization is high traffic flow relative to road
capacity. According to (Ben-Edigbe ef al., 2014), the volume-capacity ratio, which is also
known as a measure of roadway occupancy or usage, represents the percentage of traffic
moving through a route. Although there are no fundamental rules for how volume-capacity
ratios should be distributed, it is generally prudent to have an equal distribution. As shown in
Figure 2.7 and Table 2.11, the greatest proportion is set at 100 percent or LCU A, and the
remaining percentages are distributed as 85 (LCU B), 75 (LCU C), 50 (LCU D), and 25 (LCU
E) percent respectively. An appropriate cut-off point of 85% ratio often called the threshold
had been established by the Transport Research Board (Williams, 2003).
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Figure 2. 7: Hypothetical Capacity Utilization Curve
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The proposed hypothetical capacity utilization criteria table is therefore presented in Table 2.5:

Table 2. 5: Proposed Hypothetical Capacity Utilization Criteria Table

Quw) Flow (Q) Density (k) Speed (u) Time
LCU % veh/hr veh/km/lane km/hr (s)
A 100 100(Qa) | 100(Qa)/us | 100(Qa) ka | 1/[100(Qa) / kal
B 85 85(Qs) 85(Qp) /ug | 85(Qp)/kg | 1/[100(Qp) / kg]
C 75 75(Qc) 75(Qc) /uc | 75(Qc) /ke | 1/[100(Qc) / ke
D 50 50(Qp) 50(Qp) /up | 50(Qp) /kp | 1/[100(Qp) /kp]
E 25 25(Qg) 25(Qg) / ug 25(Qg)/ kg | 1/[100(QE) / kg]

Note: LCU denotes the level of capacity utilization and Qu denotes capacity utilization

The following pertains to LCU criteria table interpretation. In Table 2.4, LCU standards using
letters A through E, with A being the best and E being the worst capacity utilization. Most
planning efforts in the context of capacity utilization typically use service flow rates at LCU B
or C, to ensure an acceptable operating service for road users.

A: Capacity utilization is excellent even though traffic flow is unstable. At LCU A traffic flow
is approaching or at capacity. Flow is irregular and speed varies rapidly because there are
scanty usable gaps to manoeuvre in the traffic stream. Time headway and spacing reduced.
Speeds are still at or near capacity. Any disruption to traffic flow will create a kinematic wave
affecting traffic upstream and the incident will cause serious delays and queues. This is

common in urban areas where road congestion is somehow inevitable.

B: Capacity utilization is very good even though flow tends to be erratic. At LCU B, speeds
slightly decrease as traffic volume slightly increases. Although the choice of speed is free, the
manoeuvrability has somewhat decreased. Time headway and spacing are also reduced. Low

level of comfort for the driver.

C: Capacity utilization is good even though the flow is stable, at or near free flow. At LCU C,
the ability to manoeuvre through lanes is noticeably restricted and lane changes require more
driver awareness. Minimum vehicle spacing and time headway. Drivers are comfortable and
posted speed limit is maintained. This is the target LCU for some urban and most rural

highways.
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D: Capacity utilization is poor even though traffic flow is operating near free flow. At LCU D,
although posted speed limits are relatively maintained, manoeuvrability within the traffic

stream is good. Motorists still have a high level of physical and psychological comfort.

E: Capacity utilization is very poor even though traffic flow is operating at free flow. At LCU
E, Traffic is characterized by free flow, with low volumes and high speeds. The level of comfort
is excellent as the driver needs minimal attention. Traffic flows at or above the posted speed
limit and motorists have complete mobility on their lanes. Motorists have a high level of
physical and psychological comfort. The effects of incidents or point breakdowns are easily

absorbed. LCU E generally occurs late at night in urban areas and frequently in rural areas.

2.5.2 Hypotheses on Capacity Utilization Differentials

Consider the illustration shown in Figure 2.8 where roadway capacity for traffic scenarios with
BRT (Q,). without BRT (Q,). and BRT dedicated lane capacity (Q5). are estimated with
relevant equations. Note that u; denotes free flow speed. u, is the speed at capacity with the
influence of BRT, u, is the speed at capacity without the influence of BRT, k;, is the density at
capacity with the influence of BRT, k, is the density at capacity without the influence of BRT,
k4, 1s BRT dedicated lane density based on travel speed ‘with BRT’ influence, and k5, is
BRT dedicated lane density based on travel speed ‘without BRT’ influence.

Q1

Q2 | s

= - ———A

Q3 |- g

Figure 2. 8: Hypothetical Roadway Capacity Utilization Differentials

The three scenarios illustrated in Figure 2.8, show capacity utilisation loss due to BRT
influence and dedicated BRT lane. BRT are buses that carry passengers throughout an entire

BRT corridor and network using dedicated or shared lanes. Dedicated lanes are separated from

H
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traffic congestion and conflicting movements, thus improving capacity and more dependable
service to users. Whilst dedicated lane yields a good level of service for BRT, ultimately the
downside is poor capacity utilization rate. As shown in Figure 2.7 capacity utilization is the
extent to which the roadway capacity is productive. For example, a road with 2400veh per hour
capacity is expected to carry about 85 percent of 2400 vehicles per hour or more during peak
periods. A capacity utilization rate of about 70 percent at off-peak traffic periods is equally

productive.

In context, with the influence of BRT, (Q4) is the highest capacity hence the best utilization
rate and where the influence of BRT is removed, (Q,), is the next highest of the three scenarios
whilst the BRT dedicated lane has the lowest capacity utilization. Not to be confused with the
level of service, capacity utilization is inverse to the level of service. Level of service (LOS) is
a gualitative measure used to relate the quality of traffic service. It is used to analyze roadways
based on performance measures like traffic speed and flow. Whereas the level of capacity
utilization (LCU) is a quantitative measure driven by flow and density. Since road
infrastructure investments are costly and capital-intensive, their investment returns are
measured in capacity utilization rate. Thus, the capacity utilization rate is the proportion of the
production capacity of a road infrastructure that is currently in use. As shown in Figure 2.2,
BRT dedicated lane ensures short travel time, the highest relative speed, and the lowest density
compared to a shared carriageway lane. When lane dedication is not possible, BRT can be
operated in mixed traffic. Based on the hypothesis that the BRT dedicated lane though useful
in terms of service quality has an inbuilt low-capacity utilization rate, it is postulated that
consideration be given to the mixed traffic flow concept devoid of traffic congestion and
conflicts on BRT road network corridors. Capacity utilization of a roadway will experience
shifts resulting from changes in the link traffic volumes or capacities and densities, causing
inconsistencies in the rate at which traffic flows. The inconsistencies are caused by differentials
in operational traffic volumes or operational capacities, and speed, which is the gradient of the
flow-density curve is controlled by density. As previously mentioned, the concept of capacity
utilization is underpinned by the fundamental diagram relationship between flow, speed, and
density. As earlier mentioned, and in previous studies, a linear relationship exists between
speed and density according to Greenshields. If the traffic flow and speed curves are related to
a common independent variable, capacity utilization as illustrated in Figure 2.9, then a shift in
flow along the speed axis will cause changes to capacity utilization. For example, where gqg g5
(threshold flowrate) is the control flow, the upward shift will trigger a decrease in capacity

utilization and an increase in average speed. On the other hand, if the flow shift is downward,
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capacity utilization will increase, and average speed will decrease. The utilization of a roadway
is the ratio of the actual output to the maximum possible output. When capacity is fully utilized,
flow and speed will be zero. During off-peak periods traffic flowrate is below the threshold of
85% or qq.gs and at peak traffic flow rate is between: 0.85 to 1.0 or if you like between the
threshold point and capacity. Keep in mind that the study is only interested in traffic flow under
steady flow conditions, hence it terminates at capacity. The model technique of parabolic
flow/density curve is an attempt to compute the maximum flow rate as a dependent variable
and a function of the critical density. Moreover, the flow and density curves are skewed to the
right and not entirely symmetrical. Note that the flow/density curve has three key points, 0,
apex (Q). and jam density (k;). The determination of the jam density on a skewed flow/density
curve is based on speed/density linearity as shown in equation 2.20. Note that capacity
utilization is a quantitative measure of efficiency that relies on density as the key independent
variable. It should not be confused or interchanged with the level of service, a qualitative
measure of effectiveness that relies on flow as the independent variable. Level of Service
(LOS) defines how well vehicle traffic flows along a roadway whereas level of capacity

utilization [LCU] determines how many vehicle traffic flows along a roadway.
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Figure 2. 9: Hypothetical Capacity Utilization Flow Shifts

Travel time, or the time required to traverse a route between any two points of interest, is a
fundamental measure in transportation. As previously illustrated in Figure 2.9, speed is
inversely proportional to flow, as well as capacity utilization, an increase in speed will cause a

decrease in flow and capacity utilization and vice versa. However, travel time as illustrated in
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figure 2.10, has a direct relationship with capacity utilization. In other words, an increase in
road capacity utilization will also induce a travel time increase. According to (HCM, 2010),
the average time spent by vehicles passing across a roadway segment is referred to as travel
time. It is often considered by both road users and highway planners when evaluating road
performance. The effectiveness of a roadway is measured by combining travel time with delay,
and capacity (Ben-Edigbe & Mashros, 2012). Travel time is what most road users are
concerned about and a useful guide for measuring the effectiveness of roadways when used in
conjunction with delay and capacity utilization. Travel time is a key factor that travellers
consider when making basic travel decisions. In this study travel time variability is presented
as a generic term. It reflects a degree of variation in the travel time repeated over capacity
utilization and asserted that increase in capacity utilization will trigger speed reduction and

travel time increase.
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Figure 2. 10: Hypothetical Capacity Utilization Time Shifts

Generally, travel time over a roadway length can be predicted using the US Bureau of Public

Roads (BPR, 1964) model equation given as:

n
T=t [1+o< (%) ] (2.39)
Where T = travel time predicted over roadway length, t¢= travel time at free-flow speed Q =

capacity, q/Q = degree of saturation (x), v = demand flow and o = free-flow speed to the speed

at capacity ratio.
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BPR further stated that a high value of u causes the speed to be unresponsive to “x” but as “x”
tends to 1, the speed drops suddenly. The BPR 1965 version initially proposed the values 0.15
and 4 for “<” and “u” respectively in the travel time equation. However, studies conducted on
the BPR curve by (Dowling & Skabardonis, 1993) reported an underestimation of speed and
re-plotted the BPR equation by proposing 0.2 for « and 10 for u. The new proposed values
were later adopted and updated by BPR 1994.

For this study, the degree of saturation q/Q < 0.9, hence the values « = 0.2, and u = 10 are
appropriate for off-peak traffic. The logic behind choosing off-peak is that peak travel data is
distorted and skewed towards unsteady traffic flow. Nevertheless, the peak data is useful for
constructing the criteria table discussed in the next section. Meanwhile, equation 2.40 is
appropriate for mixed and non-mixed traffic conditions at off-peak conditions and can be re-

written as

10

T=t[14+021)°] = T=¢ [1 +0.2 (g) ] (2.40)

Travel time is crucial in determining traffic performance, where capacity is calculated using
equation 2.31 then input equation 2.31 into equation 2.40 so that:

104

T=t[1+02(x)°]= T=¢t|1+02 et (2.41)

et (o)L
i)

Equation 2.41 can therefore be used to calculate travel time in both mixed and non-mixed

traffic conditions, taking advantage of the fundamental diagram's ability to determine traffic
state at any point along the road section, regardless of whether capacity has been attained or

not.

2.6 Time Headway Concepts

Time headway in traffic flow modelling and planning is considered a relevant control
parameter that affects the behaviour of drivers, and it particularly plays a major role in the
estimation of roadway capacity (Moridpour, 2014). According to the Highway Capacity
Manual (HCM) 2010, time headway refers to “the time between two successive vehicles as
they pass a point on a lane or roadway, measured in seconds from the same point on each
vehicle (HCM, 2010). It is a microscopic characteristic of flow that has also found useful

application in the estimation of Passenger Car Unit (PCU), Level of Service (LOS) evaluations,
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analysis of safety, gap acceptance studies, and delay studies (J. Ben-Edigbe ez al., 2014) Itis a
fundamental characteristic of the quality and quantity of traffic flow (Alhassan & Ben-Edigbe,
2012a), that describes the pattern of arrival of the leading vehicle and the one following it, at
selected points on a roadway (Das & Maurya, 2017). Its analysis is one of the most important
methods in traffic engineering, employed to understand the position of one vehicle relative to
the other in a mixed traffic flow (Das & Maurya, 2017). It is typically calculated from a shared

characteristic (such as the front/rear bump) of both cars as shown in figure 2.11.

L Headway

@t g

Figure 2. 11 Headway and Gap

In terms of quantitative applications, it is inversely proportional to capacity and traffic
volumes. Furthermore, it has significant usage in traffic simulations, merge-diverge decisions
of drivers at intersections, and traffic safety analysis (Das ef al., 2019). Mixed traffic flows on
roadways are characterized by incessant traffic manoeuvres, speed changes, and weak-lane
discipline amongst other anomalous observations in the stream. The presence of vehicles of
different sizes, varied manoeuvrability, and dynamic features often lead to differentials in-
vehicle time headways varying from zero to several seconds (Das & Maurya, 2017), and then
to minutes as in the case of BRT buses operating alone on dedicated lanes. On the adjoining
lanes, these characteristics often result in transportation burdens such as delay, platooning, and

ultimately traffic jams on as soon as jam density is reached, where all vehicles come to a stop.

The reciprocal of the minimum time headway determines the capacity of a roadway and the
saturation flow rate of an intersection. Therefore, the time headways of vehicles in a traffic
stream can be directly estimated using equation (2.42) which shows its simple basic

relationship with traffic flow.

3600
flow

headway, h (s) = 2.42

2.6.1 Time Headway Distribution Modelling

In traffic modelling and simulation, calibrating a suitable time headway distribution model is
a vital step. Therefore, it is essential to statistically characterize the vehicle time headways
using a distribution function (Roy & Saha, 2018). Thus, defining the headway distribution
function 1s seen as being crucial to the study of traffic flow and the problems associated with

its simulation. The production of inter-arrival times as an input into the simulation process is a
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crucial step in establishing the performance of a simulation model (Gartner et al., 2002; Lieu,
1999; Roy & Saha, 2018). However, many earlier studies on this topic relied on homogeneous
traffic and were thought to have low and medium traffic flows. Few studies have looked at
modelling headways under heavy or congested traffic flow in the context of mixed traffic.
Therefore, when making decisions on the development of transportation infrastructure, it is
necessary to create a suitable headway model, especially in situations with mixed traffic
(Gartner et al., 2002; Roy & Saha, 2018). In many developed Western countries, traffic
congestion has also been a precarious issue, and transportation experts have been searching for
effective solutions. They are thus looking for a uniform method of defining headways to
characterize and model traffic in a congested condition of flow. This is since the typical strategy

does not perform effectively in this circumstance, even when the traffic is homogeneous.

Conventionally, the headway data is typically described using the negative exponential
distribution. However, for a traffic situation that is heterogeneous and car-following contact is
frequent at higher flow levels, several studies have reported the use of several different models
to explain the headway distribution pattern more clearly. Due to the presence of opposing flow,
this is particularly bad on two-lane highways where it occurs fairly frequently. Mixed traffic,
which consists of a wide variety of vehicles with different static and dynamic characteristics,
makes the problem much worse. If the coefficient of variation is unity and the mean and
standard deviation are plotted with an identical 45° angle, statistically speaking, the headway
data can be regarded as exponential (Al-Ghamdi, 2001; Roy & Saha, 2018; Thamizh Arasan
& Koshy, 2003). However, the exponential model has been found inadequate for characterizing
headways according to research on the heterogeneity effect in traffic flows, as the coefficient
of variation is likely to vary under such traffic, mostly due to complex traffic flow dynamics.
A significant study has been done over the last few decades while recommending alternate
distribution functions that are suitable for mixed traffic. For instance, at flow levels that
correspond to peak hour traffic, the log-logistic and lognormal distributions were found to
describe headway data better than off-peak hours, indicating a better approximation of
congested traffic (Jang, 2012; Roy & Saha, 2018; Yin et al., 2009). Similarly, Pearson 5 and
Pearson 6 distributions demonstrate their suitability at heavy flow and offer a respectable fit
while describing the headways (Riccardo & Massimiliano, 2012). Almost a century later, the
quest is still ongoing. Experts in the field of transportation are still attempting to develop
accurate and useful descriptions of headways, especially where the predominant traffic is very

heterogeneous and made up of a range of vehicles.
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Using different approaches, many researchers have modelled the time headway distribution of
mixed traffic flows on roadway segments and corridors. For instance, (Das & Maurya, 2017)
examined vehicle time headway distributions on two-lane and four-lane roads for different
flow levels in India using lognormal and log-Pearson statistical modelling methods. They
further accessed the variations in vehicle time headways in morning and evening hours for
different two-lane and four-lane roads under mixed traffic conditions. Their results not only
captured the differences in headway distributions but also identified the headways of some
types of vehicles, including the way vehicles maintain headways when headlights are turned
on. Inanother study conducted in India by (Maurya et al., 2015), the distribution of speed and
time headway of vehicles in a mixed vehicular flow on four two-lane bidirectional roads was
examined using leader-follower vehicle pairs. Results show that the speed and time headway
distributions varied significantly and were found to have useful applications in capacity
estimations, level of service (LOS) analysis, and the development of micro-simulation models.

Time headway distributions were also modelled using three different probabilistic models
(single, combined, and mixed) (Duy-Hung, 2012) in France. Results showed that the mixed
models provided the best fits among several time headway samples. Using a traffic detector
incorporated with laser sensors for sorting and analysis, (Jinhwan, 2012) developed theoretical
traffic flow models to analyse time headway distributions. The results gave a better
understanding of headway at signalized arterials. In another study conducted in Isfahan, Iran
to assess driver behaviour at different highway lanes via headway distribution analysis, (Abtahi
et al., 2012) investigated the lane position effects on time headway distributions through
headway distribution models during high traffic flow levels. The results showed that the
appropriate model for passing lanes differs from the one for middle lanes due to the different

behavioural operations of drivers.

In a study conducted by (Ehsan et al., 2020), time headway, considering lateral distance was
studied in a non-lane-based traffic flow using a novel approach, where time headways were
divided into 5 intervals inform of measuring criteria to evaluate time headway values and
implications as “Unsafe (0-0.7 sec), non-lane-based car-following (0.9 sec), lane-based car-
following (1.0 sec), overtaking TH (1.3 sec), and free driving (larger than 2.5 sec)” (Ehsan et
al., 2020). Results indicate that “the time headway of starting overtaking manoeuvre can be a
good criterion to distinguish between following and free driving behaviour” Another closely
related study conducted in China by (Chen et al., 2015) investigated traffic congestion and lane

changing patterns involving interactions between BRT and general traffic flows at a typical
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bottleneck along a BRT corridor. Results revealed abnormal lane violations resulted in a 16%

reduction in the saturation rate of general traffic and 17% in bus travel time.

2.6.2 Time Headway Probability Distribution Models

Time headway probability distribution models, also known as statistical models, are widely
employed in the field of traffic engineering because they effectively display the stochastic
characteristics of traffic flows and reflect the inherent ambiguity in the car-following
manoeuvres of drivers, under the prevailing traffic conditions. The empirical time headway
data should be fitted using statistical models to identify a suitable headway distribution model.
Typically, the distribution of time headways on highways is described by a negative
exponential distribution. However, other studies have documented the usage of several
additional models to explain the headway distribution pattern better fully. Furthermore,
headway distributions for low and medium traffic flow rates were examined. Though all cars
are in the car-following state, research that has been done on headway modelling at high flow
is still minimal (Al-Ghamdi, 2001).

Thus, the underlying assumption of the current study considers the impact of heterogeneity on
headway distribution models and, as a result, covers traffic flows ranging from mild to
congested, wherein such an effect typically worsens due to frequent vehicle interactions.
Therefore, to discover theoretical distribution models that suit headway data well, the present
study considered the log-logistic, lognormal, log-logistic, Inverse Gaussian, Generalized
Extreme Value (GEV), and Burr distributions. Using a methodology based on the goodness-
of-fit tests viz the Akaike Information Criterion (AIC), the Schwartz or Bayesian Information
Criterion (SIC or BIC), and the Hannan Quinn Information Criterion (HQIC), appropriate
headway distribution models were chosen at 95% confidence level as well as 5% percent level
of significance. These three goodness-of-fit test criteria are discussed in depth in the next
chapter. The Kolmogorov-Smirnov (K-S), the Anderson Darling, and Chi-Square tests are the
hypothesis testing methods frequently employed in traffic engineering, however, the AIC, SIC,
and HQIC have been found to have advantages over the conventional three. Some probability

distribution models are discussed below:

2.6.2.1 Lognormal Distribution
The well-known distribution model known as Lognormal is commonly employed in numerous
research about headways. Additionally, modelling headways in instances where an automobile
is following is suggested by (Greenberg 1966). The mathematical expression for the
Lognormal distribution is:
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where: T denotes the shift's value in seconds; u and o are the "location" and "scale" variables
of the lognormal distribution, respectively. The following can be deduced from the observed

data;

= 2=, (2.44)
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2.6.2.2 Log Logistic Distribution

The log-logistic distribution is non-negative random variable probability distribution that is
continuous and whose logarithm has a logistic distribution. Although it has heavier tails, it has
a comparable shape to the log-normal distribution. Its cumulative distribution function can be
expressed in closed form, unlike the log-normal distribution. The probability density function
of a Log logistic distribution can be expressed as:

Probability Density Function:

B_
Flx;a,p) = B/ (2.47)

(1+x/o:ﬁ)2
and the Cumulative Distribution Function:

f&aB) = s (2.48)

Where x > 0,a > 0,8 > 0.

2.6.2.3 Inverse Gaussian Distribution

The inverse Gaussian distribution is a family of continuous probability distributions with two
parameters that has support on (0, o). It shares numerous characteristics with a Gaussian
distribution. While the Gaussian represents a Brownian motion's level at a defined time, the
inverse Gaussian defines the distribution of the time it takes a Brownian motion with positive
drift to achieve a fixed positive level. The probability density function of the Inverse Gaussian
Distribution is given by:

Flamd) = [sexp (-2 (249)

2mx3 2ux
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2.6.2.4 Generalized Extreme Value Distribution (GEV)

A family of continuous probability distributions known as the Generalized Extreme Value
(GEV) was created from the extreme value theory. As a result, it serves as a limit distribution
of correctly normalized maxima of a series of independent random variables with similar
distributions. As a result, it is utilized as an approximation to describe the maxima of lengthy
(finite) sequences of random variables. The distribution has a continuous scale parameter (k >
0) and a continuous shape parameter (k > 0). The PDF and CDF for this distribution are
described as follows:

Probability Density Function (PDF):

—exp(—(1+ kz)™V*)(1 + kz) VK, k0

fx)= k=0 (2.50)
L exp(— 2 — exp(~2))
Cumulative Distribution Function (CDF):
o \\—1-1/k
1—(1+k(¥)) ,k#0
exp(—exp(—2z)),
F(x) = p( Whe‘;(e ) (2.51)
g =XH
g
\ k=0

2.6.2.5 Burr Distribution

The Burr Distribution, also known as the generalized log-logistic distribution, is a continuous
probability distribution for a non-negative random variable. To simulate household income, it
is frequently utilized. Continuous shape parameters (k > 0; o > 0), continuous scale parameters
(B > 0), and continuous location parameters (y > 0) are present, and the PDF and CDF are given
by:

Probability Density Function (PDF):

fx) = L)H (2.52)
p(1+(3))
Cumulative Distribution Function (CDF):
as—k
F)=1-(1+ (%) ) (2.53)

The Burr distribution is applied in this study to model traffic time headways due to its

compatibility, flexibility, and appropriateness in modelling or fitting various types of headway
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or frequency data. To decide which of the distributions is the most appropriate model for
headway data on each road segment, six probability distributions viz: the Lognormal, Log
Logistic, Inverse Gaussian, Generalized Extreme Value (GEV), and Burr distribution models

were subjected to the goodness of fit tests also referred to as hypothesis testing.

2.6.3 Hypothesis Testing and Estimation of Model Parameters

The technique known as "goodness of fit" is used to confirm and determine whether a
probability distribution is suitable for simulating a specific phenomenon. The Akaike
Information Criterion (AIC), the Schwartz or Bayesian Information Criterion (SIC or BIC),
and the Hannan Quinn Information Criterion (HQIC) were the methodologies used in this
investigation. Although the Chi-Squared (C-S), Kolmogorov-Smirnoff (K-S), and Anderson-
Darling (A-D) goodness of fit statistics are still widely used today, they are not theoretically
the best ways to compare how well distributions fit data. They cannot include censored,
truncated, or binned data and are also restricted to having accurate observations. The AIC, SIC
or BIC, and HQIC however are statistical measures of fit generally known as information
criteria. They are defined as follows:

e AIC (Akaike Information Criterion): The Akaike Information Criterion is defined by the

following model equation:

2n

AIC, = (2= ) k= 2In[Liay] (2.54)

e SIC (Schwarz Information Criterion, aka Bayesian Information Criterion BIC): The

Schwarz Information Criterion, aka Bayesian Information Criterion, is defined as follows:
SIC = In[n]k — 2In[Lax] (2.55)

¢ HQIC (Hannan-Quinn Information Criterion): The Hannan-Quinn Information Criterion is
defined as follows:
HQIC = 2In[In[n]]k — 2In[Lyayx] (2.56)

The objective is to identify the model with the given information criterion's lowest value. Each
formula has the -2In [Lmax] term, which is an estimation of the model fit's deviation. Each
formula's first component contains coefficients for ‘k’ that indicate the severity of the penalty
for the number of model parameters. When it comes to punishing the loss of a degree of
freedom, SIC (Schwarz, 1978) and HQIC (Hannan & Quinn, 1979) are stricter than AIC
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(Akaike, 1974). These three criteria are used to score each fitted model, whether it fits a copula,
a time series model, or a distribution. Therefore, based on Maximum Likelihood Estimation
(MLE), the model criterion with the lowest value each of AIC, SIC, or BIC, and HQIC, and
the largest loglikelihood value provides the best fit. Amongst the three information criteria, the

AIC ranking determines the best-fitted distribution.

2.7 Effect of BRT Time Headway Distribution Modelling on Capacity Utilization

In a similar manner to the behaviour of non-mixed heterogeneous traffic flows on the adjoining
lanes discussed in the previous sections, BRT Mixed traffic flows on roadways or mixed traffic
flows involving BRT buses are also characterized by traffic characteristics anomalies and time
headway variations. BRT Mixed traffic flows also often lead to differentials in flow or capacity
with attendant effects on time headways and capacity utilization at large. Other traffic
parameters that are also affected are speed and density. However, there has been limited
literature documented on these influences, to understand the attendant anomalous changes in
traffic characteristics such as capacity utilization. Roadway capacity is very sensitive to the
distribution time headways associated with it both in a non-mixed or a mixed traffic flow
involving BRT vehicles (Ben-Edigbe & Johnson, 2014). He also opined in another study that
roadways that deliver good operational services are expected to meet their attendant
performance design standards (Mashros & Ben-Edigbe, 2014). However, the amount to which
a good roadway service can be provided is consequent upon several influencing factors,

including traffic, road, and environmental conditions (Makinde & Ben-Edigbe, 2019).

Furthermore, roadways according to their design must not only be able to withstand structural
vehicular loads but also sustain functional mixed and non-mixed traffic flows over time. In this
light, it is possible to argue that both structural and Functional Quality of Service (FQOS) can
be important performance measures. The focus of this study is on mixed traffic capacity
utilization caused by BRT dedicated lanes and the implications on time headways. Mixed
traffic refers to cars that have a wide range of physical and performance qualities. Cars, buses,
Lorries, auto-rickshaws (three-wheelers), motorized two-wheelers, and various non-powered
vehicles such as bicycles, and human and animal-driven carts are among these vehicles.
Because these vehicles share the same right of way, they have several distinguishing
characteristics that are not present in homogeneous traffic situations. These characteristics
include variances in driver behaviours of different types of vehicles and their impacts on the
traffic stream, in addition to the most conspicuous weak lane-discipline conduct. Due to the
peculiarities mentioned above, the traffic flow theory created for homogeneous traffic cannot

be applied to mixed traffic settings without considerable changes. However, much of the latter's
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present theory and time headway models are based on principles that were developed primarily
for homogeneous traffic (Mallikarjuna, 2007). Indeed, the validity of these principles has
recently been questioned, and efforts have been made to propose new or modified ideas that
are more appropriate for mixed traffic scenarios. (Khan & Maini, 1999) made the most recent
attempt, however, their study focused mostly on macroscopic flow correlations and micro-
simulation models (Verma, 2016). Since then, there has been significant progress in our
understanding of mixed traffic dynamics and is attendant time headways. To study
heterogeneous or mixed traffic, it is essential to understand the characteristics of each vehicle
type and their resulting behaviour in the traffic stream (Patel & Joshi, 2012), hence a unique
vehicle type that is the focus of this study is BRT. Although BRT mixed traffic operations have
been found in studies by (Chen et al., 2015; HCM, 2010; Mohan & Ramadurai, 2013;
Wirasinghe et al., 2013), to reduce both BRT and mixed traffic travel speed, reduce time
headways to unsafe values, reduce capacity, increase travel time as well as create bottlenecks
on the adjoining lanes to the BRT dedicated lanes, and for which the increment in travel time
may lead to a decline in the quality of service, the consideration or recommendation of a mixed
traffic scenario involving the flow of vehicles on the adjoining lanes together with BRT buses
is expected to result into slightly increased but safer headways, which would consequently
enhance or maximize capacity utilization. These expected outcomes have been discussed in

later chapters of this report.

2.8 Summary

So far it has become vital to review previous literatures that are germane to this study, including
the attendant theoretical framework to support emerging assertions and findings in subsequent
chapters. Eight significant and germane areas of discussion viz: Bus Rapid Transit (BRT),
roadway capacity, passenger car equivalents (PCEs), Roadway Capacity Utilization (RCU),
time headways, and time headway distribution modelling, were discussed in detail. Relevant
works of literature on roads and traffic in South Africa were reviewed and it was opined that
roadways with BRT dedicated lanes have attendant bottleneck traffic anomalies. According to
the relevant literature on roads and traffic characteristics in South Africa, it was found that in
all the provinces where BRT exists, most roads are multilane roads with three lanes and the
median BRT configuration was adopted for the BRT infrastructure with BRT stations located
in between segments. The road is the primary mode of transportation in South Africa
designated as either N — National, R - Regional, or M — Municipal, depending on the

government authority or agency overseeing its operations and maintenance.
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Roadway traffic in South Africa is made up of various vehicle types which constantly interact
with one another in a traffic stream displaying attendant macroscopic and microscopic
attributes under different prevalent traffic conditions viz environmental, control, weather, and
mixed traffic conditions involving BRT buses. BRT in Cape Town was also discussed, and the
median configuration was identified as the main adopted design, with adjoining lanes
supporting traffic flow in both directions. With the prior introduction of the concept of roadway
capacity, the chapter further discussed the concept of road capacity utilization which refers to
how well the roadway space is utilized or maximized. The chapter assessed roadway capacity
utilization using the volume-to-capacity ratio as a performance measure. The LCU used five
classes A to E for assessment in which class A indicates excellent capacity utilization, and E
represents poor capacity utilization.

From the arguments hitherto, the chapter recognizes and supports the opinion that the capacity
of roads is stochastic and based on their benefits and drawbacks in the evaluation of roadway
capacity, several capacity estimation techniques were highlighted and evaluated in context.
The headway and the fundamental diagram methods were identified the best due to their
suitability and applicability for both peak and off-peak traffic conditions. However, the most
preferred method for the evaluation of capacity and capacity utilization is the fundamental
diagram method. This is because it enhances the understanding of roadway traffic operations
through the application of the three fundamental traffic flow parameters viz, flow, speed, and
density. These parameters are essential because the study is interested in their differentials

under mixed traffic scenarios due to the introduction of BRT infrastructure.

Overall, research into the influence of BRT dedicated lanes on mixed traffic capacity utilization
and time headway implications, and the development of a novel capacity utilization criteria table has
not been previously embarked on prior to this study, as there is little or no evidence of existing
literature on the subject matter. Perhaps the closest research hitherto has been on the effect of
introducing BRT on existing major arterials in Addis Ababa, Ethiopia based on Level of
Service (LOS) and delays only at intersections. This study will plug into this research gap in
BRT studies and introduce the capacity utilization concept for road performance evaluations

and improvements. The next chapter gives a methodological framework of the entire study.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Overview

Chapter three aims to set out the analytical and empirical background for the case studies
discussed in Chapters Four, Five, Six, and Seven. Central to the impact of Bus Rapid Transit
(BRT) on roadway capacity utilization study is the estimation of roadway capacity and the
computation of critical density for free flow traffic conditions where capacity often occurs. In
the conclusions reached in the literature review, the roadway capacity estimation method with
traffic flows and density was considered suitable for the study. This study is focused on how
BRT affects capacity utilization of the roadway under mixed traffic conditions and its
implications on the attendant time headways. Recall as stated in Chapter 2, that the
methodology employed for this study was empirical, based on survey data obtained directly
from a ‘with and without” BRT set-up of the four sites. In view of this, data on flow, speed,
headway, of vehicles, and BRT flow rates are germane parameters. In addition to the BRT
buses, the other vehicles surveyed in this study were passenger cars (PC), medium goods
vehicles or medium vehicles (MV), and heavy goods vehicles or heavy vehicles (HV).
However, to ensure the validity of the sample survey, the study sites must be representative of

the local population.

With respect to time headway implication, which has a consequence on the capacity utilization
of the roadways investigated, this thesis acknowledges that the time headway of vehicles in a
mixed traffic flow scenario beside BRT dedicated lane is continuous and hence follows some
stochastic probability distribution models. To confirm whether this hypothesis is true, the
distributions are fitted to the time headway data. Visual inspection of the PDF, CDF, and P-P
plots are three main determinants of how well the distribution model fits the data. Two
additional performance indicators are the probability (P) and Log likelihood (LLH) values. The
P value gives the probability or likelihood of finding a particular set of observations if the null
hypothesis were true. The maximum LLH value shows the best-performed model. These will

be discussed in detail in the subsequent sections of this chapter.

The mixed traffic on the adjoining lanes to BRT dedicated lanes is characterized by unsafe
vehicle manoeuvres, unsafe overtaking, weak lane discipline, erratic driver behaviour,
oscillatory movements, and platooning, especially towards intersections (Modupe & Ben-
Edigbe, 2023). These anomalous traffic characteristics are consequently characterized by time
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headway variabilities, which lead to traffic burdens such as longer travel time, reduced speed,
etc., and affect the capacity utilization of the roadway (Roy & Saha, 2018). Hence as earlier
mentioned the time-headway distributions in this study were analyzed using statistical
probability distribution models. Given the foregoing, this chapter's goal is to lay forth the
theoretical and empirical underpinnings for the data that was collected at the selected sites.
The study's main objectives were to estimate traffic characteristics of the anomalous flow
generated by the presence of BRT dedicated lanes through flow-density models, using the
fundamental diagram approach. According to the hypothesis mentioned in the method of the
study section, that " BRT dedicated lane at the median of a roadway segment causes anomalous
traffic stream characteristics, including time headway and lane capacity differentials, with
attendant anomalous capacity utilization effects", the aim and objectives of this research would
be achieved through a stepwise methodological framework, which is described in the next
section. Considering this, the information gathered, and survey data are quantitative.
Quantitative measurements were carried out at the four chosen sites.

This chapter is hereby organized as follows: the methodology framework adopted for the study
is discussed in Section 3.2; Section 3.3 gives an exhaustive description of the study site, which
includes its location and selection criteria. Other contents presented under this section are data
collection method, sample size, survey team and equipment, the layout of the survey site, traffic
and BRT survey data, and time headway distribution analysis. Appraisal of sample data and
method of analysis are described in section 3.4, while section 3.5 gives the pilot study with

attendant discussions. The chapter ends with a summary presented in section 3.6.

3.2 Research Methodology Framework

In this study, observations were made, and sample surveys were taken at the study sites in Cape
Town, South Africa as part of the empirical research methodology. The study's methodology
is represented by the framework in Figure 3.1. The empirical method was used in tandem with
an analytical approach, where the empirical method entails set up, extraction, and evaluation
of traffic data parameters including volume, and speed from the ATC, and the analytical
approach involves the development of flow-density models to obtain the maximum flow i.e.
capacity, and subsequently other related traffic parameters such as density, free-flow speed,
etc. Before the application of the empirical ‘with and without BRT’ approach, the ‘before and
after’ BRT approach, stated in chapter one was first experimented. Consequently, in the
analysis that follows, the period before BRT is designated as the pre-BRT year 2009, while the
periods after BRT are the pre-lockdown year 2019 and post-lockdown year 2020.
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The estimation of capacity as previously mentioned in chapter two is done using different
techniques (Minderhoud et al., 1996). Empirical traffic data were collected at four chosen
locations/segments along the BRT route R27 in Cape Town, South Africa for 12 weeks, during
daylight hours and dry weather conditions. The data were collected using an Automatic Traffic
Counter (ATC) that was installed at each of the four sites for 24 hours a day, during the period.
Each location had two ATC loggers with one installed to log traffic data on the BRT dedicated
lane and the other to record data on the adjoining lanes. Pneumatic tubes were installed and
connected to the ATC loggers according to the specifications and configurations, where a pair
of pneumatic sensor tubes each, was nailed parallel to each other onto both lanes at 1m apart.
The data collected were sorted and processed. The loggers identified three types of vehicles:
passenger cars (PC), medium vehicles (MV), and heavy vehicles (HV), and were investigated
accordingly. The ATC recorded the following vehicle data: speed, volume, weight, headway,
gap, class of vehicle, and date and time of sensor tube hits. Using the relevant passenger car
equivalents (PCE) values recommended by SANRAL, the traffic volume in veh/hr was
translated to traffic flow in pce/hr. To prevent skewed results, the PCE values were adjusted
to match the study's actual circumstances. To maximize the likelihood of unbiased vehicle data
gathering, the segment length (L) must be bigger than the stopping sight distance (SSD), hence
this was ensured. Using the ‘before and after BRT approach, the predicted capacity of traffic
flows on the adjoining lanes was referred to as non-mixed traffic capacity Quyas, While the
capacity estimated by the summation of Q,, and Qgry is referred to as mixed traffic Q,,. These
parameters were determined for the pre-BRT year (2009), pre-lockdown year (2019), and post-
lockdown year (2021).

3.3 Study Site

3.3.1 Location and Criteria for Selection

South African metropolitan roads are mainly constructed as three-lane roadways except for
some national and regional roads under the administration of the National Department of
Transport (NDOT). The study site is R27, situated along the major trunk route T02 (Atlantis —
Table View — Civic Centre), as shown in Figure 3.2 is not an exception to this design. It is a
provincial route in South Africa that belongs to the second category of roads in the South
African route-numbering scheme and is referred to as a major regional route. It is made up of
two parts that are not connected. The first leg, often known as the West Coast Highway, runs
along the West Coast from Cape Town to Velddrif. The second stretches from Vredendal to

Keimoes on the N14 at Upington, passing through Vanrhynsdorp, Calvinia, Brandvlei, and
(o4



Kenhardt. Although the route between Velddrif and Vredendal has never been built, it can be

driven on gravel roads. The R27 designation used to extend from Upington to Pretoria, but this

portion was eventually absorbed into the N14 and other roads. It begins at an interchange with

the N1 Highway in Cape Town (east of the city center; next to Table Bay). It begins with a 13-

kilometer journey north as Marine Drive through Milnerton to a junction with the M14 road.

It then connects Table View and Bloubergstrand in the east and ends at a junction with the M12

road in the west. The R27 continues north as West Coast Road for 10 kilometres, passing

through the Blouberg Nature Reserve until it reaches a crossroads in Melkbosstrand, where it

meets the M14 and M19 roads again.
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Figure 3.2: MyCiTi System Map Showing the Major Trunk Routes, Cape Town South Africa
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Figure 3. 3: R27, Cape Town, South Africa

It continues north for 49 kilometres until it reaches a connection with the R315 road east of
Yzerfontein, where it leaves the City of Cape Town. The highway links with FW de Klerk
Boulevard (N1) near Table Bay Harbor in Cape Town and then proceeds north along the coast
for the Marine Drive portion. Many industrial warehouses line this stretch of road. The M14
eventually becomes the main coastal road as the road travels further inland. Before reaching
Velddrif, the route continues north, passing through West Coast National Park. In terms of
relevance, the Regional Main Road 27 is a sub-corridor of the Northern Growth Corridor
(NGC) that is planned to facilitate the development and urban sprawl of the north of Cape

Town through unrestricted commuter transit and tourism.

The NGC in Cape Town is a historically underdeveloped physical area that the South African
government intends to turn into a mature activity corridor. Other elements identified as critical
components to enhance developmental opportunities on this corridor, according to (Warnich
& Verster, 2004), are economic potential, the natural environment, and the presence of a
nuclear facility, the Koeberg Nuclear Power Station, which is Africa's only nuclear power
station and the largest in the Southern Hemisphere. It has Africa's largest power station
turbines, and the condensers are cooled by seawater, making it a one-of-a-kind facility. The
picturesque R27 is a tourist destination in and of itself. The R27 is referred to as the "West
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Coast experience" in tourism publications. People travel to the West Coast to attend flower
displays, wine tastings at the district's different cellars, or simply to feel the landscape. More
importantly, the R27, an existing route contributes to economic growth. Many visitors to the
area like to utilize the R27 route because of its aesthetic appeal, and as a result, they are exposed
to business activity along the way. The Bayside shopping center is in the Blaauwberg
neighbourhood, close off the R27. It can be thought of as an economic centre that draws
individuals from across the country. This is just one of the many shopping centres that have
sprung up in recent years. Blaauwberg Century City, near the study area, is a regional shopping
and entertainment complex. This retail centre houses 450 stores and is located near Ratanga
Junction, Africa's first full-scale theme park, which is open from November to April. The
regional route R27 was selected specifically because it met the expected and necessary
geometric design criteria. A preliminary research visit was made to Johannesburg and Pretoria;
however, the two sites did not meet the design criteria.
The BRT roadway at both sites had too many intersections and steep vertical alignments that
could affect free flow speed data, the BRT route R27 in Cape Town was selected. Within the
established research boundary, the study site was chosen based on the following criteria:
e The geometric feature of the roadway under investigation must include the presence of
a BRT dedicated lane, precisely with a median configuration design and two adjoining

lanes that run in parallel to it.

¢ The roadway segment must have a relatively flat topographical terrain void of too many

steep vertical slopes that can affect the free flow speed data.

e Roadway segments must be free from the influence of road intersections, on-street
parking, broken-down vehicles, traffic police checkpoints, roundabouts, and fuel filling

stations along the route, which can also affect the free flow speed data.

¢ |t must be ensured that survey equipment is set up at spots where there is sufficient free

flow speed, and the segment length is greater than the stopping sight distance (SSD).

e The survey must be conducted under dry weather and not on a rainy day or period. Rain

and wet pavement surfaces cause a reduction in free-flow speed.
e Roadway pavement surface must be free from surface defects viz, rutting, potholes, etc.

3.3.2 Site Coding and Assessment
It is crucial to detail the characteristics of each road section because the study locations were

carefully chosen using the criteria. Therefore, to facilitate easy identification, the four selected
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sites were assigned site codes. The preferred coding scheme is "SSyyy," where "yyy" stands
for the sites' serial numbers and "SS" stands for the study site acronym. By way of illustration,
"SS001" stands for "study site of serial number 001". While each site's specific evaluation is

provided in the sections that follow, Table 3.1 displays the codes for all the study sites.

Table 3. 1: Study Site Identification Codes

Site Name Site Code Site Number
Sandown Station — Porterfield Station SS001 001
Porterfield Station — Sandown Station SS002 002
Table View Station — Sunset City Junction SS003 003
Sunset City Junction — Table View Station SS004 004

3.3.2.1 SS001 - Sandown Station — Porterfield Station

The Sandown Station — Porterfield Station roadway is a three-lane segment with one BRT
dedicated lane running parallel to the median and two adjoining lanes also running parallel to
it. It is a typical provincial road with an average daily traffic count of 12355 veh/day and a
design speed of 80km/h. A speed limit of 70 km/h is posted on the asphalt-paved road, which
has a 20-year pavement design life. The roadway is flat with minimal horizontal curves where
itis situated. Vehicle traffic on this road is directed from Sandown Station — Porterfield Station.
The two adjoining lanes are both 3.7 m wide and with a shoulder width of 2.5 m. The length
of the road segment is 2120 m long and runs along the Atlantis axis to Sunset City route,
precisely between Sandown Station — Porterfield Station. The length of the road exceeds the
permitted stopping sight distances from Sandown Station and Porterfield Station, which are
210m and 550m, respectively. For twelve weeks, the road section's traffic data were continually
recorded. There are a variety of vehicle kinds on this road, including motorcycles, lightweight,
medium-weight, and heavy-weight automobiles, however, the proportions of each type of

vehicle vary.

3.3.2.2 SS002 - Porterfield Station — Sandown Station

The Porterfield Station — Sandown Station roadway is in the opposite direction of the Sandown
Station — Porterfield Station roadway. It has the same features as that of the Sandown Station
— Porterfield Station roadway. Vehicle traffic on this road is directed from Porterfield Station
— Sandown Station. The two adjoining lanes are both 3.7 m wide and with a shoulder width of
2.4m. The average daily traffic is about 12069 vehs/day with a design speed of 80km/hr. Due
to a shift in the direction of vehicle travel as recorded by the ATC, the traffic statistics changed.

Different vehicle types are present in different quantities in the traffic mix.
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3.3.2.3 SS003 - Table View Station — Sunset City Junction

The Table View Station — Sunset City Junction roadway is also a three-lane segment with one
BRT dedicated lane running parallel to the median and two adjoining lanes also running
parallel to it. It is also a typical provincial road with an average daily traffic count of 14887
veh/day and a design speed of 80km/h. A speed limit of 70 km/h is posted on the asphalt-paved
road, which has a 20-year pavement design life. The roadway is flat with minimal horizontal
curves where it is situated. Vehicle traffic on this road is directed from the Table View Station
towards Sunset City Junction. The two adjoining lanes are both 3.7 m wide and with a shoulder
width of 2.1 m. The length of the road segment is 2120 m long and also runs along the Atlantis
axis to the Sunset City route, precisely between Table View Station — Sunset City Junction.
The length of the road exceeds the permitted stopping sight distances from Sandown Station
and Porterfield Station, which are 210m and 550m, respectively. For twelve weeks, the road
section's traffic data were continually recorded. There are a variety of vehicle kinds on this
road, including motorcycles, lightweight, medium-weight, and heavy-weight automobiles,
however, the proportions of each type of vehicle vary.

3.3.2.4 SS004 - Sunset City Junction — Table View Station

The Sunset City Junction — Table View Station roadway is located in the opposite direction of
the Table View Station — Sunset City Junction roadway. It has the same features as that of the
Table View Station — Sunset City Junction roadway. Vehicle traffic on this road is directed
from the Sunset City Junction — Table View Station. The two adjoining lanes are both 3.7 m
wide and with a shoulder width of 0.98m. The average daily traffic is about 14140 veh/day
with a design speed of 70km/hr. Due to a shift in the direction of vehicle travel as recorded by
the ATC, the traffic statistics changed. Different vehicle types are present in different quantities

in the traffic mix.

3.3.2.5 Summary of Selected Study Sites

Table 3.2 contains a geometric overview of the sites based on the evaluation of the chosen sites
as described in sections 3.3.2.1 through 3.3.2.4. It is clear from Table 3.2 that all study sites
satisfy the requirements mentioned in section 3.3.1 and are therefore suitable for the study. The
data collection technigues and equipment are covered in section 3.4 since empirical data must

be gathered from the chosen road.
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Table 3. 2: Summary of Geometric Features of Selected Study Sites

Site Features SS001 SS002 SS003 SS004
Name of Road SSto PS PSto SS TVS to SCJ SCJto TVS
Type of road R27 R27 R27 R27
Terrain Type Level Terrain Level Terrain | Level Terrain | Level Terrain
Annual Daily 12355 12069 14887 14140
Traffic (ADT) veh/day veh/day veh/day veh/day
BRT Lane Yes Yes Yes Yes
Number of
Adjoining 2 2 2 2
Lanes
Width of
Adjoining 3.7m/In 3.7m/In 3.7m/In 3.7m/In
Lanes
Pavement
Surfacing Asphalt Asphalt Asphalt Asphalt
Length of Road 1250 1250 1200 1200
Segment
Presence of
Shoulder Yes Yes Yes Yes
Width of
Shoulder 2.5m 2.4m 2.1m 0.98m
Width of BRT 4.3m 4.3m 4.3m 4.3m
Lane
Posted Speed 70km/hr 70km/hr 70km/hr 70km/hr

SS ~ Sandown Station, PS ~ Porterfield Station, TVS ~ Table View Station, SCJ ~ Sunset

City Junction

3.3.3 Data Collection — Survey Method and Equipment

3.3.3.1 Sampling

The survey period during which data was collected was a time when Cape Town was
experiencing relatively dry weather, precisely from September to November 2021, hence the
data was void of the influence of rainfall or wet pavement surface. Traffic data collected on the
selected segments during the week were carefully sorted. They were separated from the data
logged during the weekend, as there were low traffic volumes during the weekend. It was
decided that sample size was required to make conclusions about population estimates. The
population size was determined to be 2000 vehicles per hour in accordance with the
international standard specification of (HCM7, 2022; HCMTRB, 2012; Salisu et al., 2020a),

for multilane roads. Thus, using equation 3.1 and a 95 percent confidence interval with a 5

percent margin of error, the sample size was obtained for this population size.
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X2 NP(1-P)

- d%2(N-1)+ X2P(1-P) 31

Where s = required size
X2 =3.84 (chi-square value for 1 degree of freedom at desired confidence level)
N = population size
P = population proportion (taken as 0.5 to provide maximum sample size)

d = degree of accuracy or margin of error expressed as proportion = 0.05

The minimal sample size needed for a population of 2000 vehicles per hour is 322 vehicles per
hour, according to equation 3.1 when combined with its table, shown in (Appendix II). To
accurately represent traffic statistics for all traffic situations under consideration, the sample
size of 322 vehicles per hour is sufficient. However, the ATC continually gathered traffic
statistics for twelve weeks. The period's continuous traffic data collection made it possible to

collect enough data that was far larger than the population size predicted earlier.

3.3.3.2 Survey Team and Equipment

Sequel to obtaining permission from the Western Cape Department of Transport and Public
Works (WCDTPW), the survey team, made up of the lead researcher and an assistant, moved
to the site and initialized the commencement of the survey by first installing the ATCs at the
selected road segments. The researcher carried out all aspects of the survey from the control of
moving vehicles to the end of the installation of tubes and ATC setup. The ATC and its
attachments viz a hammer, a metre rule, a laptop computer, road cones, a measuring wheel,
reflective jackets, nails, a padlock, a security chain, a digger, and measuring tape are among
the tools used. Before installing the ATC, the road section's stopping sight distance was first
calculated, as shown below. First, operational speed was measured using stopwatches, two red
cones labelled "c;" and "c,," and during the free-flow time. The two cones (c; and c,) were
positioned 20 meters apart along particular road segments. The first and second cones each had
a time of passage (t.; and t.,) that was noted and recorded as the vehicles drove by. The time
required to travel the distance between the two cones is represented by the difference between
the first observed time, t.; ., and the second observed time, t.,. During the free flow phase, this
process was repeated at random for varied numbers of cars. Equation 3.2 was used to compute

each vehicle's speed.

Sosi = 2 3.2

where s,s; = operating speed of individual vehicle
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D = distance between cones = 20m
t; = time taken by ith vehicle to cover distance D given as
t,y = time at cone 1

t., = time at cone 2

The 85th percentile of the recorded operating speeds was then calculated, and this was used as
the road operating speed of the roadway. It was discovered that the operating speed was less
than the posted speed when they were compared. Equation 3.3 was used to determine the
stopping sight distance (SSD) based on this information, and by adopting the calculated

operating speed.

uz
SSD = — 4 ut 33
2gf

where SSD = stopping sight distance
t = perception-reaction time taken as 2.5s
u =designspeed; g =acceleration
the stopping sight distance that was calculated was employed. The automatic traffic counter
was set up so that the length of each road section from the automatic traffic counter to the end

of the road section exceeded the measured stopping sight distance.

3.3.3.3 Layout of typical survey site:

Figure 3.4 shows a typical layout of the study site:

ATC!]

L >SSD

Lane 1 (3.7m)

ATC2 L>SSD

Figure 3. 4: Typical Set-Up of a BRT Impact Study Site
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3.3.3.4 Traffic Survey Data

Data on Traffic characteristics is often utilized in describing the characteristics of vehicles with
respect to the way they operate on the roadway. An Automatic Traffic Counter (ATC), 5900
series, designed by MetroCount was used to collect traffic characteristics data of the vehicles
moving on the roadway within one hour. The ATC performs accurate and reliable data
collection by logging in the information on the individual vehicles into itself. The vehicles’
data collected include speed, traffic volume, gap, headway, vehicle classification, and vehicle
type. The traffic data collected were used in the estimation of roadway capacity which at this
juncture is non-mixed capacity. The ATC is described in the next section 3.3.3.4.1 while the
procedure for the installation of the ATC and its accessories is described in section 3.3.3.4.2.
The unloading of data from the ATC and its setup is as shown in sections 3.3.3.4.3and 3.3.3.3.4
respectively. Typical traffic generated by the ATC is presented in section 3.3.3.4.5.

3.3.3.4.1 The Automatic Traffic Counter (ATC)

The Automatic Traffic Counter (ATC), also known as the logger is a rectangular dual-sensor
traffic data logging unit used for short-term or long-term data logging operations. The ATC
from MetroCount, also called the RoadPod VT or black box device, is housed in a standard
steel road case, which provides mechanical protection for the device. As shown in Figure 3.4,
the dual air sensors on the front are labelled A and B. The counter uses a user-replaceable
alkaline battery pack for short-term operations, which can support up to 4 years of continuous
data recording. An extra solar panel and SLA battery can power the device when it is being
used for semi-permanent applications. The main system component has complete
weatherproofing. Using the sealed circular connector, a USB communication cable provided
by MetroCount, and the MTE software, a traffic surveyor can communicate with the device.
The ATC logger’s LED lights continuously provide information about the unit's status and the
operation of the air sensors. The idle state is the unit's standby mode, which means the counter
just keeps track of the data it already has without logging any new information. A setup places
the device in the active logging state. The counter records axle hits in this condition and
performs numerous maintenance operations. The device will keep doing this until a data unload
is carried out or its memory space is exhausted. For a maximum of 10 days, the logging start
time can be delayed. The device will be operational but not logging sensor hits during this
period. The ATC also offers a Zombie Mode option that maintains the counter's complete
inertness between axle impacts. Near the air sensors, the ATC has three status LEDs. Each
sensor is matched by an A light and a B light, which can function in either of the active modes.

A sensor's associated Status LED will flash when an air pulse activates it. Users can now
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readily identify problems, such as obstructions, by checking the installation of their sensors.

The unit's present state is shown by the Status LED, as shown in Table 3.3.

Table 3. 3: RSU’s LED Status Indications

LED State
Idle Idle
Flashing every 2 seconds Active Deferred
Flashing every second Active Logging
On Continuously Communications Active
Off Continuously Data Transfer

Source:(Koorey, 2007)

The ATC is operated using replaceable alkaline batteries that can run for 290 days at 250C in

continuous run mode. The machine has 2M RAM capable of logging all types of axle loads. It

is however important at this point to bring up a description of the ATC and all its accompanying

accessories, and they are presented as follows:

Pneumatic tube: The pneumatic tube is shown in Figure 3.5. It is approximately 29.9m
long, 31mm wide, and black. Its inner and outer diameters range from 5.3 to 5.7 and 12.7
to 13.5 millimeters, respectively. The automatic traffic counter receives air pulses
generated by a car striking the tube through the tube.

Stainless steel case: The stainless-steel case is shown in Figure 3.6. It helps to safeguard
the device. It has dimensions of 350mm x 124mm x 95mm and is made of steel.

Data communication cable: This is shown in Figure 3.7. The USB cable enables the
communication between the computer system and the automatic traffic counter during the
ATC setup and unloading of data.

Bitumen road marking tape, cleats, nails, and flap: These fasteners are used to secure
pneumatic tubes when installing them on the road. They are shown in Figure 3.8.

There are other fittings which include a 6-volt welded battery, a protective dust lid to cover
the USB port on the counter, a 4 mm ball driver for screwing and unscrewing, and a tube

vent plug to seal the pneumatic tube end to prevent air leakage as shown in figure 3.9.

Figure 3. 5: Pneumatic Tube Figure 3. 6: Automatic Traffic Counter
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Figure 3. 8:Standard Steel Case Figure 3. 7:Communication Cable

<
Bitumen tape

¢_-\_'\'
3

Nails

Figure 3. 10:Other Accessories Figure 3. 9: Fasteners

3.3.3.4.2 ATC and Pneumatic Tube Installation

Two pneumatic tubes of equal lengths were laid parallel to each other, spaced one meter apart
on the selected road segment. They were fastened to the pavement at a right angle to the flow
of traffic. The ends of the tube that would be attached to the ATC were left free, while the other
ends were tightly knotted to seal them off from air. For the tube to remain airtight while a
vehicle passes over it, the knotting was done twice or three times. For ultimate airtightness
within the tubes, vent plugs were additionally put into the knotted ends of the tubes. This
prevents the loss of air from the tube, which would reduce the counter's sensitivity and result
in a loss of high-quality data. By driving road nails through the eyelet of flaps positioned across
the tubes, the double-knotted ends of the tubes were firmly fastened to the ends of the road
surface.

The slack ends of the pneumatic tubes were similarly secured to the side of the road before
being connected to the ATC. Before securing the loose ends tightly to the road and to ensure
correct installation, the 1m gap between the tubes was again checked at various spots along the
installed parallel tubes. To improve the accuracy of the data to be collected, consistency in tube
spacing must be maintained. Bitumen tape was used to secure the tubes firmly to the pavement
surface at regular intervals while the tubes were stretched between 10 and 15 percent after
fastening for tensioning. This was done to minimize lateral movement in the tube positions as
vehicles pass over it and prevent the tubes from shifting. The steel casing slots were made to
accommodate the tubes, which were then properly attached to the two air-sensor holes A and

B. Vehicles traveling in the same direction on the adjoining lanes hit tube A first due to the
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connection convention in use. Later, a laptop was added to the Roadside Unit (RSU)
configuration for data logging via the software driver. The ATC was then covered with a
stainless-steel casing cover, chained, and locked with a padlock before being buried about
300mm below the ground by the side of the road. Figures 3.11 and 3.12, respectively show the
pneumatic tubes that were installed over a road stretch, a vehicle moving over the pneumatic
tubes after hitting A and B, and the ATCs logging data.

Figure 3. 11: Installed Pneumatic Tubes Figure 3. 12: Moving vehicle with data

being logged.
3.3.3.4.3 ATC Set-Up g 1088

Before the commencement of data logging, the automatic traffic counter (ATC) is set up using

the software driver that has been loaded on a laptop after the installation of the tubes.

Roadside

Set site information here

Site T  Altribute Operator

MCHQ (320811016 +115753860] GC
Start time

Immediately | Start time... I
Site description
| 0'Connor Close north of Rollinson <50km/h>

Sensor layout Lockout [ms)

~]l 10 | SsetLockouwt |

0 - Unused or unknown.

[U - Unused or unknown.

\VU - Unused Vc-rr Vu'rv1vk‘nown. S

| Spacing

i 1000 mm - 3 ft 3.4 in [ SetSpacing

Figure 3. 13: RSU Set-up Dialogue Box
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The Roadside Unit Setup is the first page that appears when you launch the automatic traffic
counter software application. The automatic traffic counter software's typical interactive Set-

page is shown in Figure 3.13.

Site data was logged on the interactive page for identifying reasons. The site details recorded
include the name of the site, its attributes, lanes, operators, location, direction, debounce A,
spacing, debounce B, start time, site description, and sensor configuration. Some of the
information sections' drop-down menus offer additional potential choices. Data logging started
after setup based on the start time entered during setup. The view (4) icon in Figure 3.13's left-
hand pane was used to check the live traffic logging. This was required to verify that the counter
was functioning. The options for rolling time, vehicle list, and axle timing are available under

the view (4) icon.

3.3.3.4.4 Unloading Data from the ATC
Based on the scheduled time and memory of the automatic traffic counter, logged traffic data
were downloaded into a computer system. Figure 3.14 depicts the interactive page for

downloading data. The first page's left-hand pane includes the following information:

Figure 3. 14: MetroCount Executive Software Interactive Page
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A brief description of the icons is presented below:

RSU (1) — The RSU is the acronym for Roadside Unit and it gives the identity and

status of the ATC in terms of data, serial number, battery, number of hits, and memory.

Setup (2) — used to configure the ATC for data logging.

Unload (3) — is used to download or unload logged data from the ATC into a laptop.

View (4) — used to verify the sensor hits that the ATC has recorded.

Using the supplied USB communication cable, the ATC was connected to a laptop to download
data. The RSU symbol (1) in the setup toolbar on the screen was used to verify the device status
after connecting the connection. Before uploading data, the ATC battery and memory status
were checked using the RSU icon (1). After the check, data was downloaded by clicking the
unload button icon (3). Typically, there are two alternatives for unloading: "unload data and
continue" or "unload data and stop." The option to "unload data and continue" enables data to
be retained in the ATC even after downloading, in contrast to the option to "unload data and
stop," which does not retain downloaded data and necessitates a new setup for each download.
Unload data and stop' was employed for this study. This enables a check of the device's status,
the data's quality, and any data loss that may have occurred. Remarkably, the screen shows the
stored data graphically while data is being downloaded, utilizing the two-coloured lines A and
B. When the lines overlap to form a blue line, the traffic data quality is acceptable; however,
when the lines appear as mismatched red and blue lines, the traffic data quality is poor. The
installed tubes were examined for any flaws including leaks in the case of mismatched lines.
Downloaded data were kept in accordance with the data used during the automatic traffic

counter setup mentioned in section 3.3.3.4.3 to facilitate easy identification.

3.3.3.4.5 ATC-Generated Traffic Information

The automatic traffic counter records data on a variety of characteristics, including the volume
of traffic, speed, headway, and vehicle passing time. The number of vehicles passing the study
site during the time considered is referred to as the traffic volume. During the data logging
process, an air pulse is produced and supplied to the counter's air sensors as vehicles pass over
the pneumatic tubes. A count and log are kept for each air sensor. The automatic traffic counter
records headway based on the provided criteria, which defines headway as the time difference
between succeeding cars as they pass a particular spot. The headway is the differential between
how long it takes the front axles of the leading and following vehicles to contact the tube. One

of the characteristics necessary for this study is speed, which is defined as the distance travelled
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in a unit of time. By dividing the distance travelled through the tubes by the time required, the
counter calculates the speed of a moving vehicle. It is noteworthy that the tubes are 1 m apart.
The speeds recorded are referred to as spot speeds. The vehicle type produced by the automatic
traffic counter is another piece of traffic information. The counter's capability to categorize
automobiles into different classes is a crucial application. No matter the time or place, vehicles
of all sizes, from small to large, are always moving on the highways, making the understanding
of their classification very crucial. Additionally, using passenger car equivalent values, vehicle
classification is crucial for transforming heterogeneous traffic into homogeneous traffic.
SANRAL recognizes a variety of vehicle classifications, including heavy vehicles with 2, 3, 4,
and 5 or more axles, motorbikes, cars, vans, pick-up trucks, minibuses, and buses.

The automatic traffic counter system has roughly twenty-two different types of vehicle
classifications, with the ARX vehicle classification system being the most similar to the vehicle
description used in South Africa. The ARX system was therefore chosen for this study. The
AustRoads 94 was been modified to create the ARX. Figure 3.15 lists the properties of the
ARX classification.

Axles Groups Description Class Parameters Dominant Vehicle |Aggregate
2 1or?2 Very Short - Bicycle or Motorcycle MC |1 d{1)<1.7m & axles=2 “
2 tor2 | Short-Sedan, Wagon, 4WD, Utiity, Light Van | gy |2 d(1)>=1.7m, d{1)<=3.2m & axles=2 i~ 1 (Light)
3 4or Shart Towing - Trailer, Caravan, Boat, etc. groups=3, d(1)>=2.1m, d(1)<=3.2m, d(2) =
5 3 ; ! e SVT 3 »=2.1m & axles=3,4,5 e
2 2 Two axle truck or Bus TB2 4 d(1)>3.2m & axles=2 g4z
3 2 Three axle truck or Bus TB3 |5 axles=3 & groups=2 E 2 (Medium)
>3 2 Four axle truck T4 |6 axles=3 & groups=2 @
Three axle articulated vehicle or Rigid vehicle and
3 3 trailer ART3 |7 d{1)=3.2m, axles=3 & groups=3 amq-
Four axle articulated vehicle or Rigid vehicle and d(2)<2.1m or d(1)<2.1m or d(1)>3.2m ﬁﬁ
4 >2 trailer ART4| & axles = 4 & groups=2
Five axle articulated vehidle or Rigid vehicle and d(2)<2.1m or d(1)=2.1m or d(1)=3.2m ﬁ
5 #2 trailer ARTS| 9 axles=5 & groups=2 3 (Heavy)
Six {or more) axle articulated vehicle or Rigid
>=6 =2 vehicle and trailer ARTE |10 axles=6 & groups=2 or axles>6 & groups=3 E
=6 4 B-Double or Heavy truck and trailer BD 11 agroups=4 & axles>6 GEE
Double or triple road train or Heavy truck and two
= ==5 (or mare) trailers DRT 12 groups»=5 & axles»6 Eﬁ

Figure 3. 15: ARX vehicle classification system

Source: ATC 5900 MetroCount Manual
Figure 3.14 shows three groups of vehicles known as light vehicles (LV), also called passenger
cars (PC), two groups of three different types of vehicles known as medium vehicles (MV),
and three groups of six different types of vehicles known as heavy vehicles (HV). Individual

vehicles each have their data that was transferred from the ATC logs into a laptop computer
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system. The individual reports of four vehicles as seen in Figure 3.16 were gathered by the

automatic traffic counter.

YYYY-
DS TrigNum Ht MM-DD hh:mm:ss Dr Speed Wb Hdwy Gap AX Gp Rho CI Nm Vehicle
00 00000031 04 2021/11/06 11:06:00 NO 8631 259 34 33 2 2 1 2 20 SV o0
00 00000035 04 2021/11/06 11:06:03 NO 7109 251 26 25 2 2 1 2 20 SV o0
00 00000039 04 2021/11/06 11:06:05 NO 7033 253 17 16 2 2 1 2 20 SV o0
00 0000003d 04 2021/11/06 11:06:06 NO 7106 25 15 14 2 2 1 2 20 SV o0
00 00000041 04 2021/11/06 11:06:08 NO 68.73 312 22 21 2 2 1 2 20 SV o0
00 00000045 04 2021/11/06 11:06:10 NO 6504 283 15 14 2 2 1 2 20 SV o0
00 00000049 04 2021/11/06 11:06:11 NO 7425 26 11 09 2 2 1 2 20 SV o0
00 0000004d 04 2021/11/06 11:06:12 NO 6428 284 08 07 2 2 1 2 20 SV o0
00 00000051 04 2021/11/06 11:06:14 NO 7146 3.02 23 21 2 2 1 2 10 SV oo

Figure 3. 16: A typical ATC captured individual vehicle report for adjoining lanes of traffic.

Source: ATC Software

The following details are logged for each vehicle:

e DS - Tagged dataset index.

e Trig Number — Dataset axle number

Ht — Number of axle hits in the vehicle

YYYY-MM-DD — Date of the first axle in the vehicle

Hh: mm: ss — Time of the first axle in the vehicle

Dr — Direction of travel of the vehicle

Speed — Speed of vehicle

Wb — Wheelbase of vehicle

Hdwy — Headway time since the first axle of the last vehicle travelling in the same
direction.

Gap — Gap time since the last axle of the last vehicle travelling in the same direction.
Ax — Number of axles in the vehicle

Gp — Number of axle groups in the vehicle

Rho — Sensor correlation factor

Cl — Class of vehicle

Vehicle — Class name and scaled wheel picture of the vehicle.

The vehicles’ sorting and analysis were conducted based on the specific details of the cars that

make up the traffic stream for the period under consideration.
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3.3.3.5 BRT Survey Data

In this study, the BRT traffic data was also collected the same way the adjoining lanes' traffic
data was collected. As previously mentioned in the research methodology framework section,
while one logger captured data on the adjoining lanes, the other one, installed and secured at
the median of the carriageway, collected the BRT traffic data on the dedicated lanes as shown
in Figure 3.10. The same setup was done in all the four sites investigated. Traffic flow
parameters such as volume speed, headway, etc, were captured by the ATC and sorted
accordingly. Figure 3.17 shows the individual BRT vehicle data captured by the ATC. Since
only BRT buses use the dedicated lane and not competing with any other vehicle(s), the
researcher considered the estimation of the BRT route capacity as germane for this study. The
route capacity was calculated using the mean speed of the buses and other bus dimensions like
the bus length. The procedure employed for obtaining the BRT route capacity and other
parameters using the headway method is as follows:

Trig YYYY-
DS Num Ht MM-DD hh:mm:ss Dr Speed Wb Hdwy Gap Ax Gp Rho CI Nm Vehicle
02 4 4 2021/11/06 09:25:58 NO 67.44 6.51 97.8 97.8 2 2 1 4 10 TB2 o0
02 8 4 2021/11/06 09:45:41 NO 6815 6.51 113 11826 2 2 1 4 10 TB2 o0
02 Oc 4 2021/11/06 09:46:04 NO 69.11 6.44 237 23.4 2 2 1 4 10 TB2 o0
02 10 4 2021/11/06 10:06:50 NO 59.96 6.53 12455 12451 2 2 1 4 10 TB2 o0
02 14 4 2021/11/06 10:09:53 NO 68.29 6.58 1827 1823 2 2 1 4 10 TB2 o0
02 18 7 2021/11/06 10:28:00 NO 64.14 4.17 1087.7 10873 2 2 05 2 1%9a SV oo
02 1If 4 2021/11/06 10:28:21 NO 70.16 6.48 20.9 18.4 2 2 1 4 10 TB2 o0
02 23 4 2021/11/06 10:47:46 NO 3498 25 11648 11644 2 2 1 2 10 SV oo
02 27 4  2021/11/06 10:50:03 NO 5512 652 136.7 1364 2 2 1 4 10 TB2 o0
Figure 3. 17: A typical ATC captured individual vehicle report for BRT.
Source: ATC Software
3.3.35.1 BRT Traffic Flowrates and Mixed Traffic Characteristics

The capacity of a roadway is very sensitive to the distribution of headways in a mixed traffic
stream situation (Ben-Edigbe et al., 2013; J. Ben-Edigbe et al., 2014). In BRT mixed traffic
conditions which were examined in this study, time headway represents the spacing between a
leading BRT and a following vehicle(s), or vice versa, hence the time headway of BRT under
mixed or heterogeneous traffic situations is the inter-arrival time difference between two
successive vehicles (BRT and others) as they pass a reference line taken along the entire width
of the roadway (Maurya et al., 2015). It considers factors such as the number of vehicles per
unit of time and the maximum safe speed of the vehicles (Dowling et al., 2004). Normally,
time headways of vehicles in a traffic stream can be directly estimated using equation (3.4)

which shows the simple basic relationship between traffic flow and headway:

3600
flow

headway, h = 34
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Alternatively, and for BRT mixed traffic situations, BRT time headway, defined by braking

performance and measured tip-to-tip, can be estimated using equation (3.5), and is given by:

T, ==+ tr+k—V(i—i> 35

Where T}, — tip-to-tip time headway (s).
V — vehicle speed.
L — Length of vehicle.
t, — reaction time
k — arbitrary safety factor (usually greater than or equal to 1)
as — minimum braking deceleration of the following vehicle
a; — maximum braking deceleration of the lead vehicle
Note that for brick wall considerations, a; is infinite and is usually eliminated.
The capacity of a designated route such as that for BRT can also be easily estimated using

equation (3.6) if the time headway is known, as shown below:

3600

Qprr = e 3.6

Where T}, = time headway.

By plugging equation (3.5) in equation (3.6), the BRT route capacity becomes:

3600
L kVi1 1
o)

When the estimated BRT dedicated lane capacity is mixed with the adjoining lanes’ capacities

Qprr = 3.7

for the three survey periods considered, the capacity of mixed traffic ‘with BRT* Q,, is
determined by summing up the BRT dedicated lane capacity Qggr and the non-mixed traffic
capacity as shown in equation (3.8), while equation (3.9) can then be used to estimate the BRT

mixed traffic time headways as shown:

Qu = Uprr + Qnm 3.8
_ 3600
hence Thony = o 3.9

Given the estimated non-mixed traffic capacities and densities, as well as the mixed traffic
capacities, the corresponding mixed traffic speeds and densities can thus be calculated by
simple proportion. The mixed traffic critical density is calculated using equation 3.10 as shown

below:
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QM XKo(nm) 3.10
OnNMm '

ko =

With that obtained, the mixed traffic speed at capacity can be estimated by simply dividing the
mixed traffic capacity @, by the mixed traffic critical density k.-

3.4 Appraisal of Sample Data and Proposed Analytical Methods

In this study, two analytical techniques viz a ‘before and after BRT  approach and an empirical
‘with and without BRT’ approach were evaluated through a preliminary investigation known
as a pilot study. The purpose of a pilot study is to assess and verify the effectiveness of the data
collection strategy and the analytical techniques that will be applied to the study. Additionally,
it assesses how beneficial the acquired data is for the methods used. The pilot study also aids
in minimizing issues while providing remedies to any issues that might develop and influence
the primary study. Besides, the findings of the pilot study enabled a statistical evaluation of the
produced model's dependability. Due to the significance of a pilot study, as mentioned above,
a two-week study was conducted at four pilot sites along the route R27 where speed samples
were taken using cones and stopwatches to determine the traffic volume and density on the
road. Further analysis was carried out to determine the capacity at peak and off-peak periods,
and for the mixed and non-mixed conditions, and evaluate the time headway distribution to
assess their influence on the capacity utilization of the roadway. Furthermore, due to the
pandemic in the year 2020 and imposed lockdown, there were little or no vehicular movements,
which consequently affected the year 2020 traffic data. Consequently, using the ‘before and
after BRT approach, the pilot study considered the backward extrapolation of flows for the
periods ‘before BRT (pre-BRT year 2009), and ‘after BRT’ (pre-lockdown year 2019). The
traffic data collected in 2021 was also considered an after-BRT period, hence designated as the
post-lockdown year 2021 traffic data which the flows were extrapolated from. This was done
to understand the traffic situation before and after the advent of BRT during those periods.

Figure 3.18 illustrates the steps of the analytical methods used in this investigation.
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Input: Geometric data, demand volume &
vehicle time mean speed with modified PCEs

applied
A
Using Peak traffic data, calibrate
flow-density model develop capacity \
utilization criteria table. Extract BRT traffic data.
Obtain BRT time mean speed
y for each site, BRT vehicle
Using off-peak traffic extrapolate length.
backwards and calibrate flow-
density models for pre-BRT and \

pre-lockdown periods, and test

models for statistical fitness. Calculate BRT tip-to-tip time headway

from: T}, =§+ L +k—zv(i—i)

A 4

Using off-peak traffic calibrate

flow-density models for ‘with and
A

without BRT’ scenarios and test
models for statistical fitness.

Calculate BRT route capacity from

3600
v QOsrr =7 V(1 1
Determine critical density, vrErD (a_f B ;z)
capacity. and speed at capacity.
A
4 Estimate BRT dedicated lane
Calculate off-peak level of capacity utilization rates.

capacity utilization rates for .

£

A

Determine Level of Capacity Utilization (LCU) for the survey periods,
for BRT dedicated lanes, without and with BRT traffic flow scenarios
from criteria table and other associated performance parameters

End

Figure 3. 18: Proposed Level of Capacity Utilization (LCU) Assessment Methodology
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The empirical method, which considered a ‘with and without’ BRT situation consequently
evaluated traffic performance using three flow scenarios as mentioned in Chapter 2 viz: BRT
dedicated lane scenario, ‘without BRT’ scenario, and ‘with BRT’ scenario. The analytical steps
are applicable for both methods and the LCU criteria table was set up using the peak traffic
data for each site, while the off-peak data was analyzed and used for the evaluation of capacity
utilization and traffic performance under the prevalent and assumed conditions. Section 3.4.1
presents the pilot study first, using the ‘before and after’ BRT approach, and subsequently

using the empirical approach, by the criteria for the selection of the sites listed in section 3.3.1.

3.4.1 Pilot Study

The following outlined analytical procedures were employed for the extraction and sorting of

the empirical data:
BRT and adjoining lanes traffic data were unloaded into a laptop computer from the ATCs
1 and 2 respectively, as shown in figure 3.3. Microsoft Excel was used to retrieve and
properly save individual vehicle data from both the BRT lane and adjoining lanes. It should
be noted that the traffic information extracted is referred to as an "individual vehicles report,”
whether it relates to BRT or the adjoining lanes.
Both the BRT dedicated lane and adjoining lanes’ traffic data were unloaded and separated
into different folders in the laptop computer. Subsequently, traffic characteristics such as
volume of vehicles (according to the identified classes), and speed were extracted for
analysis. For this study only the peak and off—peak periods data between 5.00 am - 7.00 pm
were used for analysis. Traffic data beyond 11 pm was not applicable as the period is usually
characterized by long headways, low volumes, and a high percentage of heavy vehicles.
Besides data within that period is outside the scope of this study.
All traffic data was filtered to remove motorcycles. This is because commercial motorcycles
are not in operation in Cape Town, and their population is very low, hence they were not
readily found except for a few personal power bikes that owners ride on weekends for
recreational purposes and exercise.
For each vehicle classification the ATC identified, passenger car equivalent (PCE) values
were applied. This converted the unit of the heterogeneous traffic volumes from vehicles per
hour to passenger car unit per hour, making them appear homogeneous. As a result, the traffic
became uniform. PCE was not applied to BRT vehicles as they don’t compete with any

vehicle on their dedicated lane, hence PCE application was not necessary.
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v. Data were separated into 5mins intervals, the attendant volume counts and speed values for

Vi,

each interval were summed up, and the mean speed was calculated. It is necessary to know

the mean values for traffic characteristics like speed and volume, hence they were separated

on another Excel sheet for processing. It should be noted that the volume obtained is
measured in PCE/5min. By multiplying by 12, the traffic volume was changed from

PCE/5min to PCE/hr.

Density, which is the third parameter in the equation of traffic flow was calculated using the
same. Columns A, B, C, and D in the Excel spreadsheet shown in Figure 3.19 represent the
tagged dataset index, serial number, dataset axle number, and the number of axle hits in the
vehicle, respectively. The dates and times of the vehicle axle hits are shown in columns D and

E. Column G indicates the direction of travel, column H the speed, column | the wheelbase,

AutoSave PS M) i Site 01 Sandown - Portafield With SANRAL PCEVAL.. » Saved + p Search (Alt+() Abayomi Fmmancel Modupe 48 & = 0

Fle  Home Inset Pegelayout Formuias Data  Review View Help  Foxt Reader POF I Comments % Share
G40 Y f o A
| A | B | C | Db |k PG H || )oKk LM N0 P q R | 0

A5 Trghum Kt YWY-MM-DD - hhimmss Dr Speed Wo  Hiwy Gap A G R Nm  Vehile |

Bl 0 % 4 U 10me N M 1 12 1 ! 1 1 1 N M w

29‘ 0 0000009 4 ye0n 1072 N0 7672 5085 62 62 2 2 0 2 00047lea SV 0 0

0] 0 o000kt 4 B0 L0736 N0 LT 2L 35 08 1 1 1 2 0 v 0 0

M) 0 0000005 4 LyEf0M L0730 N0 709 32 3L 3 1 1 1 4 N T 0 0
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M| 0 000000d 8 iYjE02t 1LO7AS MO TR9 268 1 09 ! 108 1 000204 v 0 0

BA) ‘ 0 000000d 8 10N 110745 N0 509 28 0 0 ! 1 067 2 00001 v 0 0
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Figure 3. 19: Typical Individual Vehicle Traffic Details (as captured by the ATC)
column J the headway, and column K the gap. The columns L, M, N, and O reflect the number
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Vii.

viii.

Xi.

Xii.

Xiii.

Xiv.

XV.

of axles and the number of axle groups, respectively, whereas columns P and Q denote the PCE

values for each type of vehicle.

Estimate flows for three observation periods viz (i) pre-BRT year 2009, (ii) pre-lockdown
year (2019), and (iii) post-lockdown year (2021).

By adopting and applying a compound traffic growth rate of 1.59% as established by (De
Jongh & Bruwer, 2017) for the pre-BRT year 2009, and the national traffic growth rate of
3% (Marais, 2015) for the pre-lockdown year 2019, traffic volumes and densities were
estimated by compounding the post-lockdown traffic data of 2021 backward to 2019 and
2009 respectively.

To predict traffic flow, data for each roadway segment with respect to the with and without
BRT survey periods, and for the mixed and non-mixed traffic conditions, the flow-density
models were calibrated to calculate capacity, free-flow speed, the speed at capacity, density
at capacity, time headway at capacity, travel time and their differentials, for the assessment
of capacity evaluation effects.

The BRT traffic flow rates including the time headway were estimated using previously
defined equation 3.4 — 3.11.

BRT mixed traffic flow rates for the pilot site during the three survey periods were thereafter
estimated using equation 3.7, which is the sum of BRT dedicated lane capacity and the
‘without BRT’ mixed traffic capacity on the adjoining lanes.

The roadway capacity utilization criteria table was developed using peak traffic data.
Determination of the Level of Capacity Utilization (LCU) of the roadway was done using
the developed criteria table.

The time headway distribution data for each site was analyzed using appropriate continuous
probability distribution models, usually employed to fit headway data.

The PDF (Probability Density Function), CDF (Cumulative Density Function), and P-P plots
for the headway distributions were obtained with computer software and used to determine
the model that had the best fit. The P-Values for each distribution were determined and the

outcomes were evaluated with respect to the stated hypothesis.

35 Pilot Assessment of Capacity Utilization — ‘Before and After BRT Approach’
3.5.1 Organisation and Analysis of Extracted Data

Traffic data were organized appropriately and separated according to the traffic conditions
considered in this study. Table 3.4 shows typical empirical data. Columns 1, 2, and 3 of this
table, which represent passenger cars (PC), medium vehicles (MV), and heavy vehicles (HV),

respectively, illustrate the traffic volume according to vehicle composition. Column 4 displays
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the total number of vehicles by five-minute count. By multiplying columns 2 and 3 with the
necessary values for passenger car equivalents, columns 5 and 6 represent the conversion of
those columns to passenger cars. Sequel to that, the homogenous traffic volume in column 7,
which is now in pce/5min was converted to flow in column 8 by multiplying it by 12, which is

expressed in pce/hour.

Table 3. 4: Typical Empirical Peak - Traffic Volume Data

Total
PC MV | HV T(/c’;f: i:]/s‘;' MV (pce) | /?;/e) (chfslr;/lﬁls) F:Josv
(pce/hr)

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8
38 4 2 44 7 6 51 620
43 7 0 50 12 0 55 660
40 9 2 51 16 6 35 420
65 8 1 74 14 3 68 820
53 7 1 61 12 3 66 792
49 4 0 53 7 0 69 832
65 5 1 71 9 3 73 884
51 5 2 58 9 6 69 828
60 5 0 65 9 0 82 985
60 7 3 70 12 9 76 912
75 2 3 80 4 9 77 924
65 5 3 73 9 9 82 980
50 7 3 60 12 9 71 851
64 6 2 72 11 6 81 974
67 8 1 76 14 3 84 1008
72 4 0 76 7 0 79 952
67 1 0 68 2 0 69 827
58 4 1 63 7 3 68 816
56 4 1 61 7 3 66 792
59 9 0 68 16 0 75 897
58 6 0 64 11 0 69 822

Note: col 4 = (col 1 + col 2 + col 3); col 5=col 2 * 1,75; col 6 = col 3 * 3; col 7= (col 1

+col 5 + col 6); col 8 =col 7 * 12
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Table 3.4 cont’d

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8
70 8 0 78 14 0 84 1013
55 5 0 60 9 0 64 772
71 7 0 78 12 0 83 997
67 4 0 71 7 0 74 889
79 1 0 80 2 0 81 970
75 4 0 79 7 0 82 974
61 6 0 67 11 0 72 866
73 1 0 74 2 0 75 901
75 2 0 77 4 0 79 950
56 6 1 63 11 3 70 842
89 2 0 91 4 0 93 1120
59 8 1 68 14 3 76 920
60 4 0 64 7 0 67 804
77 4 1 82 7 3 87 1052
65 7 0 79 12 0 77 931
45 5 2 52 9 6 60 729
73 5 0 78 9 0 82 985
55 4 0 59 7 0 62 751
54 5 1 60 9 3 66 801
82 3 0 84 5 0 86 1032
61 3 0 64 5 0 66 795
76 5 1 82 9 3 88 1058
50 7 0 57 12 0 62 749
61 8 0 69 14 0 75 904
59 6 0 61 11 0 70 846
57 4 0 61 7 0 64 772
41 5 1 55 9 3 53 641

Note: col 4 = (col 1 + col 2 + col 3); col 5 =col 2 * 1,75; col 6 = col 3* 3; col 7 = (col 1

+col 5 + col 6); col 8 =col 7 * 12

3.5.2 Modification of PCE Values
Initially, the PCE values employed in the analysis were those recommended by the SANRAL

and computed during typical dry daylight conditions. The values must be changed to see if they
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may be used in different circumstances, such as when a BRT bus is operating on the road and,
for emergency reasons, may need to use the adjoining lanes. The headway method was used to
modify the PCE values, as was indicated before under subsection 2.4.1, and it was tested. The
headway equation as defined previously is again given by equation 3.11 as follows:

pce; = :II—; 3.11

where pce; = passenger car equivalent of vehicle class i

H; = average headway of vehicle class i (s) and

H. = average headway of passenger car (s)
PCE values of the BRT buses were not modified because no vehicles were sharing the
dedicated lane with them, hence the modification was carried out on vehicles moving on the
adjoining lanes alone. Therefore, the PCE modification procedure for heterogeneous traffic on
the adjoining lanes under non-mixed traffic conditions, including daylight and dry weather is

outlined as follows:

km /veh = 1000 B
Density mrve _Densitym/ve

Spacing =

Considering that density is the result of the model equation, spacing, therefore, is calculated

as.

1000
8 55.55 = 56m/veh

Average speeds of identified vehicles class were considered.

Average speed of PC = 90.21km/hr = 25.06m/s (as obtained from ATC)
Average speed of MV = 91.13km/hr = 25.31m/s (as obtained from ATC)
Average speed of HV = 89.5km/hr = 24.86m/s (as obtained from ATC)

Thereafter, the average headway of each vehicle class was calculated using.

h =< 3.12

Where h; = average headway of vehicle class i
s = spacing
u; = speed of vehicle class i
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Headway for PC = 56/25.06 = 2.23s

Headway for MV =56/25.31 = 2.21s

Headway for HV = 56/24.86 = 2.25s

The following modifications were made to PCEs using equation 3.5 and the headway values
obtained:

PCE for PC =2.23/2.23 = 1.00

PCE for MV =2.21/2.23 = 0.99

PCE for HV = 2.25/2.23 = 1.001

The summary is presented in Table 3.5 as follows:

Table 3. 5: Summary of modified PCE values

Vehicle Type Standard PCE Modified PCEs

Passenger Car 1.0 1.00
Medium Vehicle 1.75 0.99

Heavy Vehicle 3.00 1.001

The table clearly shows that the modified PCE values for medium and heavy vehicles in the
heterogeneous traffic on the adjoining lanes do not match the typical PCE values recommended
by SANRAL. Due to the presence of BRT dedicated lanes, capacity has been reduced, which
may have has caused a shift in PCE values. The modified PCE and SANRAL values for
medium and heavy vehicles were consequently subjected to a statistical test using the chi-
square at a 95% level of confidence. The purpose of the test is to determine whether there exists
a significant discrepancy between the updated PCE and SANRAL values. These two
hypotheses were put forth:
o Null hypothesis (Hy): No distinction between SANRAL PCE values and the modified
values
e Alternative hypothesis (H;): There is a distinction between SANRAL PCE values and
the modified values.

Equation 3.13 represents the chi-square test.

N2
x2 =0 3.13

e

89



where X2 = chi-square
0 = observed value

e = expected value

Based on a 95% confidence level and for one degree of freedom, the test was done taking X2 =
3.84 from the chi-square distribution table (see appendix). However, if X2 > 3.84, therefore
the alternative (H,) hypothesis is accepted, indicating that there is a significant difference
between the standard PCE from SANRAL and the modified PCEs. On the other hand, if X2 <
3.84, then, it means there is no significant difference between the standard PCE from SANRAL
and the modified PCEs, and the null hypothesis (H,) is accepted. Therefore, for medium
vehicles (MV) with a modified PCE value of 0.99 under dry day-time conditions and SANRAL
PCE value of 1.75:

_(0.99-1.75)?
- 1.75

X2 =0.33 < 3.84

and for heavy vehicles (HV) with a modified PCE value of 1.001 under dry day-time conditions
and SANRAL PCE value of 3.0;

_ (1.001-3)?
3

X2 =1.33<3.84

Thus, the null hypothesis (H,) is accepted since 0.33 < 3.84 and 1.33 < 3.84 for the medium
and heavy vehicles respectively and the alternate hypothesis (H,) is rejected. At a 95 percent
level of confidence for one degree of freedom, the results demonstrate no statistically
significant difference between the adjusted PCE and SANRAL values. Because there is no
discernible difference, either the SANRAL PCE or the modified PCE could be employed:;
hence, for this investigation, the SANRAL PCE values were used. Table 3.6 shows the
empirical peak traffic volume and speed data and the estimated hourly flows and density for
pilot sites SS001 to SS004. The hourly traffic flows and densities were calculated for all the
sites using the SANRAL standard PCE values. The data obtained was with respect to the
heterogeneous traffic on the adjoining lanes The PCE values were also applied to the BRT
dedicated lane traffic flows, for the mixed traffic analysis ‘with BRT’ and is discussed later in
this chapter.

Table 3. 6: Summary of volume, speed, density, and flow data with PCEs Applied — Peak

Vol u k q Vol u k q
(pce/Smins)  (km/hr)  (pce/km)  (pce/hr) | (pce/Smins)  (km/hr)  (pce/km)  (pce/hr)
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51 57 11 620 74 79 11 889
55 58 11 660 81 73 13 970
35 60 7 420 82 83 12 974
68 51 16 820 72 87 10 866
66 52 15 792 75 78 12 901
69 50 17 832 79 84 11 950
73 55 16 884 70 87 10 842
69 53 16 828 93 72 16 1120
82 55 18 985 76 80 12 920
76 51 18 912 67 82 10 804
77 49 19 924 87 86 12 1052
82 47 21 980 77 87 11 931
71 75 11 851 60 75 10 729
81 80 12 974 82 74 13 985
84 78 13 1008 62 85 9 751
79 71 13 952 66 79 10 801
69 79 10 827 86 73 14 1032
68 78 10 816 66 79 10 795
66 84 9 792 88 70 15 1058
75 73 12 897 62 77 10 749
69 78 11 822 75 79 11 904
84 72 14 1013 70 78 11 846
64 83 9 772 64 78 10 772
83 69 14 997 53 82 8 641

Note that, g denotes flow, u denotes speed and k denotes density where g = uk

Similarly, Table 3.7 shows the empirical off-peak traffic volume and speed data and the
estimated hourly flows and density for pilot sites SS001 to SS004. Using the SANRAL
standard PCE values. The data obtained was with respect to the heterogeneous traffic on the

adjoining lanes.

Table 3. 7: Summary of volume, speed, density, and flow data with PCEs Applied — Off-Peak
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Vol u k q Vol u k q
(pce/sSmins)  (km/hr)  (pce/km)  (pce/hr) | (pce/Smins)  (km/hr)  (pce/km)  (pce/hr)

24 67 4 288 43 80 6 468
30 68 5 360 42 98 5 504
30 72 5 360 37 82 5 444
55 71 9 612 45 88 6 552
37 72 6 444 36 92 5 432
25 71 4 300 36 85 5 432
45 75 7 540 44 88 6 528
34 73 6 408 51 95 6 612
37 75 6 444 50 96 6 600
54 72 9 600 32 93 4 384
58 77 9 696 46 97 6 552
51 73 8 612 35 92 5 420
43 84 6 516 51 78 8 612
28 89 4 336 39 77 6 468
42 85 6 504 38 89 5 456
35 92 5 420 36 82 5 384
45 82 7 492 30 85 4 360
32 87 4 384 33 82 5 396
30 88 4 360 44 73 7 480
38 87 5 456 39 80 6 420
34 87 5 408 35 82 5 372
39 90 5 468 36 81 5 432
36 90 5 432 23 81 3 276
50 92 6 600 31 85 4 324

Note that, g denotes flow, u denotes speed and k denotes density where g = uk

The data displayed in Tables 3.6 and 3.7 above from the field survey represent the peak and
off-peak traffic situation during the post-lockdown survey period in 2021 after the pandemic
and ease of lockdown, in terms of flow speed and density. Data collected on the adjoining lanes
are hence referred to as non-mixed traffic, whilst those merged with BRT dedicated lane data
are referred to as mixed traffic. The peak traffic data was used to develop the capacity
utilization criteria table for each site later in this chapter, to benchmark off-peak traffic
performance.
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3.5.3 Non-Mixed Traffic Analytical Procedure

One other major reason besides the pandemic in 2020 for the consideration of data
extrapolation to the pre-BRT 2009 and pre-lockdown period 2019, was due to the non-
availability of pre-built design traffic volumes i.e., from periods before the advent of the BRT
scheme, with attendant traffic growth rates to the pre-lockdown year 2019. Note that the
MyCiTi BRT in Cape Town was opened in the year 2010 shortly before the World Cup, (Stone,
2009), hence the empirical traffic survey data collected for the post-lockdown year 2021 was
back cast or extrapolated backward to the pre-BRT year 2009, and pre—lockdown 2019, using
established traffic growth rates from literature. The following procedure was employed to
estimate traffic volumes for the two survey periods and subsequently carry out an analysis of
the influence of BRT on mixed traffic capacity utilization during these periods, using the
‘before and after BRT’ approach. The procedure is as follows:

Assume traffic survey data for the year 2021 is projected backward at a 3% national traffic
growth rate according to the national department of Transport (NDOT), and from the study
and findings of (Marais, 2015), for the pre-lockdown year 2019. Note that the pandemic
lockdown affected the year 2020 traffic flow data. Keep the speed constant for all periods.

Allow 3% traffic growth from the period 2016 to 2019 and a 1.59% = 1.6% traffic growth
rate adopted from the study and findings of (De Jongh & Bruwer, 2017) from period 2009
(pre-BRT) to the year 2015, therefore:

Contraction rate 3% compounded for 3 years (2016 to 2019) = 0.913, and
Contraction rate 1.6% compounded for 7 years (2009 to 2015) = 0.893

Estimate traffic volumes using the contraction rates to compound the post-lockdown traffic
data of 2021 backward to 2019 and 2009 respectively and calibrate the capacity models to

obtain critical densities and capacities.

Consequently, the peak and off-peak traffic volumes were extrapolated for the pre-BRT year
2009 and the pre-lockdown year 2019, from the post-lockdown year 2021, when the actual
survey was conducted. The compounded peak and off-peak traffic volumes are presented in

Table 3.8 for the pilot site, with the contraction rates indicated.
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STEP la: Backward Extrapolation of Pre-BRT 2009 and Pre-lockdown 2019 Peak Traffic
Flow Rates.
Pilot Site (Peak)
Table 3. 8: Compounded Traffic Volumes, Speed and Flow for Pilot Site (Peak)

Pilot Site SS001 Pilot Site SS001 * 1.093 Pilot Site SS001 * 0.893

(Post-Lockdown 2021) (Pre-Lockdown 2019) (pre-BRT 2009 )

u k q u k q u k q
57 11 620 57 12 678 57 10 553
58 11 660 58 12 721 58 10 588
60 7 420 60 8 459 60 6 374
51 16 820 51 18 896 51 14 731
52 15 792 52 17 866 52 14 706
50 17 832 50 18 909 50 15 741
55 16 884 55 18 966 55 14 788
53 16 828 53 17 905 53 14 738
55 18 985 55 20 1077 55 16 878
51 18 912 51 20 997 51 16 813
49 19 914 49 20 999 49 17 814
47 21 980 47 23 1071 47 19 873

STEP 1b: Development of Non-Mixed Peak Traffic Capacity Models

According to Van Arem et al. (1994) and adopted by Minderhoud et al. (1996) and Ben-Edigbe
(2005), flow-density equation has been shown to have a quadratic model, where flow is used
as the objective function and density as the control parameter as shown in equation 3.

Therefore, for roadway capacity estimations without BRT, the flow-density model is denoted

as:
Qum = —aky® + bky—c 3.14

Q _ o, _
but % = 2( akQ) +b=0 3.15
Therefore, Density at capacity, k, = % 3.16

where Qyy — non-mixed traffic capacity k, = density at capacity, a and b are the model
coefficients and c is a constant. Note that equation (3.14) must return a negative result or zero
for coefficients ¢ and a and a positive for b to satisfy the concavity requirement of the g — k
curve. The application of the quadratic equation for the computation of capacity is essential to
be able to determine the point of curvature or ‘maxima’ that indicates the capacity, and this
point corresponds to critical density or density at capacity. It is possible to achieve a maximum

q — k function through mathematical extrapolations but the outcomes are often high and not a
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good representation of real traffic situations, hence questionable (Ben-Edigbe & Ferguson,
2005). Using a multiplier (x12), Smins volumes were converted to flow, and critical densities
were calculated using equation 3.16. The traffic flow and density data generated above for the
pilot site at peak traffic were used to calibrate the quadratic model equations 3.17 to 3.19 with
coefficients, using Microsoft Excel software. The generated flow-density curves for the sites

are shown in Figure 3.20.

Pilot Site (Peak

Gpre_srr(2009) = — 1.3471Kk% + 74.948k — 42.261 R? = 0.96 (.17)
Gpre—tockdown(zo19) = — 1.0983k? + 74.948k — 51.834 R? = 0.96 (3.18)
quSt-—lOdeOWn(ZOZI) —_ 1.2005k2 + 74948k — 47.423 R2 = 0.96 (319)

STEP 1c: Development of Non-Mixed Peak Traffic Flow-Density Curves
The capacity curves associated with the three survey periods explained above are displayed in
Figure 3.20 for the pilot site. The model equations can also be seen on the capacity curves and

the capacity values can be easily traced on them.

Before and After BRT F-D Curves - Pilot Site (Peak)

1200
1000
" k* + 74.948k - 42.261® pre-BRT
=800 R?=0.9655 2009
2
-~ HARIO — 4 foRaLl + YA DASLL Ei 6 @ pre-
c..600 ‘]3‘“9 = ’1'0;):’3}‘“ () _‘:‘;(HM‘ -51.834 lockdown
- R* = 0.9655 2019
z
2400 ® post-
(2021 = -1.2005K* + 74.948k - 47.423 '2°0°2k1d°“'“
- R2 = 0.9655
0
5 10 15 20 25
Density, k (veh/km)

Figure 3. 20: Before and After BRT F-D Curves - Pilot Site (Peak)
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STEP 1d: Estimation of Critical Density, Capacity, and Speed

Critical densities were determined by differentiating flow g, with respect to density k; for a
maximum value of g in equations 3.17 to 3.19 above, dq/dk = 0, where d is derivative. This
resulted in densities at capacity for each model. The estimated densities were plugged back
into each of the equations to determine the maximum flows for the pilot site, as well as the
estimated speed at capacity. The travel speed of vehicles at capacity was estimated by just
dividing the estimated capacity by the estimated critical density using the fundamental flow-

density equation 2.17. The lines of calculation are shown below:

2021 flow-density model analysis at Peak:
Q2021(peaky = — 1.2005k? + 74.948k — 47.423 R? = 0.96

By differentiating g with respect to k,

g_z = 2 % (—1.2005k) + 74.948 = 0

kere = kg = 31.13pce/km =~ 31 pce/km
By plugging the critical density k,, into equation 3.19 the capacity is calculated and is given
by:
Q = q2021(peak) = —1.2005(31)% + 74.948(31) — 47.423

Q = q2021(peak) = 1122.3pce/hr =~ 1122pce/hr

By substituting k.. and the estimated Q into the fundamental diagram equation g = uk, the
speed at capacity is therefore obtained as:

—q—1122—3619 36km/h
uQ—k— 37— 5019 = m/hr

Step 2a: Backward Extrapolation of Pre-BRT 2009 and Pre-lockdown 2019 Off-Peak Traffic
Flow Rates.

Off-peak traffic volumes were also extrapolated for the three observation periods viz (i) pre-
BRT year 2009, and pre-lockdown year (2019) from the post-lockdown year 2021 data, when
the actual survey was conducted. The compounded traffic volumes are presented in Table 3.9

for the investigated pilot site, with contraction rates indicated.
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Pilot Site (Off-Peak)
Table 3. 9: Compounded Traffic Volumes, Speed and Flow for Pilot Site (Off-Peak)

Pilot Site SS001 Pilot Site SS001 * 1.093 Pilot Site SS001 * 0.893
(Post-lockdown 2021) (Pre-lockdown 2019) (pre-BRT 2009 )
u k q u k q u k q
67 4 282 67 5 308 67 4 251
68 5 357 68 6 390 68 5 318
72 5 363 72 6 397 72 4 323
71 9 654 71 10 715 71 8 583
72 6 441 72 7 482 72 5 393
71 4 294 71 5 321 71 4 262
75 7 543 75 8 593 75 6 484
73 6 411 73 6 449 73 5 366
75 6 447 75 7 489 75 5 398
72 9 645 72 10 705 72 8 575
77 9 693 77 10 757 77 8 618
73 8 615 73 9 672 73 8 548
479 523 427

Step 2b: Development of Non-Mixed Off-Peak Traffic Capacity Models
Similarly, the off-peak traffic flow and density data generated above for the pilot site were used
to calibrate the model equations 3.20 to 3.22 with coefficients, using Microsoft Excel software.

The generated flow-density curves for the pilot site are shown in Figure 3.21.

Pilot Site (Off-Peak)

qpre_BRT(Zoog) = _25647k2 + 10773k_ 11152 RZ = 0.98 (320)
pretockdown(zo19) = — 2.091k? + 107.73k — 13679 R® = 0.98 (3.21)
Qpost—tockdown(2021) = — 2-2855k% + 107.73k — 12515 R* = 0.98 (3.22)

Step 2c¢: Development of Non-Mixed Peak Traffic Flow-Density Curves
The capacity curves associated with the three survey periods explained above at off-peak traffic
flows are displayed in Figure 3.21 for the pilot site investigated. The model equations can also

be seen on the capacity curves and the capacity values can also be easily traced on them.
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Before and After BRT F-D Curves - Pilot Site (Off-Peak)
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Figure 3. 21: Before and After BRT F-D Curves - Pilot Site (Off-Peak)

Step 2d: Estimation of Critical Density. Capacity. and Speed

Critical densities were also determined for the off-peak traffic flows by differentiating flow g,
with respect to density k: for a maximum value of g in equations 3.20 to 3.22 above, dq/dk =
0. where 9 is derivative. This resulted in densities at capacity for each model. The estimated
densities were plugged back into each of the equations to determine the off-peak maximum
flows or capacities for the pilot site, which are summarized in Table 3.10, as well as the
estimated speed and headway at capacity. The travel speed of vehicles at capacity was
estimated by simply dividing the estimated capacity by the estimated critical density using the

fundamental flow-density equation 2.17. The lines of calculation are shown below:

2021 flow-density model analysis at Off-Peak:
G2021(of f—peak) = — 2.2855k% + 107.73k — 125.15 R?* = 0.98

By differentiating q with respect to k,
2 — 2« —2.2855k + 107.73 = 0

kere = ko = 23.57pce/km ~ 24 pce/km
By plugging the critical density k, into equation 3.22 the capacity is calculated and is given
by:

Q = G2021(0f f-peak) = —2.2855(24)* + 107.73(24) — 125.15
Q = q2021(of f-peak) = 1143.92pce/hr ~ 1144pce/hr
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By substituting k., and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

q 1144
YTk T
Table 3.10 shows the summary of the non-mixed peak and off-peak traffic flow rates for the

=47.6 = 48km/hr

pilot site.
Table 3. 10: Summary of Peak and Off-Peak Non-Mixed Traffic Flow Rates for Pilot
Test (Before and After BRT)

Traffic  Survey

SITE Period  Period  OvM  Kewm) Uowm) U
2009 1000 28 36 74.95

Peak 2019 1227 34 36 74.95

PILOT 2021 1122 31 36 74.95
SITE 2009 1020 21 48 107.70
Off-Peak 2019 1251 26 48 107.70

2021 1144 24 48 107.70

2009 ~ without BRT, 2019 ~ pre-lockdown, 2021 ~ post-lockdown,
Qvm ~ non-mixed traffic capacity, kovy ~ mixed traffic critical

density, ugvay ~ Mixed traffic speed at capacity, wsyuy ~mixed
traffic free flow speed.

3.5.4 BRT Traffic Flowrates Analytical Procedure for Pilot Test

Due to its homogeneous characteristics and fixed number of bus fleets the empirical BRT
traffic flow data harvested from the 2021 survey were assumed constant for the pre-lockdown
year 2019. Traffic flows for the pre-BRT year 2009 were considered because BRT was not in
existence as of then, hence the 2021 data was processed for further analysis without
extrapolation. It reflects the true characteristics of the current BRT traffic volumes, speeds, and
densities. Tables 3.11 and 3.12 show the peak and off-peak BRT traffic flows, speeds, and

densities harvested and processed with PCEs applied for further analysis.
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BRT Traffic Flowrates - Pilot Site

Step 1: Estimation of Peak and Off-Peak BRT traffic volumes, densities, and speeds
Table 3. 11: Post Lock-down (2021) BRT Traffic Data for Pilot Site (Peak)

u iklr::/? " k (pce/km) Total Flow (pce/hr)
Column 2
Column 1 (Col 3/Col 1) Column 3
69 2 108
59 1 72
58 1 36
67 1 72
72 1 108
62 1 36
66 1 36
68 1 72
61 1 36
68 1 72
71 1 72
75 1 72

Table 3. 12: Post Lock-down (2021) BRT Traffic Data for Pilot Site (Off-Peak)

. iklr::/r: " k (pce/km) Total Flow (pce/hr)
Column 2
Column 1 (Col 3/Col 1) Column 3
73 1 72
61 1 36
60 1 36
71 1 36
75 1 72
66 1 36
69 1 36
71 1 36
66 1 36
69 1 36
75 0 36
79 0 36
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Step 2: Estimation of BRT Route Capacities for Pilot Test.

As aforementioned, the BRT headway was calculated using equation (3.4) previously defined
as the tip-to-tip headway of vehicles on a dedicated route such as BRT. It became necessary at
this point to estimate this parameter as it is very important for the estimation of the BRT route
capacity. The outcome of the estimation is as outlined below: The BRT traffic flow rates were
estimated by applying previously defined equations (3.4), (3.5), and (3.6). Recall that the length
of an articulated BRT is 18m and the reaction time is taken as 2.5s, while the correction factor

k is 1.5, hence BRT lane capacity without the application of PCEs is calculated as follows:

PILOT SITE (Peak)
The average speed of BRT Buses (at peak) = 63.7km per hr = 18 m/s

BRT Vehicle Length = 18m; assumed reaction time = 2.5s and correction factor k =
1.5
Using equation (3.4) the time headway was computed as:

_ 18 55 1.5)(18(1
—E-I- . +—2 E

BRT Lane Capacity = 3600/9 = 400veh/hr

Ty ) = 9s hence,

PILOT SITE (Off-Peak)
The average speed of BRT Buses (at off — peak) = 69.4km per hr = 19.3m/s

BRT Vehicle Length = 18m; reaction time = 2.5s and correction factor k = 1.5
Using equation (3.4) the time headway was computed as:

_18 15 x19.3<1)_92 ,
“ 1937~ 2 25) = Cesnence

BRT Lane Capacity = 3600/9_2 = 391veh/hr

Ty

From the results obtained, the peak and off-peak BRT traffic flowrates estimated for the pilot
site have revealed the occurrence of capacity shifts or capacity differentials compared to the
capacities of the adjoining lanes, and it will be recalled that this study investigates the influence
of BRT on mixed traffic capacity utilization and its time headway implications therefore, to
understand the attendant effects, the BRT mixed traffic capacities were estimated by summing
up the non-mixed traffic capacities on the adjoining lanes and the BRT dedicated lane
capacities. Capacity utilization rates were then determined for both the non-mixed and mixed
traffic scenarios. It is worthy of note that the calculated BRT dedicated lanes capacities
obtained were kept constant across the three survey periods. Having estimated the BRT mixed

traffic capacities, it was also easy to estimate other traffic flow characteristics associated with
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them such as, ko) ~ mixed traffic density at capacity, Q) ~ mixed traffic capacity, and
Uomy ~ mixed traffic speed at capacity. The summary of the before and after BRT mixed-

traffic capacities and traffic flow rates for the pilot site at peak and off-peak periods is shown
in Table 3.13.

Table 3. 13: Summary of Peak and Off-Peak Mixed Traffic Flow Rates for
Pilot Test (Before and After BRT)

Traffic  Survey
SITE  period period  %err  Qu Koan Ueun tan

2009 400 1400 39 36 72
Peak 2019 400 1627 45 36 72
PILOT 2021 400 1522 42 36 72
SITE 2009 391 1411 29 49 98
Off- 2019 391 1642 34 48 96
2021 391 1535 32 48 96
2009 ~ without BRT, 2019 ~ pre-lockdown, 2021 ~ post-lockdown,
Qprr ~ BRT route capacity, Q) ~ mixed traffic capacity, ko) ~
mixed traffic critical density, uy ) ~ mixed traffic speed at capacity,
urp) ~Mixed traffic free flow speed

Peak

3.6 Determination of Roadway Capacity Utilization Criteria Table for Pilot Test

As previously defined, capacity utilization is a measure of the extent to which the capacity of
a roadway is being used. In other words, roadway capacity utilization is a ratio of operational
traffic flow and operational maximum roadway capacity, also referred to as volume-to-capacity
ratio or degree of saturation. It is on this premise that the Level of Capacity Utilization (LCU)
criteria table was developed. The operational flow or demand volume is the actual number of
vehicles moving past a section or point on a roadway within a period (usually an hour). For
simplicity, it is often referred to as the actual output volumes. Operating roadway capacity on
the other hand is the maximum number of vehicles expected to move past a section or point
within an hour. It is also referred to as the maximum possible vehicle output. This ratio gives
the utilization rate of a typical road section under investigation. The objective function for
quantitative assessment is traffic flow, while the independent parameter is density. The criteria
table is underpinned by the fundamental relationship between flow, speed, and density, also

known as the fundamental diagram, and the three variables are interconnected.
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3.6.1 Determination of LCU Criteria Table — Pilot Site

3.6.1.1 Estimation of Operational Traffic Capacity
Recall that ¢ = uk, and speed, u = uy — bk, hence, capacity, Q = usk — k?b

dq
ok

Y
uf—2bk=0; kQ:ﬁ
2b(upk— k?b)

us

As stated in chapter two, the peak traffic data was used to develop the capacity utilization

Therefore, the speed at capacity, u, =

criteria table, while the LCU was determined using the off-peak traffic data. Recall the peak
traffic flow-density model equation for the post-lock-down year 2021 is given previously by

equation 3.19 as:

Q2021 (peak)pilotsite = — 1.2005k* + 74.948k — 47.423 R* = 0.96

Recall that from step 1d of subsection 3.5.3, the above model equation was used to estimate
capacity, density at capacity, and speed at capacity as 1122veh/hr, 31veh/km, and
36km/hr respectively. The standard deviation of the 12-period flows was determined as 165,
hence the operational capacity for the pilot site is (1122 4+ 165) = 1287veh/hr. The
operational capacity Q =~ 1287pce/hr can be approximated to 1300pce/hr and split into five
capacity utilization levels for the LCU criteria table. As stated earlier, the capacity utilization
levels are designated as (A to E), where LCU A is the best roadway capacity utilization and
LCU E, is the worst. LCU A is the capacity level with a 100 percent volume-to-capacity ratio,
which is the boundary between steady flow and forced flow sections of the flow-density curve,
and the remaining percentages are distributed as 85 (LCU B), 75 (LCU C), 50 (LCU D) and
25 (LCU E) percent respectively.

3.6.1.2 Estimation of operational travel speed

The standard deviation of the 12-period speed was determined as 4, hence the operational travel
speed at capacity for the pilot site is (36 + 4) = 40km/hr.

From the model equation above, speed is evenly distributed between the free-flow speed of
74.95km/hr = 75km/hr for class E and the speed at capacity of 40km/hr for class A. The
speed is used to compute the attendant densities and its time for 1km of roadway, and

subsequently, the LCU criteria table was developed. Thus,
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Level A (100%) = 1300 pce/hr

Level B (85%) = 0.85 1300 = 1105pce/hr = 1200pce/hr
Level C (75%) = 0.75 % 1300 = 975pce/hr =~ 1000pce/hr
Level D (50%) = 0.50 * 1300 = 650pce/hr =~ 700pce/hr
Level E (25%) = 0.25* 1300 = 325pce/hr =~ 400pce/hr

By the estimated speeds, densities, and time for each capacity utilization level, the LCU criteria
table is presented in Table 3.14.
Table 3. 14: LCU Criteria for Pilot Site

Flow Density (k Speed(u
LCU Qu % veh/(r?) veh/kmy;lgn)e im/h(r :
A 86 - 100 1300 33 <40
B 76 -85 1200 27 45
C 51-75 1000 18 55
D 26 - 50 700 11 65
E 0-25 400 5 >75

3.6.2 Determination of Capacity Utilisation Levels (Before and After BRT)

Having estimated the non-mixed and mixed traffic flow rates and capacities for the survey
periods before and after BRT, the capacity utilization rates and levels for the pilot site at off-
peak traffic periods were determined based on the fundamental flow-density relationship, as
previously defined by equations 2.33, 2.34, and 2.35, as the ratio of actual traffic flow levels
(5min) to the maximum possible flow or capacity and expressed as a percentage, as shown

below:

_k
0, = ‘ f2<1 :) x 100%
S T L
( <<—>> e )

3.6.2.1 Determination of Non-Mixed Off-Peak Capacity Utilisation Levels

Based on the developed criteria table for LCU determination as shown in table 3.14 above,
non-mixed off-peak capacity utilization rates and levels for the 5mins flow intervals within an
hour were determined for the pilot site and across the three survey periods. Table 3.15 shows

the summary of the 5mins non-mixed off-peak traffic capacity utilization rates and levels for
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the pilot site during the post-lockdown year 2021, the pre-lockdown year 2019, and pre-BRT
2009 survey periods.

Table 3. 15: Summary of non-mixed off-Peak Capacity Utilization Rates and Levels

Pilot Site (off-Peak) — Non-mixed Capacity Utilization
Survey Periods Qu Rates (%) LCU
2009 2019 2021 2009 2019 2021 2009 2019 2021

Period(5mins)

1 251 308 282 22 22 22 E E E
2 318 390 357 28 28 28 D D D
3 323 397 363 28 28 28 D D D
4 583 715 654 51 51 51 D D D
5 393 482 441 34 34 34 D D D
6 262 321 294 23 23 23 E E E
7 484 593 543 42 42 42 D D D
8 366 449 411 32 32 32 D D D
9 398 489 447 35 35 35 D D D
10 575 705 645 50 50 50 D D D
11 618 757 693 54 54 54 C C C
12 548 672 615 48 48 48 D D D

Non-Mixed

Operational 1150 1411 1290 37 37 37 D D D

Capacities

3.6.2.2 Determination of Mixed Off-Peak Traffic Capacity Utilisation Rates and Levels

Based on the developed criteria table for LCU determination as shown in table 3.14 above,
mixed off-peak capacity utilization rates and levels for the 5mins flow intervals within an hour
were determined for the pilot site and across the three survey periods. Recall that the BRT
dedicated lane traffic flows were added to the non-mixed traffic flows on the adjoining lanes
to obtain the mixed-traffic flows. Table 3.16 shows the summary of the 5Smins mixed off-peak
traffic capacity utilization rates and levels for the pilot site during the post-lockdown year 2021,
the pre-lockdown year 2019, and the pre-BRT year 2009 survey periods.
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Table 3. 16: Summary of Mixed Off-Peak Capacity Utilization Levels

Pilot Site off-peak (mixed) Capacity Utilization
. . Survey Periods Qu Rates (%) LCU
Period(Smins) =000 019 2021 2009 2019 2021 2009 2019 2021
1 323 387 354 21 21 21 E E E
2 354 430 393 23 23 23 E E E
3 350 436 399 23 24 24 E E E
4 619 754 690 40 41 41 D D D
5 465 561 513 30 31 3 D D D
6 298 361 330 19 20 20 E E E
7 520 633 579 34 34 34 D D D
8 402 489 447 26 27 27 D D D
9 434 528 483 28 29 29 D D D
10 611 744 681 40 40 41 D D D
11 653 797 729 42 43 43 D D D
12 584 712 651 38 39 39 D D D
Mixed
Operational 1540 1838 1681 30 31 31 D D D
Capacities

3.6.5.6 Pilot Site Capacity Utilisation Rates by the Survey Periods

Figures 3.22 to 3.24 show the capacity utilization rates across the sites for the three survey
periods:

Survey Period 2009 (pre-BRT)
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Figure 3. 22: Capacity Utilization Rates in 2009 (pre-BRT)
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Survey Period 2019 (Pre-lockdown)
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Figure 3. 23: Capacity Utilisation Rates in 2019 (Pre-Lockdown)

Survey Period 2021 (Post-lockdown)
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Figure 3. 24: Capacity Utilisation Rates in 2021 (Post-Lockdown)

3.6.6 Determination of Non-Mixed and Mixed Traffic Capacity Differentials
Non-mixed and mixed traffic capacity differentials were subsequently estimated as shown in
Tables 3.17 and 3.18 to determine the extent of the differentials from the threshold of traffic

flow 1700 veh/hr/lane. Recall that the threshold capacity is 0.85Qp. where Qp, is the design
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capacity for multilane highways according to (HCM7, 2022; HCMTRB, 2012; Salisu et al.,
2020a).

Table 3. 17: Summary of Non-Mixed Traffic Capacity Differentials for Pilot Test
Survey Periods

2009 2019 2021
Traffic
SITE Period (pre-BRT) (Pre-lockdown) (Post-lockdown)
erio
Qnm AQ/In Quum AQ/In Qnm AQ/In
PILOT  Peak 1000 700 1227 473 1122 578
SITE Off Peak 1020 680 1251 450 1144 556

Note: Threshold of Traffic Flowrate; 0.85Q, = 0.85 (2000 vehs/hr/lane) =
1700veh/hr/lane, Qup/In ~ mixed traffic capacity per lane, A ~ Differential

Table 3. 18: Summary of Mixed Traffic Capacity Differentials for Pilot Test
Survey Periods

) 2009 2019 2021
Traffic
SITE Period (pre-BRT) (Pre-lockdown) (Post-lockdown)
erio
Qum AQ/In Qum AQ/In Qum AQ/In
PILOT Peak 1400 300 1627 73 1522 178
SITE  Off Peak 1411 289 1642 58 1535 165

Note: Threshold of Traffic Flowrate; 0.85Q, = 0.85 (2000 vehs/hr/lane) =
1700veh/hr/lane, Q, /In ~ mixed traffic capacity per lane, A ~ Differential

3.6.7 Summary of Findings Based on the ‘Before and After BRT’ Approach

The Pilot study, through the application of the ‘Before and After BRT’ methodology which
involved the extrapolation of post-lockdown data backward to the pre-BRT year 2009 and the
pre-lockdown year 2019, has shown logical results with respect to the estimated capacity
utilization rates and determined levels of capacity utilization of the R27 BRT corridor. Even
though the results showed fair capacity utilization rates and levels, and the selection of the
approach was engendered by some research limitations during the preliminary survey, the
extrapolated data for the pre-BRT year 2009 and the pre-lockdown year 2019 were not a true

representation of the traffic situation for the periods, and for the pilot site investigated.

Whilst the ‘before and after BRT’ approach is theoretical and predictive due to the backward

extrapolation of data using traffic growth rates from literature, it is only applicable to the period
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before the advent of BRT (the pre-BRT year 2009) and the periods (the pre-lockdown year
2019, and post-lockdown 2021) after its construction hitherto. It is however not 100% reliable

and applicable for an empirical approach which is a ‘with and without BRT’ scenario.

Recall that as stated earlier, the methodology employed for this study would be empirical,
based on survey data obtained directly from the various sites. The data were collected through
ATC loggers connected to pneumatic tubes lying in parallel and spaced 1m apart. The empirical
method involves the application of a ‘with and without BRT’ scenario, where the traffic flow
on the adjoining lanes is referred to as the ‘without BRT’ scenario and described as a ‘with
BRT’ scenario when traffic flow on the BRT dedicated lanes, i.e., the BRT buses are mixed
with the adjoining lanes’ traffic. This implies that with the empirical approach, the mixed traffic
scenario ‘with BRT’, was created by the fusion of mixed traffic “without BRT’ on adjoining
lanes with BRT dedicated lane traffic flows. This is considered with the assumption that the
physical barrier between the dedicated lanes and the adjoining lanes is taken off. Therefore, to
obtain the traffic characteristics of the ‘with BRT’ traffic scenario, there is the need to isolate
for analysis and determine the BRT dedicated lane traffic flow rates as shown later in this
chapter.

Consequently, the empirical method considered the three scenarios illustrated in Figure 2.8 of
Chapter 2 for this analysis viz: Scenario (1) roadway without the influence of BRT (without
BRT), scenario (2) roadway with the influence of BRT (with BRT), and scenario (3) roadway
with dedicated carriageway lane to BRT service only (BRT dedicated lane). The empirical
method (with and without BRT) is better than the ‘before and after BRT approach as it allows
the direct measurement or collection of real-time traffic data, and the data so collected gives a
true representation of the traffic situation during the collection period. In view of the foregoing
discussion, the ‘before and after BRT’ is discontinued as it cannot hold for an empirical study,

hence the ‘with and without BRT’ approach was applied for further analysis.
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3.7 Pilot Assessment of Capacity Utilization — ‘With and Without BRT’ Approach

The empirical method, which involves three traffic scenarios as stated in the previous section
follows most of the procedural steps employed for the ‘before and after BRT approach, but in
this case, the data extracted were analyzed directly and not extrapolated. The empirical data
extracted for the ‘before and after BRT’ approach was analyzed using the ‘with and without

BRT’ approach.
3.7.1 Capacity Utilization Criteria Table for Pilot Site

To develop the capacity utilization criteria table, it will be recalled that the peak traffic data
was used for this purpose. Therefore, recalling the empirical data reported in Table 3.6, the
following stepwise procedure was employed for the development of the capacity utilization
criteria table.

Step 1. Using the peak traffic flow data, the five-minute traffic volumes are converted first into
PCEs using SANRAL’s standard PCE values given as PC = 1, MV = 1.75, and HV = 3.0.
Using a multiplier (x12), the 5mins volumes were converted to flow rates in pce per hour, and
with the speed known, densities were calculated using equation 2.17, g = uk. Table 3.19
shows the estimated flow, speed, and density at peak hour.

Table 3. 19: Level of Capacity Utilization (LCU) Parameters for the Pilot Site

PC MV _ HV Vol MV HV q Uk q

Period 1 2 3 4 5 6 7 8 9 10
2*1.75 3*3 1+5+6 108 7*12
1 38 4 2 44 7 6 51 57 11 620
2 43 7 0 50 12 0 55 58 11 660
3 0 9 2 51 16 6 35 60 7 420
4 65 8 1 74 14 3 68 51 16 820
5 53 7 1 61 12 3 66 52 15 792
6 49 4 0 53 7 0 69 50 17 832
7 65 5 1 71 9 3 73 55 16 884
8 51 5 2 58 9 6 69 53 16 828
9 60 5 0 65 9 0 82 55 18 985
10 60 7 3 70 12 9 76 51 18 912
11 7% 2 3 80 4 9 77 49 19 924
12 65 5 3 713 9 9 82 47 21 980

lhr 1102 66 24 1192 83+1 804+47
1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by 5mins, columns 5 - 7 ~ flow
(pce/5Smins), q ~ total flow(pce/hr), u ~ speed (km/hr), k ~ density (pce/km), PC ~ passenger
car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. The density and flow parameters in Table 3.40 were used to calibrate a flow-density
model using Microsoft Excel, which has been shown by (Ben-Edighe & Ferguson, 2005;
Minderhoud et al., 1996; van Arem et al., 1994), to have a quadratic function given by equation

3.23. Figure 3.25 shows the graphical representation of the flow-density relationship.
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Figure 3. 25: Traffic Flow-Density (F-D) Curve for Pilot Site (Peak)
The calibrated model equation is given as equation 3.24:

pitotsite(contror) = — 1.2005k? + 74.948k — 47.423 R?> = 0.96 3.24

Step 3: Statistical testing of the calibrated model for validity. Table 3.20 below shows the
results of the validity test carried out on the model for the pilot site ‘without BRT’ influence.
As shown, the coefficients of the derived model have the anticipated sign conventions for
concavity, while the coefficient of determination R? = 0.9655 is greater than 0.5, which
indicates the existence of a strong relationship between density and flow, and the capability of
predicting capacity.

Table 3. 20: Level of Capacity Utilization Model Validity Tests for

Pilot Site
Parameters q k Constant
t' values 16.9 2.2
Coefficients -1.2005 74.95 -47.423
Std. Error 47 1
R? 0.96
F 1755 2.81
df 11
Residuals -9.619 -1.245

The F-observed statistics at ten degrees of freedom is bigger than the F-critical value of 2.81,

suggesting that the model equation 3.24 did not occur by chance. Additionally, the value of the
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t-observed statistic at the 5% level of significance is higher than 2.2, indicating that the
variables used are useful, and density is a crucial factor in flow estimation. The statistics data
sequel to the analysis, was directly pulled from a Microsoft Excel file. It is important to note
that the coefficient of "k" denotes the free-flow speed, roughly 75 km/hr. The study
hypothesizes that the extent of road capacity utilization level resulting from BRT is significant.
The aggregated model was subsequently used to predict capacity, estimate density at capacity,
and speed at capacity in step 4 by differentiating g with respect to k and feeding back necessary

values.

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow
were determined using equation 3.24 as follows:

Qpitotsite(controlpeak = 1.2005k? + 74.948k — 47.423 R* = 0.96

By differentiating g with respect to k,

Z_Z = 2 % (—=1.2005k) + 74.948 = 0

kere = ko = 31.13pce/km ~ 31 pce/km
By plugging the critical density k,, into equation 3.24, the capacity is calculated and is given
as:
Q = Qpitotsite(contronpeak = —1.2005(31)% + 74.948(31) — 47.423

Q= dpilotsite(control)peak — 1122.3pce/hr =~ 1122pce/hr

By substituting k, and the estimated Q into the fundamental diagram equation q = uk, the

speed at capacity is therefore obtained as:
Q 1122
TS
Hence the capacity or maximum flow is 1122pce/hr, with a corresponding speed at capacity
ug = 36km/hr.

= 36.19 = 36km/hr

Step 5: The estimated capacity Q = 1122pce/hr can be approximated to 1200pce/hr and
split into five capacity utilization levels for the LCU criteria table. As stated earlier, the
capacity utilization levels are designated as (A to E), where LCU A is the best roadway capacity
utilization and LCU E, is the worst. LCU A is the capacity level with a 100 percent volume-
to-capacity ratio, which is the boundary between steady flow and forced flow sections of the
flow-density curve, and the remaining percentages are distributed as 85% (LCU B), 75% (LCU
C), 50% (LCU D) and 25% (LCU E) percent respectively, therefore,

Level A (100%) = 1200 pce/hr

Level B (85%) = 0.85 * 1200 = 1020pce/hr =~ 1100pce/hr
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Level C (75%) = 0.75 * 1200 = 900pce/hr =~ 900pce/hr

Level D (50%) = 0.50 %1200 = 600pce/hr = 600pce/hr

Level E (25%) = 0.25 % 1200 = 400pce/hr = 300pce/hr

Step 6: From the model equation above, speed is evenly distributed between its free-flow speed
of 74.95km/hr ~ 75km/hr for class E and speed at capacity of 36km/hr ~ 40km/hr for
class A. The speed is used to compute the attendant densities and its corresponding time for
1km of roadway, and subsequently, the LCU criteria table is developed. Thus, the LCU criteria
table for the pilot site is presented in Table 3.21.

Table 3. 21: LCU Criteria for Pilot Site
Flow (Q) Density (k) Speed(u)

LCU Qu %
veh/h veh/km/lane km/hr
A 86 — 100 1200 30 <40
B 76 — 85 1100 24 45
C 51-75 900 16 55
D 26 -50 600 9 65
E 0-25 300 4 >75

3.7.2 BRT Dedicated Lane Capacity Utilization for Pilot Site
Step 1. Estimation of five-minute BRT traffic volume using SANRAL’s standard PCE values
for heavy vehicle class as shown in table 3.22 below.

Table 3. 22: BRT Dedicated Lane Level of Capacity Utilization Parameters

BRT BRT u k k q q
Period 1 2 3 4 5 6 7
1*3 6/3 7/3 1*12 2*12
1 3 9 69 0 2 36 108
2 2 6 59 0 1 24 72
3 1 3 58 0 1 12 36
4 2 6 67 0 1 24 72
5 3 9 72 0 1 36 108
6 1 3 62 0 1 12 36
7 1 3 66 0 1 12 36
8 2 6 68 0 1 24 72
9 1 3 61 0 1 12 36
10 2 6 68 0 1 24 72
11 2 6 71 0 1 24 72
12 2 6 75 0 1 24 72
1hr 22 66+2 22 66

1, 2, ...8 ~ column numbers, column 1 ~ volume by 5Smins, column 2 ~
BRT flow (pce/Smins), u ~ speed (km/hr), k5 ~ density (veh/km), k6 ~
density (pce/km) g7 ~ total flow(veh/hr), g8 ~ total flow(pce/hr) BRT ~
Bus Rapid Transit.
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Step 2: Determination of BRT dedicated lane capacity: The BRT time headway, defined by

braking performance and measured tip-to-tail, is given by equation 3.25:
T, ==+ tr+k—V(i—i> 3.25

Where T}, — time headway (S); V — vehicle speed; L — Length of vehicle.

t,- — Reaction time; k — arbitrary safety factor (usually greater than or equal to 1)

as — Minimum braking deceleration of the following vehicle

a; — Maximum braking deceleration of the lead vehicle

Note that for brick wall considerations, a; is infinite and is usually eliminated.

The capacity of vehicles on a single roadway lane is the inverse of the tip-to-tip headway.
Hence the BRT lane capacity in vehicles per hour can be expressed as:

3600

Qprr = T i 1) +"V(L_L> 3.26
The BRT traffic flow rates were estimated by applying equations (3.25) and (3.26), with the

following standard and measured parameters:
The average speed of BRT Buses (at off — peak) = 63.7km per hr = 18 m/s
BRT Vehicle Length = 18m; reaction time = 2.5s and correction factor k = 1.5

Using equation (3.4) the time headway was computed as:

18+25+ 1.5 ><18(1
' 2.5

T, = —
h~ 18 2

) = Os hence,

BRT Lane Capacity = 3600/9 = 400veh/hr

Step 3: Estimation of capacity utilization rate for BRT:
Recall that capacity utilization rate had been defined as the ratio of actual traffic flow levels
(5min) to the maximum possible flow or capacity and expressed as a percentage, as shown

below:

k
kuf (1— k_>
0, = i x 100% 3.7
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Therefore Q,, = 66/, x 100% = 16.8 ~ 17%. Therefore, the level of capacity utilization
from the criteria table for the pilot site’s BRT dedicated lane is E. With the LCU at E, the other

associated performance parameters are a density of 4veh/km and a speed of 75km/hr. This
implies that the LCU of the BRT dedicated lane at E is characterized by or associated with a
low volume of vehicles, high speed, and reduced travel time to destinations for vehicles moving
on it. Perhaps the design of a mixed traffic scenario may be a solution to this capacity utilization
loss, however, one is not completely sure whether it would be feasible until further analyses in
that regard are completed in the remaining sections of this chapter. As earlier mentioned, the
peak traffic data for the pilot site was used to set up the LCU criteria table and was used as a
control for the subsequent traffic performance evaluations at the pilot site. Consequently, these
analyses continue in the next section with the determination of the LCU ‘without BRT’

influence at the pilot site, using the off-peak traffic data.

3.7.3  Without BRT Influence Capacity Utilization for the Pilot Site
Step 1: Estimation of off-peak 5mins and hourly flows, speeds, and densities for the pilot site
using the empirical data from Table 3.7, as shown in Table 3.23 below.

Table 3. 23: Without BRT LCU Parameters for Pilot Site (off-peak)

Perio)d PC MV HV Vol MV HV q u k q
1 2 3 4 5 6 7 8 9 10
2*1.75 3*3 1+5+6 108 7*12
1 14 2 2 18 4 6 24 67 4 282
2 21 5 0 26 9 0 30 68 5 357
3 12 7 2 21 12 6 30 72 5 363
4 4 6 1 48 11 3 55 71 9 654
5 25 5 1 31 9 3 37 72 6 441
6 21 2 0 23 4 0 25 71 4 294
7 3 3 1 41 5 3 45 75 7 543
8 23 3 2 28 5 6 34 73 6 411
9 32 3 0 3 5 0 37 75 6 447
100 3 5 3 44 9 9 54 72 9 645
11 47 1 3 51 2 9 58 77 9 693
12 37 3 3 43 5 9 51 73 8 615
lhr 346 45 18 409 479 (72%1) 479

1, 2, 3...10 ~ column numbers, column I - 4 ~ volume by 5mins, columns 5 - 7 ~ flow
(pce/5mins), column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density models using the density and flow parameters in Table 3.23
with PCEs applied. Figure 3.26 shows the graphical representation of the flow-density

relationship:
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Figure 3. 26: Without BRT Influence Flow-Density Curve for Pilot Site (Off-Peak)

The calibrated flow-density model is given as equation 3.26:
(IwithoutBRT(Pilot)off—peak - — 2.2855’(2 + 107.73k - 125.15 R2 - 0.98 328

Step 3: Statistical testing of the calibrated model for validity. Table 3.24 below shows the
results of the validity test carried out on the off-peak flow-density models for the pilot site
‘without BRT” influence. As shown, the coefficients of the derived model have the anticipated
sign conventions for concavity, while the coefficient of determination R? = 0.989 is greater

than 0.5, which indicates the existence of a strong relationship between density and flow, and

the capability of predicting capacity.

Table 3. 24 Level of Capacity Utilization Model Validity Tests

q k Constant
f values 11.3 2:2
Coefficients -2.2855 107.73 -125.15
Std. Error 42 1
R? 0.98
F 6026 2.81
df 11
Residuals -11.574 -1.576

The F-observed statistics at eleven degrees of freedom is bigger than the F-critical value of
2.81, suggesting that the model equation did not occur by chance. Additionally, the value of
the t-observed statistic at the 5% level of significance is higher than 2.2, indicating that the
variables used are useful, and density is a crucial factor in flow estimation. The statistics data

sequel to its analysis, was directly pulled from a Microsoft Excel file. It is important to note
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that the coefficient of "k" denote the free-flow speed of roughly 108 km/hr. The aggregated
model was subsequently used to predict capacity, estimate density at capacity, and speed at
capacity in step 4 by differentiating q with respect to k in each model equation and feeding
back necessary values.

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow
were determined using equation 3.28 as follows:

QwithoutBRT (of f —Peak)pilotsite = — 2.2855k? + 107.73k — 125.15 R* = 0.98
By differentiating g with respect to k,

Z—Z — 2%—-2.2855k+107.73 =0

kere = ko = 23.57pce/km ~ 24 pce/km

By plugging the critical density k,, into equation 3.28 the capacity is calculated and is given

by:
Q= QwithoutBRT(of f—Peak)pilotsite — _2-2855(24’)2 +107.73(24) — 125.15

Q= QwithoutBRT (of f—Peak)pilotsite — 1143.92pce/hr =~ 1144pce/hr

By substituting k, and the estimated @ into the fundamental diagram equation q = uk, the

speed at capacity is therefore obtained as:

Q 1144
uQ = E = 7 =476 = 48km/hr

Hence the capacity or maximum flow at off-peak traffic period is 1144pce/hr, with a

corresponding speed at capacity u, = 48km/hr.

As shown in Table 3.23 above, the mean flow per hour which represents the 12-period flows

for the pilot site is 479 veh/hr, therefore the capacity utilization rate Q,, for the pilot site is
479/, 144 X 100% = 41.8 ~ 42%. Hence based on the criteria table 3.21, the LCU for the

pilot site ‘without BRT’ influence is D. Where the LCU is at D, the other attendant performance

parameters from the criteria table are a density of 9veh/km, and a speed of 65km/hr.
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3.7.4  ‘With BRT’ Influence Capacity Utilization for Pilot Site

Step 1: Estimation of ‘with BRT” off-peak 5mins and hourly flows, speeds, and densities for
the pilot site is shown in table 3.25. Note that the BRT dedicated lane traffic flows in table 3.23
with applied PCEs were added to the ‘without BRT” traffic flows in table 3.24.

Table 3. 25: “‘With BRT’ level of Capacity Utilization Parameters for Pilot Site (off-peak)

PC MV HV BRT Vol MV HV BRT q u k q
. 1 2 3 4 5 6 7 8 8 10 11 12
Period 156

2*1.75 3*3 4*3 + 748 12/10  7*12
1 14 2 2 3 21 4 6 9 33 67 6 390
2 21 5 0 2 28 9 0 6 36 68 6 429
3 12 7 2 1 22 12 6 3 33 72 6 399
4 41 6 1 2 50 11 3 6 61 71 10 726
5 25 5 1 3 34 9 3 9 46 72 8 549
6 21 2 0 1 24 4 0 3 28 71 5 330
7 37 3 1 1 42 5 3 3 48 75 8 579
8 23 3 2 2 30 5 6 6 40 73 7 483
9 32 3 0 1 36 5 0 3 40 75 6 483
10 36 5 3 2 46 9 9 6 60 72 10 717
11 47 1 3 2 53 2 9 6 64 77 10 765
12 37 3 3 2 45 5 9 6 57 73 9 687
lhr 246 45 18 22 431 545 72+1 545

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by 5mins, columns 5 -7 ~ flow (pce/5mins),
column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~ passenger car, MV
~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of the ‘with BRT’ flow-density model using the density and flow
parameters in Table 3.25 with PCEs applied. Figure 3.27 shows the graphical representation of

the models:

Pilot Site with BRT Influence
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Figure 3. 27: With BRT Influence Flow-Density Curve for Pilot site (Off-Peak)
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The calibrated flow-density model is given as equation 3.47:

QwithBRT(of f—peakypilor = —0.9678k? + 91.304k — 83.869 R? = 0.98 3.29

Step 3: Statistical testing of the calibrated model for validity. Table 3.26 below shows the
results of the validity test carried out on the off-peak flow-density model for the pilot site ‘with
BRT’ influence. As shown, the coefficients of the derived model have the anticipated sign
conventions for concavity, while the coefficient of determination R? = 0.9832 is greater than
0.5, which indicates the existence of a strong relationship between density and flow, and the

capability of predicting capacity.

Table 3. 26: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 12.6 2.2
Coefficients -0.9678 91.304 -83.869
Std. Error 43 1
R? 0.98
F 6630 2.81
df 11
Residuals -7.046 -1.917

The F-observed statistics at eleven degrees of freedom is bigger than the F-critical value of
2.81, suggesting that the model equation did not occur by chance. Additionally, the value of
the t-observed statistic at the 5% level of significance is higher than 2.2, indicating that the
variables used are useful, and density is a crucial factor in flow estimation. The statistics data
sequel to its analysis, was directly pulled from a Microsoft Excel file. It is important to note
that the coefficient of "k” denotes the free-flow speed of roughly 91 km/hr. The aggregated
model was subsequently used to predict capacity, estimate density at capacity, and speed at

capacity in step 4 by differentiating q with respect to k and feeding back necessary values.

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow

were determined using equation 3.29 as follows:

QWithBRT(off—Peak)pilotsite = _09678k2 + 91304‘]{‘ 83869 RZ = 098
By differentiating g with respect to k,
9q

P 2x—09678k +91.304 =0
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kere = kg = 47.2pce/km ~ 47 pce/km

By plugging the critical density k,, into equation 3.29 the capacity is calculated and is given

by:
Q= QwithBRT(of f—Peak)pilotsite = _0-9678(47)2 + 91.304(47) — 83.869

Q= QwithBRT(of f—Peak)pilotsite — 2069.5pce/hr ~ 2070pce/hr

By substituting k.., and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

Q 2070

Hence, the capacity or maximum flow ‘with BRT’ influence at off-peak traffic period is
2070pce/hr, with a corresponding speed at capacity up = 44km/hr. As shown in Table 3.25
above, the mean ‘with BRT’ flow per hour which represents the 12-period flows is 545 veh/hr,
therefore the capacity utilization rate Q,, ‘with BRT’ = 545/2070 X 100% = 26.3 = 26%.

Based on the criteria table 3.21, the LCU for the pilot site ‘with BRT’ influence is D. With the
LCU at D, the other attendant performance parameters from the criteria table are a density of
9veh/km and, a speed of 65km/hr.

3.7.5 Comparative Assessment of Capacity Utilization for Pilot Site Summary

Based on the findings from the analysis of empirical data at the pilot site, a comparative
assessment and synthesis of evidence among the three roadway and flow scenarios discussed
in Chapter 2 which include (1) roadway with dedicated carriageway lane to BRT service only;
(2) roadway without the influence of BRT, and (3) roadway with the influence of BRT, are
discussed. Having developed a criteria table, it is necessary to evaluate and compare traffic
performance at the pilot site during each 5mins flow interval or period in terms of capacity
utilization rates and hence determine the level of capacity utilization, (LCU) using the criteria
table. Recall that analysis is based on the fundamental flow-density relationship, and capacity
utilization rate had been defined as the ratio of actual traffic flow levels (5min) to the maximum
possible flow or capacity and expressed as a percentage. Table 3.27 shows the summary of
capacity utilization levels for the pilot site. The table depicts BRT dedicated lane as having the
worst average level capacity utilization (LCU E) of the three scenarios. Mixed traffic with BRT
influence has an average LCU D same as without BRT. It suggests that during the off-peak
period, the influence of BRT on capacity utilization is not significant.
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Table 3. 27: Summary of Off-Peak Capacity Utilization Rates and Levels for Pilot Site

q q Qu Qu
Period Bng without  with BQF;T without with LCU wli_tch:gut b\ﬁ tl;
(nce/hr) BRT BRT (%) BRT BRT BRT BRT BRT
(pce/hr)  (pce/hr) (%) (%)
1 108 282 390 28 25 19 D E E
2 72 357 429 18 31 21 E D E
3 36 363 399 9 32 19 E D E
4 72 654 726 18 57 35 E C D
5 108 441 549 28 39 27 D D D
6 36 294 330 9 26 16 E E E
7 36 543 579 9 47 28 E D D
8 72 411 483 18 36 23 E D E
9 36 447 483 9 39 23 E D E
10 72 645 717 18 56 35 E C D
11 72 693 765 18 61 37 E C D
12 72 615 687 18 54 33 E C D
lhr 17 42 26 E D D

3.7.5.1 Based on BRT Dedicated Lane Performance

The LCU E of the BRT dedicated lane shows that the Bus route is substantially underutilized,
hence, the level of capacity utilization is poor. This is caused by the designation of the lane
solely for BRT buses with no competition from other vehicle classes moving on the adjoining
lanes. From this finding, and with respect to the geometric characteristics of the BRT dedicated
lane, coupled with vehicle characteristics, the LCU of the BRT lane may not improve from E.
This is due to the observed width of the BRT dedicated lane of 4.3m. Besides, with a BRT
vehicle width of 3.1m, only one bus can move on the dedicated lane at once, making it

impossible for two buses to move side by side.

3.7.5.2 Based on Traffic Flowrate ‘without BRT’ Influence

In comparison with the LCU of the BRT dedicated lane at E, it can be observed that at level D,
there is an associated reduction in speed, as well as an increase in density but increased travel
time. Besides, the LCU of the adjoining lanes at D shows that the capacity utilization improved
due to the traffic mix on those lanes which comprise of passenger cars, medium vehicles, and
a few heavy vehicles in different proportions; whereas the BRT dedicated lane is used by only

one vehicle class which are the BRT buses.

3.7.5.3 Based on Traffic Flowrate ‘with BRT’ Influence
In comparison with the LCU ‘without BRT’ influence, it can be observed that both LCUs are

the same, as well as all parameters associated with them. Although as expected, the maximum
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flow was higher, while the speed dropped. However, it may be expected that the level of
capacity utilization would improve to level C. This outcome may be caused by the poor
utilization of the BRT dedicated lanes. In other words, this may imply that there is an
insufficient number of BRT buses in the BRT transit scheme, even though the ‘with BRT’
traffic flow scenario was characterized by Smins (pce/5Smins) flow lane and one hour (pce/hr)
capacity differentials, increase in density, speed reduction, and increase in travel time. In
summary, the overall LCU D, with BRT influence at the pilot site shows that capacity
utilization can be significantly enhanced by mixed traffic scenarios as against having a BRT

dedicated lane, especially one with a median configuration design.

3.7.6 Summary of Capacity Differentials at the Pilot Site

In summary, a criteria table has been developed for the assessment of traffic flow performance
under different flow scenarios such as roadway ‘with BRT’, roadway ‘without BRT’, and BRT
dedicated lane only. Sequel to the comparisons and synthesis of evidence that have emerged
from the pilot analysis, the different levels of capacity utilization for the various scenarios
considered are caused by differentials in germane traffic flow parameters such as capacity,
speed, density, and travel time. Figure 3.34 below gives a pictorial description of the capacity
and other traffic characteristics differentials that are responsible for the traffic flow

performance and levels of capacity utilization observed at the pilot site.

Pilot Site Capacity Differentials
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Figure 3. 28: Capacity Differentials at Pilot site
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With respect to capacity differentials shown in Figure 3.28, the capacity Q; of roadway ‘with

BRT’, indicated by the yellow line is 2070pce/hr, capacity Q, of roadway without BRT,

indicated by the green line is 1144pce/hr, and BRT dedicated lane capacity Q3, indicated by

the red line is 391pce/hr. The corresponding speed at capacity of roadway ‘with BRT’ is
44km/hr, the speed at capacity of roadway ‘without BRT’ is 48km/hr. Similarly, the

corresponding density at capacity k, of roadway with BRT is 47pce/km, density at capacity

k, of roadway without BRT is 24pce/km. Likewise, the BRT dedicated lane density k3, based

on travel speed ‘with BRT” influence is approximately 9veh/km, while the BRT dedicated

lane density k3, based on travel speed ‘without BRT” influence is approximately 8veh/km.

Table 3.28 shows the summary of capacity utilization rates and levels, as well as the associated

traffic characteristics differentials for the pilot site.

Table 3. 28:Summary of capacity utilization differentials for Pilot Test

Site/ Qu
Roadway Q U K LCU
Survey . ug (%)
) Condition
Period Q1 Q- Q3 | Uy | Uy | ky | kg | k3q | k32
with
91 26 D
BRT
without
) ) 108 42 D
Pilot Site BRT 2070 | 1144 | 400 | 44 | 48 | 47 | 24 | 10 8
BRT
Dedicated | 60 17 E
Lane

uy ~ free-flow speed (km/hr),Q, ~ capacity with BRT(pce/hr), @, ~ capacity without BRT(pce/hr),

Qs ~ BRT capacity(veh/hr), u; ~ speed at capacity with BRT(km/hr), u, ~ speed at capacity without

BRT(km/hr), k; ~ density at capacity with BRT (pce/km), k, ~ density at capacity without BRT

(pce/km), ~ k3, ~ dedicated lane density with BRT (pce/km), k3, ~ dedicated lane density without

BRT (pce/km), Q,, ~ capacity utilization rate (%), LCU ~ level of capacity utilization
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3.12  Pilot Assessment of Time Headway Implications — Deterministic Approach
Recall that as opined by (Ben-Edigbe et al., 2013; J. Ben-Edigbe et al., 2014). the capacity of
a roadway is very sensitive to the distribution of headways, and sequel to estimating the time
headways for the mixed traffic ‘with and without BRT’ scenarios, and on the BRT dedicated
lanes at off-peak periods, the attendant time headway differentials between the ‘with and
without BRT’ were also estimated using equation (3.30) which is the difference between them
and is given as:

ATy, = Thwithout BRT) — Th(with BRT) 3.30
With respect to the without BRT situation, and with the applied traffic growth rates
compounded backward, the results displayed in the tables above show that between the pre-
BRT year 2009 and the pre-lockdown year 2019, the roadway capacity cumulatively increased
by 22% in all the sites. In 2021 post lockdown, when the actual time empirical data was taken,
there was a 9% decline in capacity from pre-lockdown year 2019, in all the sites investigated.
Note that the pandemic lockdown in 2020 had an impact on traffic flow data from the pre-
lockdown year 2019, resulting in the capacity decline. Critical densities also increased on
average by 29 percent and decreased by 9 percent. However, the increase in capacity resulted
in a decrease in time headway between the pre-BRT year 2009 and the pre-lockdown year
2019, while the opposite occurred between the pre-lockdown year 2019 and the post-lockdown
year 2021 due to the capacity decline. For the BRT mixed traffic condition, the same increment
and decline in capacity and critical densities were observed as shown except for the time
headways whose values were different due to the increase in capacity. With respect to the
‘without BRT’ scenario between each survey period, and as traffic grew from the pre-BRT
year 2009, time headways on average declined accordingly by 18% in the pre-lockdown year
2019 and increased by 9% in the post-lockdown year 2021 due to capacity reduction. Similarly,
for mixed traffic ‘with BRT’ situations, headways declined from the pre-BRT year 2009 by 14
percent in the pre-lockdown year 2019 and increased by 6% in the post-lockdown year 2021.
In summary, the results have revealed significant declines and increments in time headway
values. For instance, the BRT mixed traffic scenario resulted in 21%, 18%, and 19% average
time headway reductions in the pre-BRT year 2009, the pre-lockdown year 2019, and the post-
lockdown year 2021 survey periods respectively. The summary of the time headways for the
‘with and without BRT’, and BRT dedicated lane scenarios estimated via the deterministic

approach with attendant differentials is shown in Table 3.29.
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Table 3. 29: Summary of Time Headway Differentials for Pilot Test

Traffic Surve T T
SITE  period Periogl/ Th(zrm) Withou@[ BRT \é\gﬁ ATh
2009 9.0 2.8 2.1 0.7
Peak 2019 9.0 2.3 1.8 0.5
PILOT 2021 9.0 2.5 1.9 0.6
SITE 2009 9.2 3.5 2.6 0.9
Off-Peak 2019 9.2 2.9 2.2 0.7
2021 9.2 3.2 2.3 0.9

Th(srr)~ BRT time headway; Ty without BrT) ~ time headway without BRT; Ty (with rr)
~ time headway with BRT; ATy, ~ time headway differential

The result shown are indications that mixed traffic flow ‘with BRT’ influence, is indeed
characterized by changes in both macroscopic and microscopic traffic characteristics as
observed generally in all the investigated sites. In order words, there are differentials in
macroscopic and microscopic traffic characteristics such as speed, density, capacity, and time
headways which indicate the possibility of anomalous capacity utilization effects on the
roadway. This confirms the assertion by (J. Ben-Edigbe et al., 2014) that in a mixed traffic
stream, the capacity of a roadway has a significant impact on time headway distribution, which
needs to be studied properly via a stochastic approach due to its variabilities, nature of
occurrence and the stochastic study is discussed in the next section.

3.12.1 Pilot Assessment of Time Headway Implications — Stochastic Approach

ModelRisk software, a Monte Carlo simulation software from Vose software was used to fit
the distributions to data with attendant PDF, CDF, and P-P plots, and carry out hypothesis
testing. The ModelRisk software is employed due to it is an open-source software, it is easy to
use and is user friendly. It is capable of fitting data to various probability distributions at the
same time, with visualizations of the PDF, CDF, P-P plots, and the probability, P-values can
be taken from the results interface of the Software. Furthermore, ModelRisk also has the ability
to carry out hypothesis testing of any fitted distribution or goodness of fit tests on the models
and displays all the result values of the AIC, SIC, and HQIC testing criteria for easy
interpretation. The following procedural analytical steps were employed for the fitting of the
probability distributions to the time headway data without BRT. Peak and off-peak traffic
headway data of the pilot site were used for this pilot assessment. The stepwise procedure

employed for the pilot test was replicated in this analysis is as follows:

Step 1: Recall empirical traffic volume data from Tables 3.4 to 3.6, extracted from the ATC,
and determine the descriptive statistics of its headway.
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Step 2: Fit continuous probability distributions to the headway distribution data and plot the
joint PDF, CDF, and P-P plots of each fitted probability distribution model examined for each

site and evaluate the statistical results of the model fitting.

Step 3: Carry out the hypothesis testing of the fitted distribution or goodness of fit tests on the
models using the Akaike Information Criterion (AIC), Schwarz Information Criterion (SIC),

and Hannan Quinn Information Criterion (HQIC) as described in the methodology.

Step 4: Calculate the P-value for each distribution at 95% confidence and 5% significance
levels respectively. The higher the P-value and the more it exceeds 0.05 in all three tests at a 5

percent level of significance, the more compatible the model.

Step 5: Select the model that best fits the data based on the smallest AIC value and the largest
Loglikelihood (LLH) value. Use the P-value obtained in step 4 and according to the

criterion, accept or reject the stated hypothesis.

Step 6: Compare the model parameters as well as the mean time headway of the fitted empirical
data with the mixed traffic time headway data and evaluate the outcomes with respect

to capacity utilization of the study site.
The descriptive statistics of the headway data for the pilot site are shown in Table 3.31:

Table 3. 30: Summary Statistical Characteristics of the Headways

- . PILOT
Descriptive Statistics of Headways SITE
Mean 3.67
Standard Error 0.14
Median 2.1
Mode 1
Standard Deviation 4,55
Coefficient of Variation 1.23
Sample Variance 20.69
Kurtosis 13.00
Skewness 3.21
Coefficient of Variance 1.23
Range 37
Minimum 0
Maximum 37
Sum 3711
Sample Size 1010

The PDF, CDF, and P-P plots of the fitted probability distributions for the pilot site are shown
in Figures 3.29, 3.30, and 3.31. The P-value of the best-fitted distribution was included in
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performed are presented in tables 3.31 and 3.

32.

Figure 3.32. A summary of the probability distribution parameters and how the distributions
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Figure 3. 32: Estimated P-Value and Plot for Pilot Site
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Table 3. 31: Summary of Goodness of Fit Tests and Performance of the Probability Models
for Pilot Study

] Probability P Sig. Hypo. Best
Location Rank SIC AlIC HQIC LLH )
Model Value  Level Test Fit
2ND GEV 4042.28 4027.29 4032.96 -2010.64 0.7832 05 Accept
1ST Burr 4045.97 4025.99 4033.52 -2008.98 0.7872 0.5 Accept
PILOT
SITE 3RD  Loglogistic  4086.84 4076.84 4080.62 -2036.42 0.7962 0.5 Accept Burr

4TH  Lognormal  4150.91 4140.91 4144.69 -2068.45 0.7461 0.5  Accept
5TH InvGauss  4162.53 4152.53 4156.30 -2074.26 0.7055 0.5 Accept

The summary of the model parameters is shown in Table 3.32:

Table 3. 32: Summary of Parameters of the Probability Distributions for Pilot Study

) Probability Scale Location
Location o Shape Parameter
Distribution Parameter  Parameter
GEV 0.627169 - 0.887089 1.12756
Burr 2.80529 0.462925  0.937949 -
PILOT SITE  LogLogistic 0.517502 - 0.429871 -
Lognormal 0.962479 - 0.498461 -
InvGauss 1.75999 - 3.11653 -

3.13  Inferences from Pilot Study Findings

The pilot study has assessed the influence of BRT on mixed traffic capacity utilization and its
time headway implications on regional road R27, along major BRT trunk route T03, in Cape
Town South Africa, and arrived at concrete findings that have established the postulated
hypotheses and achieved the stated objectives through the application of the aforementioned
analytical methods. Firstly, using the ‘before and after BRT’ approach, coupled with the data
obtained from the surveyed sites, flow-density models were calibrated for the prediction of
capacity and other germane traffic parameters. A capacity utilization criteria table was
developed for the evaluation of traffic flow performance before and after BRT. To determine
the level of capacity utilization (LCU) from the criteria table, capacity utilization rates were
estimated as the ratio of actual flow to the maximum possible flow (or capacity) for the three
survey periods viz pre-BRT year 2009, the pre—lockdown year 2019, and the post-lockdown
year 2021. Capacity differentials were evaluated for the survey periods as well. The results

from the pilot study showed the existence of anomalous capacity utilization. In other words,
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the roadway was underutilized with regard to capacity as seen from the estimated capacity
utilization rates. Even though the observed capacity underutilization is caused by the provision
of additional lanes during the construction of the BRT corridor, which is justified by this
finding and serves as an advantage and solution to the incessant traffic congestion usually
experienced on the roadway before the advent of BRT, capacity, therefore, is not maximized.
Secondly, similar outcomes were also obtained using the empirical ‘with and without BRT’
approach, however, due to the shortcomings of the ‘before and after BRT’ approach, further
analysis of the main study is based on the ‘with and without BRT’ methodology.

Secondly, from the deterministic approach, the pilot analysis has also revealed the existence of
stochastic time headway distribution variabilities in the non-mixed traffic flow, with
anomalous consequences on the estimated capacities, and speed. With respect to travel time
for the proposed mixed traffic design, which was observed to increase and decrease at some
point across the sites, these anomalous changes were caused by the stochastic nature of the
time headways and speed, hence the time headways were subjected to further analysis to
understand how its distribution affected both the estimated mixed and non- traffic
characteristics and ultimately capacity utilization. Consequently, using the stochastic approach,
the time headway distributions were modelled using continuous probability distributions to see
which ones effectively fitted the vehicle time headways of non-mixed traffic on adjoining
lanes. Five models were fitted to the time headway distribution data extracted from the ATC,
using the ModelRisk software, and the attendant PDF, CDF, and P-P plots were extracted from
the software. The goodness of fit of the probability models was assessed by the Akaike
Information Criterion (AIC), the Schwartz or Bayesian Information Criterion (SIC or BIC),
and the Hannan Quinn Information Criterion (HQIC) model performance criteria respectively.
The criterion with the lowest value describes the model that best fits the headways. The Burr
distribution provided the best fit based on the AIC and LLH values at 95% level of confidence,
and 0.05 level of significance. It had the lowest values of AIC and the largest Log likelihood
values at the pilot site. The P-Values, which ranged between 0.70 and 0.79, showed the
likelihood of the occurrence of the data sets under the null hypothesis, hence the null hypothesis
was accepted. The headway characteristics results which were found to be continuously

distributed, showed significant head decrement with the considered mixed traffic scenario.

3.14 Summary

This chapter described has described the two analytical methods employed in this study which

are the ‘before and after BRT’ approach and the empirical ‘with and without BRT” approach.
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It also described the procedure for collecting the necessary traffic data for both methods. The
chapter also emphasized the geometric characteristics of the chosen road segments and the
factors for choosing the study site. The technique for gathering traffic statistics, the survey
crew, and the site coding for identification were all clearly specified. The best equipment for
collecting traffic data was determined to be the automatic traffic counter. Furthermore, the
chapter described the stepwise method of analyzing data for model formulation. The pilot study
presented in this chapter was used to confirm and ascertain the suitability of the two proposed
analytical methods. Therefore, based on the findings, the empirical ‘with and without BRT’
methodology, which has been tested through the pilot assessment was replicated for the main
study. Analysis from the preliminary investigation suggests a distinctive pattern of the
determinant of capacity utilization — high speed, and low flow rate. One is not completely sure
of such a pattern till the isolated empirical result is compared against findings from unrelated
sample survey data. By virtue of the isolated nature of the data on which the preliminary
investigation was based, the results of the roadway capacity utilization analysis conducted at
best could be described as broadly suggestive. Consequently, the data in this chapter begs a
number of questions about the influence of BRT on roadway capacity utilization. For this
purpose, the next three chapters (4, 5, and 6) will address issues on the determination of
roadway capacity utilization resulting from BRT, their effects on time headway, and their
relationship with roadway capacity utilization. Conclusions and recommendations are drawn

in Chapter 7.

CHAPTER 4
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EMPIRICAL SAMPLE SURVEYS

4.1 Overview

In attempting to explain road traffic reality, the choice of variables that describe a phenomenon
is often an issue. One such choice is a selection of variables regarded as the main determinants
of the traffic process. In light of the objectives set out in the introduction of this study, empirical
results of the interrelationships between the main variables (traffic volume, speed, and BRT)
which simultaneously influence roadway capacity utilization at the surveyed sites are presented
in this chapter. On the evidence of the preliminary capacity utilization analysis in the last
chapter, it can be suggested that there is a distinctive pattern of high speed (without BRT) and
low speed (with BRT) resulting from Bus Rapid Transit (BRT). One is not completely sure of
such a speed pattern till the isolated empirical result is compared against findings from
unrelated survey data. In any case, this chapter will present the results from survey data that

would be analyzed in the subsequent chapters.

The tabulated results in this chapter will show the following: site code, total surveyed road
length, capacity utilization variability, and site features. Since the study is empirically based,
the attendant traffic data is essential to achieving the stated study objectives. The essential
traffic data, as well as the appropriate methods employed for its collection, were discussed in
the preceding chapter. The traffic data includes details like speed, volume, headway, vehicle
type, and time of vehicle movement as recorded by the ATC under the current circumstances.
Other traffic characteristics, such as density and capacity, and time headways, were estimated
from the empirically surveyed data while the traffic composition is examined utilizing the
fundamental relationship of flow. In any case, the remainder of the chapter is divided into three
sections, with section 4.4 concluding the chapter. In section 4.2, a summary of the geometric
data for the four sites is presented. Along with the geometric data, section 4.3 also includes
individual site reports for each study site that were harvested from the automatic traffic
counters (ATC). The following is the order of presentation of each site report: the flow-time
profile, volume-density graph, speed-density graph, traffic composition, hourly traffic volume,

and speed for each prevailing condition. The chapter is summarized in section 4.4.

4.2 Empirical Results from Sites
The study site is R27, situated along the major trunk route T02 (Atlantis — Table View — Civic
Centre), as shown in Figure 2.1 is not an exception to this design. It is a provincial route in

South Africa that belongs to the second category of roads in the South African route-numbering
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scheme and is referred to as a major regional route. It can be recalled that R27 already satisfied
the criteria for site selection, as outlined in section 3.3, subsection 3.3.1, the data collected on
it are reliable and appropriate for the investigation. Based on these criteria, four sites or
roadway segments were selected on R27. For easy identification, they were assigned codes,
which are a combination of alphabets and numbers. The study sites are SS001 (Sandown
Station — Porterfield Station), SS002 (Porterfield Station — Sandown Station), SS003 (Table
View Station — Sunset City Junction), and SS004 (Sunset City Junction — Table View Station).

Table 4.1 summarises the physical or geometric features of the four selected sites.

Table 4. 1: Summary of Geometric Features of Selected Study Sites

Site Features SS001 SS002 SS003 SS004
Name of Road SSto PS PSto SS TVSto SCJ SCJto TVS
Type of road R27 R27 R27 R27
Terrain Type Level Terrain | Level Terrain | Level Terrain | Level Terrain
Annual Daily 12355 12069 14887 14140
Traffic (ADT) veh/day veh/day veh/day veh/day
BRT Lane Yes Yes Yes Yes
Number of
Adjoining Lanes 2 2 2 2
Width of 3.7m/In 3.7m/In 3.7m/In 3.7m/In
Adjoining Lanes
Pavement
Surfacing Asphalt Asphalt Asphalt Asphalt
Length of Road 1250 1250 1200 1200
Segment
Presence of
Shoulder Yes Yes Yes Yes
Width of
Shoulder 2.5m 2.4m 2.1m 0.98m
Width of BRT 4.3m 4.3m 4.3m 4.3m
Lane
Posted Speed 70km/hr 70km/hr 70km/hr 70km/hr

SS ~ Sandown Station, PS ~ Porterfield Station, TVS ~ Table View Station, SCJ ~ Sunset
City Junction

Traffic data were collected both on the BRT dedicated lane and adjoining lanes in each site.
The ATC was used to collect the data, sequel to being installed on both lanes. The target data,
through its analysis, was intended to show differentials in traffic characteristics such as speed,
volume, density, headway, and capacity. Manual data collection had initially been carried out

for the pilot test, and data collected was compared with automatic data for quality checks. The
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four sites were characterized by straight segments with a BRT dedicated and two adjoining

lanes located in parallel with it.

4.2.1 Individual Site Data

4.2.1.1 Sandown Station to Porterfield Station SS001

The Sandown Station — Porterfield Station roadway is a three-lane segment with one BRT
dedicated lane running parallel to the median and two adjoining lanes also running parallel to
it. It is a typical provincial road with an average daily traffic count of 12355 veh/day and a
design speed of 80km/h. A speed limit of 70 km/h is posted on the asphalt-paved road, which
has a 20-year pavement design life. The roadway is flat with minimal horizontal curves where
it is situated. Vehicle traffic on this road is directed from Sandown Station — Porterfield Station.
The two adjoining lanes are both 3.7 m wide and with a shoulder 2.5 m in width. The length of
the road segment is 2120 m long and runs along the Atlantis axis to Sunset City route, precisely
between Sandown Station — Porterfield Station. The length of the road exceeds the permitted
stopping sight distances from Sandown Station and Porterfield Station, which are 210m and
550m, respectively. Figure 4.1 shows the setup at site SS001 with installed ATCs and
pneumatic tubes ready for data logging. For twelve weeks, the road section’'s traffic data were
continually recorded. There are a variety of vehicle types on this road, including motorcycles,
lightweight, medium-weight, and heavy-weight automaobiles, however, the proportions of each
type of vehicle vary. Figure 4.2 shows the flow versus time profile as obtained from the ATC.
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Figure 4. 1: Set-Up at Site SS001 with Installed Pneumatic Tubes and ATCs
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Figure 4. 2: Flow versus Time Profile of SS001
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Figure 4. 3: Volume vs Density Plot of SS001
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Figure 4. 4. Speed vs Density Plot of SS001
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4.2.1.1.1 Empirical Hourly Traffic Volumes at SS001

Traffic data was logged, as shown in the flow vs time profile for site SS001. The period referred
to as peak traffic is between 6:30am to 7:30am, while off peak traffic is between 11:00 am and
12:00 pm. Vehicle flow rate and data collection date are connected. The traffic flow/time
profile shows that time was the primary factor in the daily variance in traffic flow. Additionally,
it's unclear how traffic moves during the week; for instance, Sundays witnessed less movement
than other days. Likewise, Figures 4.3 and 4.4, respectively, depict the volume-density and
speed-density plots. According to the nature of the relationship between flow and density, in
the fundamental diagram. The dispersion plot in Figure 4.3 follows a parabolic curve pattern.
Furthermore, it agrees with the fundamental diagram's unrestricted region. Similarly, Figure
4.3 depicts the speed-density plot of the data collected and it is in alignment with the speed-
density relationship plot of the fundamental diagram. However, it is necessary to keep in mind

that the graph’s scope is about a variety of moving vehicles in a traffic stream.

At SS001, four vehicle classes were recognized for the dry condition considered. They are
passenger cars (PC), motorcyclists (MC), light vehicles (LV), medium vehicles (MV), and
heavy vehicles (HV). However, as was already said, motorbikes especially power bikes, which
were scarcely found on the road due to private use and not commercial, were not considered
when analyzing the data, The reason motorcycles weren’t considered is that there is no car
following influence on motorcyclists in the flow of traffic. Tables 4.2 and 4.3 also present the
typical hourly composition of traffic volume and speed of the vehicle classes at SS001 during
peak and off-peak hour flows, while Table 4.4 presents hourly traffic volume and speed for
BRT.

Table 4. 2: Typical Volume and Speed for SS001 (Peak Period)

. . MV per HV per Total per H
Period  PC per 5mins 5mins 5mins 5mins (Km/hr)
1 95 2 0 97 85
2 92 4 4 100 83
3 97 3 1 101 84
4 101 5 3 109 76
5 86 4 1 91 89
6 95 7 1 103 88
7 98 6 0 104 79
8 95 9 0 104 83
9 85 6 4 95 86
10 89 9 2 100 78
11 80 8 5 93 79
12 89 3 3 95 82
lhr 1102 66 24 1192 83

PC - passenger, MV - medium vehicle, HV - heavy vehicle, u - speed
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Table 4. 3: Typical Volume and Speed for SS001 (Off-Peak Period)

er PC MV HV Total "
eriod per er 5mins per er 5mins  (Km/hr)
5mins P 5mins P
1 66 12 2 80 88
2 80 9 1 90 84
3 77 6 1 84 82
4 77 9 2 88 85
5 75 6 2 83 82
6 79 6 3 88 83
7 70 8 2 80 85
8 56 5 1 62 88
9 63 8 1 72 83
10 55 8 2 65 85
11 72 3 1 76 81
12 40 1 0 41 77
lhr 810 81 18 909 84

PC - passenger, MV - medium vehicle, HV - heavy vehicle, u - speed

Table 4. 4: Typical BRT Volume and Speed for SS001
Period BRT (per 5mins) Total (per 5Smins)  u (km/hr)
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4.2.1.2 Porterfield Station to Sandown Station SS002

The Porterfield Station — Sandown Station roadway is located on the opposite side of the
Sandown Station — Porterfield Station roadway. It has the same features as that of the Sandown
Station — Porterfield Station roadway. Vehicle traffic on this segment is directed from
Porterfield Station — Sandown Station. The two adjoining lanes are both 3.7 m wide and with
a shoulder width of 2.4m. The average daily traffic is about 12069 vehs/day with a design speed
of 80km/hr, but the posted speed is 70km/hr. Figure 4.5 shows the setup at site SS002 with
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installed ATCs and pneumatic tubes ready for data logging. Due to a shift in the direction of
vehicle travel as recorded by the ATC, the traffic statistics changed. Different vehicle types are
present in different quantities in the traffic mix. Figure 4.6 shows the flow versus time profile
as obtained from the ATC. Traffic data was collected from November 10 to November 16,
2021, as seen by the flow vs time profile for SS002. Vehicle flow rate and data collection date
are connected. The traffic flow/time profile shows that time was the primary factor in the daily
variance in traffic flow. Additionally, it's unclear how traffic moves during the week; for
instance, Sundays witnessed less movement than other days. Likewise, Figures 4.7 and 4.8,
respectively, depict the volume-density and speed-density plots. According to the nature of the
relationship between flow and density, in the fundamental diagram, the dispersion plot in
Figure 4.7 follows a parabolic curve pattern. Furthermore, it is a replica of the fundamental
diagram’s unrestricted region. Similarly, Figure 4.8 depicts the speed-density plot of the data
collected and it is in alignment with the speed-density relationship plot of the fundamental

diagram.

Figure 4. 5: Set-Up at Site SS002 with Installed Pneumatic Tubes and ATCs
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Figure 4. 7: Volume vs Density Plot of SS002
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Figure 4. 8: Speed vs Density Plot of SS002

4.2.1.2.1 Empirical Hourly Traffic Volumes at SS002

At SS002, four vehicle classes were also recognized for the prevailing conditions considered.
They are passenger cars (PC), motorcyclists (MC), light vehicles (LV), medium vehicles (MV),
and heavy vehicles (HV). However, as was already said, motorbikes especially power bikes,
which were scarcely found on the road due to private use and not commercial, were not
considered when analyzing the data, The reason motorcycles weren’t considered is that there
is no car following influence on motorcyclists in the flow of traffic. Tables 4.5 and 4.6 likewise
show the typical hourly composition of traffic volume and speed of the vehicle classes at SS002
during peak and off-peak hour flows, while Table 4.7 presents hourly traffic volume and speed
for BRT.

Table 4. 5: Typical Volume and Speed for SS002 (Peak Period)

Period PC MV HV Total Il
per 5mins per 5mins per 5mins per 5mins (Km/hr)

1 121 4 5 130 70
2 110 7 4 121 73
3 98 1 4 103 75
4 104 5 4 113 74
5 82 1 3 86 79
6 111 0 5 116 81
7 92 3 1 96 76
8 98 2 8 108 70
9 106 3 4 113 71
10 96 3 5 104 71
11 114 1 2 117 78
12 94 2 3 99 72
lhr 1226 32 48 1306 74

PC - passenger, MV - medium vehicle, HV - heavy vehicle, u - speed
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Table 4. 6: Typical Volume and Speed for SS002 (Off-Peak Period)

Period PC MV HV Total M
per 5mins per 5mins  per 5mins per 5mins (Km/hr)

1 90 4 5 99 75
2 65 7 4 76 77
3 73 1 4 78 75
4 74 5 4 83 76
5 80 1 3 84 74
6 72 0 5 77 74
7 82 3 1 86 72
8 80 2 8 90 68
9 85 3 4 92 70
10 79 3 5 87 72
11 80 1 2 83 71
12 79 2 3 84 75
1hr 939 32 48 1019 73

PC - passenger, MV - medium vehicle, HV - heavy vehicle, u - speed

Table 4. 7: Typical BRT Volume and Speed for SS002

Period BRT (per 5mins) Total (per 5mins)  u (Km/hr)
1 3 3 71
2 3 3 64
3 2 2 60
4 3 3 80
5 2 2 59
6 3 3 76
7 2 2 69
8 1 1 66
9 1 1 66
10 2 2 74
11 1 1 77
12 3 3 72

lhr 26 26 69

BRT — Bus Rapid Transit, u — speed

4.2.1.3 Table View Station to Sunset City Junction SS003

The Table View Station — Sunset City Junction roadway is also a three-lane segment with one
BRT dedicated lane running parallel to the median and two adjoining lanes also running
parallel to it. It is also a typical provincial road with an average daily traffic count of
14888veh/day and a design speed of 80km/h. A speed limit of 70 km/h is posted on the asphalt-
paved road, which has a 20-year pavement design life. The roadway is flat with minimal
horizontal curves where it is situated. Vehicle traffic on this road is directed from the Table

View Station towards Sunset City Junction. Figure 4.9 shows the setup at site SS003 with
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installed ATCs and pneumatic tubes ready for data logging. The two adjoining lanes are both
3.7 m wide and with a shoulder width of 2.1 m. The length of the road segment is 2120 m long
and runs along the Atlantis axis to the Sunset City route, precisely between Table View Station
— Sunset City Junction. The length of the road exceeds the permitted stopping sight distances
from Sandown Station and Porterfield Station, which are 210m and 550m, respectively. Figure

4.10 shows the flow versus time profile as obtained from the ATC.
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Figure 4. 9: Set-Up at Site SS003 with Installed Pneumatic Tubes and ATCs
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Figure 4. 10: Flow vs Time Profile of SS003

Traffic data was logged, as shown by the flow vs time profile for SS003. Vehicle flow rate and

data collection date are connected. The traffic flow/time profile shows that time was the
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primary factor in the daily variance in traffic flow. Additionally, it's unclear how traffic moves
during the week; for instance, here, Friday and Sunday witnessed less movement than other
days. Likewise, Figures 4.11 and 4.12 respectively, depict the volume-density and speed-
density plots. According to the nature of the relationship between flow and density, in the
fundamental diagram, the dispersion plot in Figure 4.11 follows a parabolic curve pattern.
Furthermore, it follows the pattern of the fundamental diagram's unrestricted region. Similarly,
Figure 4.12 shows the speed-density plot of the data collected and it is in alignment with the
speed-density relationship plot of the fundamental diagram. However, it is important to keep

in mind that the graph’s scope is about a variety of moving vehicles in a traffic stream.
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Figure 4. 11: Volume vs Density Plot of SS003
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Figure 4. 12: Speed vs Density Plot of SS003

4.2.1.3.1 Empirical Hourly Traffic Volumes at SS003

At SS003, four vehicle classes were also recognized for the prevailing conditions considered.
They are passenger cars (PC), motorcyclists (MC), light vehicles (LV), medium vehicles (MV),
and heavy vehicles (HV). However, as was already said, motorbikes especially power bikes,
which were scarcely found on the road due to private use and not commercial, were not
considered when analyzing the data, The reason motorcycles weren’t considered is that there
is no car following influence on motorcyclists in the flow of traffic. Tables 4.8 and 4.9 also
show the typical hourly composition of traffic volume and speed of the vehicle classes at SS003
during peak and off-peak hour flows, while Table 4.10 presents hourly traffic volume and speed
for BRT.

Table 4. 8: Typical Volume and Speed for SS003 (Peak Period)

Period PC MV HV Total per Il
per 5mins per 5mins  per 5mins 5mins (Km/hr)

1 110 3 5 118 74
2 101 4 2 107 75
3 130 11 6 147 70
4 122 8 5 135 68
5 158 8 8 174 68
6 128 3 10 141 68
7 137 10 13 160 66
8 156 14 5 175 67
9 155 6 17 178 62
10 159 10 7 176 61
11 144 4 10 158 34
12 156 7 4 167 26
lhr 1656 88 92 1836 62

PC — passenger, MV — medium vehicle, HV — heavy vehicle, u — speed
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Table 4. 9: Typical Volume and Speed for SS003 (Off-Peak Period)

Period PC MV HV Total i
per 5mins per 5mins  per 5mins per 5mins (Km/hr)

1 72 8 2 82 80
2 68 7 2 77 73
3 72 4 4 80 73
4 65 5 2 72 74
5 62 9 3 74 75
6 65 8 3 76 78
7 63 5 2 70 74
8 70 4 4 78 73
9 67 4 3 74 78
10 69 6 4 79 74
11 73 11 3 87 75
12 67 4 10 81 73
lhr 813 75 42 930 75

PC — passenger, MV — medium vehicle, HV — heavy vehicle, u — speed

Table 4. 10: Typical BRT Volume and Speed for SS003
Period BRT (per 5mins) Total (per 5mins)  u (Km/hr)
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4.2.1.4 Sunset City Junction to Table View Station SS004

The Sunset City Junction — Table View Station roadway is located in the opposite direction of
the Table View Station — Sunset City Junction roadway. It has the same features as that of the
Table View Station — Sunset City Junction roadway. Vehicle traffic on this road is directed
from the Sunset City Junction — Table View Station. Figure 4.13 shows the setup at site SS004
with installed ATCs and pneumatic tubes ready for data logging. The two adjoining lanes are
both 3.7 m wide and with a shoulder width of 0.98m. The average daily traffic is about 14140
veh/day with a design speed of 70km/hr. Due to a shift in the direction of vehicle travel as

recorded by the ATC, the traffic statistics changed. Different vehicle types are present in
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different quantities in the traffic mix. Figure 4.14 shows the flow versus time profile as
obtained from the ATC.
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Figure 4. 13: Set-Up at Site SS004 with Installed Pneumatic Tubes and ATCs
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Figure 4. 14: Flow vs Time Profile of SS004

Traffic data at SS004 was collected from November 24 to December 1, 2021, as seen by the
flow vs time profile. Vehicle flow rate and data collection date are connected. The traffic
flow/time profile shows that time was the primary factor in the daily variance in traffic flow.

Additionally, it’s unclear how traffic moves during the week; for instance, here, Saturday and
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Sunday witnessed less movement than other days. Likewise, Figures 4.15 and 4.16 respectively
depict the volume-density and speed-density plots. According to the nature of the relationship
between flow and density, in the fundamental diagram, the dispersion plot in Figure 4.15
follows a parabolic curve pattern. Furthermore, it follows the pattern of the fundamental
diagram's unrestricted region. Similarly, Figure 4.16 shows the speed-density plot of the data
collected and it is in alignment with the speed-density relationship plot of the fundamental
diagram. However, it is important to keep in mind that the graph’s scope is about a variety of

moving vehicles in a traffic stream.
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Figure 4. 15: Volume vs Density Plot of SS004
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Figure 4. 16: Speed vs Density Plot of SS004
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4.2.1.4.1 Empirical Hourly Traffic Volumes at SS004

At SS004, four vehicle classes were also recognized for the prevailing conditions considered.
They are passenger cars (PC), motorcyclists (MC), light vehicles (LV), medium vehicles (MV),
and heavy vehicles (HV). However, as was already said, motorbikes especially power bikes,
which were scarcely found on the road due to private use and not commercial, were not
considered when analyzing the data. Tables 4.11 and 4.12 also show the typical hourly
composition of traffic volume and speed of the vehicle classes at SS004 during peak and off-

peak hour flows, while Table 4.13 presents hourly traffic volume and speed for BRT.

Table 4. 11: Typical Volume and Speed for SS004 (Peak Period)

Period PC MV HV Total U
per 5mins  per 5mins per 5mins per bmins  (Km/hr)

1 142 5 7 154 72
2 122 9 2 133 74
3 108 7 5 120 75
4 138 7 4 149 73
5 107 8 3 118 78
6 141 4 5 150 74
7 120 5 2 127 69
8 132 6 2 140 67
9 135 7 2 144 68
10 127 7 5 139 69
11 139 4 4 147 65
12 146 5 3 154 65
lhr 1557 74 44 1675 71

PC - passenger, MV - medium vehicle, HV - heavy vehicle, u - speed

Table 4. 12: Typical Volume and Speed for SS004 (Off-Peak Period)

Period PC MV HV Total H
per 5mins  per 5mins  per 5mins per 5mins  (Km/hr)

1 60 3 0 63 89
2 65 1 0 66 86
3 67 2 1 70 82
4 55 0 2 57 84
5 45 1 0 46 81
6 43 2 1 46 80
7 80 2 2 84 79
8 76 3 3 82 78
9 53 2 2 57 77
10 75 2 3 80 75
11 79 1 4 84 80
12 67 3 1 71 80
1hr 765 22 19 806 81

PC - passenger, MV - medium vehicle, HV - heavy vehicle, u - speed
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Table 4. 13: Typical BRT Volume and Speed for SS004

Period BRT (per 5mins) Total (per 5mins)  u (Km/hr)
52
81
65
72
70
61
73
70
61
73
73
68
68
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Table 4.14 gives the summary of vehicle volumes recorded in one-hour across the four sites.

Table 4. 14: Traffic volume Summary

Traffic
Period SS001 SS002 SS003 SS004
Peak 1184 1306 1836 1675
Off-Peak 909 1019 930 806

According to the table, SS003 recorded the maximum volume of vehicles throughout the one-
hour peak daytime count with a total of 1836 vehicles, while SS001 recorded the lowest with
1184 vehicles. The largest recorded number of vehicles during the one-hour off-peak daytime
count was accounted for by SS002, with a total of 1019 vehicles, and the lowest by SS004,
with 806 vehicles. Similarly, for BRT traffic volumes, a total of 38 vehicles were observed in
SS004, followed by SS003 (33), SS002 (26), and finally SS001 (22), which is the lowest as
shown in Table 4.15

Table 4. 15: BRT Traffic volume Summary

Site SS001 SS002 SS003  SS004
Peak 22 26 33 38
Off-Peak 14 17 17 27

4.3 Summary
The empirical results from surveyed sites have now been presented showing volume, speed,
and the extent of prevailing road traffic volume. The tables presented in this section are

classified into four distinct divisions (with and without BRT; peak and off-peak periods).
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Traffic volume fluctuates widely with time and the nature of variation depends on the type of
the highway. Four different categories of traffic vehicles for each location, viz motorcycles,
light vehicles (passenger cars), moderate vehicles, and heavy vehicles. Nevertheless, the mix
of different vehicle types in the traffic varied from site to site. Motorcycles were omitted
particularly because they have little influence on the traffic stream vehicle following order and
also because of their near absence or insignificant volume. Despite the COVID-19 pandemic
and other unanticipated mobility inhibitors, passenger cars, dominated traffic flow, accounting
for an average of 91% of all vehicle movements during off-peak hours across the four sites.
Medium vehicles made up 6% of this total, and heavy trucks made up 4%. In terms of
percentages during peak traffic flows, passenger cars also made up the largest amount (92%)
across the four sites, followed by medium vehicles and heavy vehicles with 4% and 3.6%
respectively.

Overall, a total of 9, 665 vehicles were surveyed in one hour during both peak and off-peak
periods. The highest recorded traffic volume of vehicles at peak was at site SS003 with 1816
vehicles during the one-hour duration count and site SS001 with the lowest traffic volume of
1184 per hour. The highest recorded traffic volume of vehicles at off-peak was at site SS002
with 1019 vehicles during the one-hour duration count and site SS004 with the lowest traffic
volume of 866 per hour. The highest recorded percentage of passenger cars at peak was 93.9%
at site SS002, and the lowest was 91.2% at site SS003. The highest recorded percentage of
passenger cars at off-peak was 92.1% at site SS002 and the lowest was 87.4 % at site SS003.
Site SS003 has the highest recorded percentage of commercial vehicles at 5.1% at peak, with
Site SS004 having the lowest at 2.6% at peak. By contrast, Site SS002 with 4.2% has the
highest percentage of commercial vehicles during off-peak periods with site SS001, 2%. In all
cases, empirical evidence shows a drop in vehicle speeds induced by BRT, especially regarding

passenger cars.
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CHAPTER 5

EFFECT OF BRT ON MIXED-TRAFFIC CAPACITY
UTILIZATION

51 Overview

This chapter analyzes the empirical data from chapter four to evaluate how Bus Rapid Transit
(BRT) dedicated lane affects the capacity utilization of mixed traffic flows on the adjoining
lanes of a multilane roadway. Mixed traffic conditions refer to both the macro and micro
characteristics of the traffic stream and the stream elements that use the facility, such as traffic
composition, directional distribution, the proportion of various vehicle types, and their
performance capability relative to the prevailing geometric conditions, which include the road
surface and geometric parameters like lane widths, number of intersections, horizontal and
vertical alignments. The measure of capacity utilization relies on two germane parameters
which are the operational traffic flows/5mins period (actual output) and the operational traffic
capacity (maximum possible output). These parameters, as well as speed, are used to develop
the capacity utilization criteria table, under daylight and dry weather conditions. The table is

then used to evaluate the capacity utilization levels.

In the process, the fundamental diagram's flow and density relationship was used to model and
estimate capacity, which is an important parameter in the determination of capacity utilization
rates on the roadway, while the relationship between speed and density was used to estimate
the optimum flow and speed required for unrestricted traffic movement under steady flow
conditions. In the relationship between flow and density, density functions as the control
parameter and flow as the objective function. In the speed/density relationship, density is used
as the control parameter and speed is the objective function. The coefficient of determination
serves as the foundation for the model equations' validity. The estimated and actual flow values
are related by the coefficient of determination, which has values between 0 and 1. If it is 1,
then the sample has a perfect correlation, meaning that the estimated and real flow values are
identical. The quadratic equation, however, cannot be used to make predictions if the
coefficient of determination is 0. This is because it cannot be used to forecast flow. However,
before estimating roadway capacity utilization, it is crucial to model traffic flow to determine
the maximum flow or capacity before assessing the usage or Utilization of the roadway. To do
this, estimated volumes were converted into passenger car equivalent (PCE) values. The

stepwise estimation of parameters for the determination of the effect of BRT on capacity
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utilization follows the procedure outlined for the pilot test in chapter three. Consequently, the
remainder of this chapter is such that section 5.2 discusses the estimation of PCE values,
section 5.3, the non-mixed traffic capacity, and section 5.4 explains the estimation of mixed
traffic capacity. In section 5.5, the determination of capacity utilization is given. Optimum
flows and speeds are presented in section 5.6, while the determination of traffic capacity

differentials was discussed in section 5.7. Section 5.8 gives a summary of the chapter.

5.2 Passenger Car Equivalent Values

Even though the standard PCE values obtained from SANRAL for South African roads had
been investigated in the pilot test in chapter three and considered applicable due to the results
of the hypothesis as there was no significant difference between the expected and the calculated
PCE, the PCE values for the other sites are additionally estimated to confirm compliance or
compatibility of the study site with it. According to The HCM (2010, p. 9-13), it will be
recalled that a passenger car equivalent refers to ‘the number of passenger cars that will result
in the same operational conditions as a single heavy vehicle of a particular type under specified
roadway, traffic, and control conditions’ (HCM, 2010). As previously mentioned, the
passenger car equivalent values listed in table 2.3 are with respect to favourable weather,
daylight, and level roadway conditions, and are based on data from the South African National
Roads Agency Limited (SANRAL). However, due to the introduction of the BRT
infrastructure with median dedicated lanes configuration and the conditions under which this
study was conducted, including the presence and operation of BRT buses, assessing if the PCE
values are suitable is therefore necessary. Due to variations in estimation techniques, the
calculation of passenger car equivalent values continues to be a contentious issue. It's easy to
use the headway method. It is calculated as the difference between the target vehicle's average

headway and the car's average headway. It is mathematically expressed as:

PCE;; = -4 5.1
Hpc;j
where PCE;; = passenger car equivalent of vehicle type i under conditions j, and H;;, H,;j is

the average headway for vehicle type i and passenger car (PC) conditions j. According to the
(HCM, 2010), headway = Spacing (m/veh)/Speed (m/s) and  Spacing =
1000/Density (m/veh). The estimated densities for each section of roadway and their
corresponding relative average speeds were imputed into the above equations for the different

vehicle types (PCs, MVs, and HVs). For instance,

At site SS001 (at peak traffic flow): where spacing = 1000/45 = 22.22m/veh, the individual
headways for each vehicle class are calculated thus:
153



Headway (PC) = 22.22/22.86 = 0.97sec/veh
Headway (MV) = 22.22/23.04 = 0.96sec/veh
Headway (HV) = 22.22/21.52 = 1.03sec/veh

Therefore, the passenger car equivalent values for each class of vehicle are thus estimated as
follows:

PCE (PC) = 0.97/0.97 = 1.0 unit

PCE (MV) = 0.96/0.97 = 0.98 unit

PCE (HV) = 1.03/0.97 = 1.06 unit

At site SS002 (at peak traffic flow): where spacing = 1000/46 = 21.74m/veh, the individual
headways for each vehicle class are calculated thus:

Headway (PC) = 21.74/21.83 = 0.99sec/veh

Headway (MV) = 21.74/19.55 = 1.11sec/veh

Headway (HV) = 21.74/19.31 = 1.13sec/veh

Therefore, the passenger car equivalent values for each class of vehicle are thus estimated as
follows:

PCE (PC) = 0.99/0.99 = 1.0 unit

PCE (MV) = 1.11/0.99 = 1.12 unit

PCE (HV) = 1.13/0.99 = 1.14 unit

At site SS003 (at peak traffic flow): where spacing = 1000/55 = 18.18m/veh, the individual
headways for each vehicle class are calculated thus:

Headway (PC) = 18.18/20.58 = 0.88sec/veh

Headway (MV) = 18.18/18.92 = 0.96sec/veh

Headway (HV) = 18.18/18.31 = 0.99sec/veh

Therefore, the passenger car equivalent values for each class of vehicle are thus estimated as
follows:

PCE (PC) = 0.88/0.88 = 1.0 unit

PCE (MV) = 0.96/0.88 = 1.09 unit

PCE (HV) = 0.99/0.88 = 1.13 unit

At site SS004 (at peak traffic flow): where spacing = 1000/47 = 21.28m/veh, the individual

headways for each vehicle class are calculated thus:
154



Headway (PC) = 21.28/20.42 = 1.04sec/veh
Headway (MV) = 21.28/19.17 = 1.11sec/veh
Headway (HV) = 21.28/18.33 = 1.16sec/veh

Therefore, the passenger car equivalent values for each class of vehicle are thus estimated as
follows:
PCE (PC) = 1.04/1.04 = 1.0 unit
PCE (MV) = 1.11/1.04 = 1.07 unit
PCE (HV) = 1.16/1.04 = 1.12 unit
The headway method has the merit of being simple to use and the ease with which empirical
headway data can be calculated. The headway method could also be used to distinguish
between the effects of congested and free-flowing traffic. Table 5.1 gives the summary of the
modified PCE values.

Table 5. 1: Modified PCEs

Site Ve k s u h PCE
PC 22.86 0.97 1.00

SS001 MV 45 22.22 23.04 0.96 0.98
HV 21.52 1.03 1.06

PC 21.83 0.99 1.00

SS002 MV 46 21.74 19.55 111 1.12
HV 19.31 1.13 1.14

PC 20.58 0.88 1.00

SS003 MV 55 18.18 18.92 0.96 1.09
HV 18.31 0.99 1.13

PC 20.42 1.04 1.00

SS004 MV 47 21.28 19.17 1.11 1.07
HV 18.33 1.16 1.12

VC ~ vehicle class, PC ~ passenger car, MV ~ medium vehicle, HV ~ heavy vehicle, k ~
density, s ~ spacing, u ~ speed, h ~ headway

5.2.1 Comments on Modified PCE Values and Statistical Tests

From the summary of the modified PCE values shown in table 5.1 above, and as observed in
the pilot test, the modified PCE values for medium and heavy vehicles in the non-mixed traffic
on the adjoining lanes do not match the PCE values recommended by SANRAL. Due to the
presence of BRT dedicated lanes, capacity has been underutilized, which has caused a shift in
PCE values. The modified PCE and SANRAL values for medium and heavy vehicles were
consequently subjected to a statistical test using the chi-square at a 95% level of confidence.
The purpose of the test is to determine whether there exists a significant discrepancy between
the adjusted PCE values and SANRAL’s. These two hypotheses were put forth:
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o Null hypothesis (Hy): No distinction between SANRAL PCE values and the modified
values

e  Alternative hypothesis (H;): There is a distinction between SANRAL PCE values and
the modified values.

Equation 3.14, the chi-square test from chapter 3 is recalled here and is given as:

_(0—e)?

e

XZ

where X2 = chi-square, o = observed value, e = expected value

Based on a 95% confidence level and for one degree of freedom, the test was done taking X2 =
3.84 from the chi-square distribution table (see appendix). However, if X? > 3.84, therefore
the alternative (H;) hypothesis is accepted, indicating that there is a significant difference
between the standard PCE from SANRAL and the modified PCEs. On the other hand, if X? <
3.84, then, it means there is no significant difference between the standard PCE from SANRAL
and the modified PCEs, hence the null hypothesis (H,) is accepted. Therefore, for medium
vehicles (MV) with a modified PCE value of 0.98 under dry day-time conditions and SANRAL
PCE value of 1.75:

2 _ (0.98-1.75)2
- 1.75

and for heavy vehicles (HV) with a modified PCE value of 1.06 under dry day-time conditions
and SANRAL PCE value of 3.0;

X =0.34 < 3.84

2 _ (1.06-3)2

X =1.25<3.84

Thus, the null hypothesis (H,) is accepted since 0.33 < 3.84 and 1.33 < 3.84 for the medium
and heavy vehicles respectively and the alternate hypothesis (H;) is rejected. Therefore, at 95
percent level of confidence for one degree of freedom, the results demonstrate no statistically
significant difference between the adjusted PCE and SANRAL values. Hence, because there is
no discernible difference, either the SANRAL PCE or the modified PCEs could be employed,;
hence, it was deemed safe and fit to use the SANRAL PCE values for this study. It is important
to keep in mind that the PCE value depends on three key factors: the roadway, the weather,
and the composition of traffic. It is not a fixed value associated with any one vehicle type. The
sections that follow deal with the estimation of non-mixed and subsequently mixed traffic

capacity utilization for the main study and show how the SANRAL PCE values were applied.
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5.3 Site SS001 Capacity Utilization

Recall that roadway capacity utilization had been described as a ratio of operational traffic
flow/5mins period and operational roadway capacity, also referred to as volume-to-capacity
ratio or degree of saturation. It is on this premise that the Level of Capacity Utilization (LCU)
criteria table is developed. The operational flow or demand volume is the actual number of
vehicles moving past a section or point on a roadway within a period of time (usually an hour).
For simplicity, it is often referred to as the actual output volumes. Operating roadway capacity
on the other hand is the maximum number of vehicles expected to move past a section or point
within an hour. It is also referred to as the maximum possible vehicle output. This ratio, sequel
to it computation gives the utilization rate of a typical road section under investigation. The
objective function for quantitative assessment is traffic flow, while the independent parameter

is density.

These parameters were employed in developing the criteria table for the evaluation of the level
of capacity utilization of the roadway in the presence of BRT dedicated lanes. In this
investigation, the empirical data at peak traffic under daylight and dry weather conditions at
the study sites were used to set up the criteria table. This is important to allow for the
consideration of the worst-case scenario on the roadway to be utilized, given that the road reaches
its maximum capacity during peak traffic periods with comparable traffic performance. The
stepwise procedure employed for the pilot assessment was replicated for the main study and
presented in the sections that follow. Figure 5.1 shows a schematic framework of the analytical
steps employed for the development of the criteria table for each site. The analytical step is adopted

due to its simplicity and clarity.
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Recall extracted empirical data from chapter 4 and estimate
traffic data for dry daylight (peak). dry daylight (off-peak).
Apply modified PCE values and estimate flows.
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and determine flows and densities for Q,, levels A
(100%), B (85%), C (75%), D (50) and E (25%)

v

Develop a criteria table for the evaluation of
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Evaluate non-mixed and mixed traffic LCU, speed,
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estimated Q,, rates at peak and off-peak traffic
periods, using the developed Q,, criteria table.

End

Figure 5. 1: Schematic Framework for Level of Capacity Utilization (LCU) Analysis
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5.3.1 Capacity Utilization Criteria Table for SS001

The following stepwise procedure was employed for the development of the capacity
utilization criteria table for site SS001 (without BRT influence).

Step 1. Using the peak traffic flow data from the empirical results reported in chapter four, the
five-minute traffic volumes are converted first into PCEs using SANRAL’s standard PCE
values givenas PC =1, MV =1.75, and HV = 3.0. Using a multiplier (x12), the 5mins volumes
were converted to flow rates in pce per hour, and with the speed known, densities were

calculated using equation 2.17, g = uk. Table 5.2 shows the estimated flow, speed, and density

at peak hours for SS001.
Table 5. 2: Level of Capacity Utilization (LCU) Parameters
PC MV HV Vol MV HV q u k q
Period 1 2 3 4 5 6 7 8 9 10
2*1.75 3*3 1+5+6 10/8  7*12
1 95 2 0 97 4 0 99 85 14 1188
2 92 4 4 100 7 12 111 83 16 1332
3 97 3 1 101 5 3 105 84 15 1260
4 101 5 3 109 9 9 119 76 19 1428
5 86 4 1 91 7 3 96 89 13 1152
6 95 7 1 103 12 3 110 88 15 1320
7 98 6 0 104 11 0 109 79 17 1308
8 95 9 0 104 16 0 111 83 16 1332
9 85 6 4 95 11 12 108 86 15 1296
10 89 9 2 100 16 6 111 78 17 1332
11 80 8 5 93 14 15 109 79 17 1308
12 89 3 3 95 5 9 103 82 15 1236
lhr 1102 66 24 1192 83+1 1296

1, 2, 3...10 ~ column numbers, column I - 4 ~ volume by 5mins, columns 5 - 7 ~ flow
(pce/Smins), g ~ total flow(pce/hr), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. The density and flow parameters in table 5.2 were used to calibrate a relationship
between flow and density using Microsoft Excel, which has been shown by (Ben-Edighe &
Ferguson, 2005; Minderhoud et al., 1996; van Arem et al., 1994), to have a quadratic function
given by equation 5.2. Figure 5.2 shows the graphical representation of the flow-density

relationship, and in-set is the calibrated model equation, presented in equation 5.3.

q= —ak?*+ bk— ¢ 5.2
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Figure 5. 2: Traffic Flow-Density (F-D) Curve for SS001(Peak) - Control

The calibrated model equation is given as equation 5.3:

Gssoor(controny = — 2.4434k? + 121.74k — 11.905  R® = 0.86 5.3

Step 3: Statistical testing of the calibrated model for validity. Table 5.3 below shows the results
of the validity test carried out on the model for site SS001 without BRT influence. As shown,
the coefficients of the derived model have the anticipated sign conventions for concavity, while
the coefficient of determination R? = 0.8588 is greater than 0.5, which indicates the existence

of a strong relationship between density and flow, and the capability of predicting capacity.

Table 5. 3: Level of Capacity Utilization Model Validity Tests

q k Constant

t' values 614 2:2

Coefficients -2.4434 121.74 11.905
Std. Error 21 1

R? 0.86

F 2094 2.81
df 11

Residuals -10.619 -0.137

The F-observed statistics at ten degrees of freedom is bigger than the F-critical value of 2.81,
suggesting that the model equation 5.3 did not occur by chance. Additionally, the value of the
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t-observed statistic at the 5% level of significance is higher than 2.2, indicating that the
variables used are useful, and density is a crucial factor in flow estimation. The statistics data
sequel its analysis, was directly pulled from a Microsoft Excel file. It is important to note that
the coefficient of "k" denotes the free-flow speed, roughly 122 km/hr. The study hypothesizes
that the extent of road capacity utilization level resulting from BRT is significant. The
aggregated model was subsequently used to predict capacity, estimate density at capacity, and
speed at capacity in step 4 by differentiating q with respect to k and feeding back necessary

values.

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow

were determined using equation 5.3 as follows:

eontrol(peaky = — 2.4434k? + 121.74k — 11.905 R? = 0.86
By differentiating g with respect to k,
aq

P 2%2.4434k +121.74 =0

kere = kg = 24.9pce/km ~ 25 pce/km
By plugging the critical density k, into equation 5.3, capacity is calculated and is given by:

Q = QwithoutBRT(Peak) = 1504pce/hr

By substituting k, and the estimated g into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

1_192_ 96 ~ 60km/hr

k25

Hence the capacity or maximum flow is 1504pce/hr, with a corresponding speed at capacity
ug = 60km/hr.

Step 5: The estimated capacity Q = 1504pce/hr can be approximated to 1600pce/hr and
split into five capacity utilization levels for the LCU criteria table. As stated earlier, the

capacity utilization levels are designated as (A to E), where LCU A is the best roadway capacity

161



utilization and LCU E, is the worst. LCU A is the capacity level with a 100 percent volume-
to-capacity ratio, which is the boundary between steady flow and forced flow sections of the
flow-density curve, and the remaining percentages are distributed as 85% (LCU B), 75% (LCU
C), 50% (LCU D) and 25% (LCU E) percent respectively, therefore,

Level A (100%) = 1600 pce/hr

Level B (85%) = 0.85 * 1600 = 1360pce/hr =~ 1400pce/hr
Level C (75%) = 0.75 % 1600 = 1200pce/hr =~ 1200pce/hr
Level D (50%) = 0.50 % 1600 = 800pce/hr =~ 800pce/hr
Level E (25%) = 0.25* 1600 = 400pce/hr = 400pce/hr

Step 6: From the model equation above, speed is evenly distributed between its free-flow speed
of 121.74km/hr ~ 125km/hr for class E and the speed at capacity of 60km/hr for class A.
The speed is used to compute the attendant densities and its corresponding time for 1km of
roadway, and subsequently, the LCU criteria table is developed. Thus, the LCU criteria table
for SS001 is presented in table 5.4.

Table 5. 4: LCU Criteria Table for SS001

Flow (Q)  Density (k) Speed(u)

LCU Qu %
veh/h veh/km/lane km/hr
A 86 - 100 1600 27 60
B 76 - 85 1400 18 80
C 51-75 1200 13 95
D 26 - 50 800 7 110
E 0-25 400 3 125

5.3.2 BRT Dedicated Lane Capacity Utilization for Site SS001
Step 1. Estimation of five-minute BRT traffic volume using SANRAL’s standard PCE values

for heavy vehicle class as shown in table 5.5 below.
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Table 5. 5: BRT Dedicated Lane Level of Capacity Utilization Parameters

BRT BRT u k k q q
Period 1 2 3 4 5 6 7
1*3 6/3 7/3 1*12 2*12
1 3 9 69 0 2 36 108
2 2 6 59 0 1 24 72
3 1 3 58 0 1 12 36
4 2 6 67 0 1 24 72
5 3 9 72 0 1 36 108
6 1 3 62 0 1 12 36
7 1 3 66 0 1 12 36
8 2 6 68 0 1 24 72
9 1 3 61 0 1 12 36
10 2 6 68 0 1 24 72
11 2 6 71 0 1 24 72
12 2 6 75 0 1 24 72
lhr 22 6612 22 66

1, 2, ...8 ~ column numbers, column 1 ~ volume by 5mins, column 2 ~
BRT flow (pce/5mins), u ~ speed (km/hr), k5 ~ density (veh/km), k6 ~
density (pce/km) q7 ~ total flow(veh/hr), g8 ~ total flow(pce/hr) BRT ~
Bus Rapid Transit.

Step 2: Determination of BRT dedicated lane capacity:

The BRT time headway, defined by braking performance and measured tip-to-tail, is given by
equation 5.4:

T, ==+ tr+""—V(i—l) (5.4)

Where T}, — time headway (s); V — vehicle speed; L — Length of vehicle.

t,- — Reaction time; k — arbitrary safety factor (usually greater than or equal to 1)

ar — Minimum braking deceleration of the following vehicle

a; — Maximum braking deceleration of the lead vehicle

Note that for brick wall considerations, a; is infinite and is usually eliminated.

The capacity of vehicles on a single roadway lane is the inverse of the tip-to-tip headway.

Hence the BRT lane capacity in vehicles-per-hour can be expressed as:

3600
Qprr = —— (5-5)

Th

The BRT traffic flow rates were estimated by applying equations (5.4) and (5.5) as with the

following standard and measured parameters:
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Average speed of BRT Buses (at peak) = 66.3km/hr = 18.4m/s
BRT Vehicle Length = 18m; reaction time = 2.5s: Adjustment factor k = 1.5
Using equation (5.4) the tip-to-tip time headway was computed as:

18 1.5 x184 /1

184 > ) = 8.9s = 9s hence,

BRT Lane Capacity = 3600/9 = 400veh/hr

Step 3: Estimation of capacity utilization rate for BRT:
Recall that capacity utilization rate had been defined as the ratio of actual traffic flow levels
(5min) to the maximum possible flow or capacity and expressed as a percentage, as shown

below:

0. = ""“fg %) X 100% (5.6)
) )L
( <z<z—;>>*“)z<k—;> )

Therefore Q,, = 66/400 X 100% =~ 17%. Therefore, the level of capacity utilization from the
criteria table for SS001 BRT dedicated lane is E. With the LCU at E, the other associated

performance parameters are a density of 3veh/km and a speed of 125km/hr. This implies that
the LCU of the BRT dedicated lane at E is characterized by or associated with a low volume

of vehicles, high speed, and reduced travel time to destinations for vehicles moving on it.

Perhaps the design of a mixed traffic scenario may be a solution to this underutilization,
however, one is not completely sure whether it would be feasible until further analyses in that
regard are completed in the remaining sections of this chapter. As earlier mentioned, the peak
traffic data for SS001 was used to set up the LCU criteria table and was used as the control for
the subsequent traffic performance evaluations at SS001. Consequently, these analyses
continue in the next section with the determination of the LCU without BRT influence at site
SS001, using the off-peak traffic data.

5.3.3 Without BRT Influence Capacity Utilization for Site SS001
Step 1: Estimation of off-peak 5mins and hourly flows, speeds, and densities for site SS001

from the empirical data in chapter 4, as shown in table 5.6 below.
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Table 5. 6: Without BRT level of Capacity Utilization Parameters for SS001 (off — peak)

PC MV HV Vol MV HV q u k q
Period I 2 3 4 5 6 7 8 9 10
2217y 3*3 1+5+%6 10/8 7*12
1 58 12 2 72 21 6 85 78 13 1020
2 73 9 1 83 16 3 92 84 13 1104
3 69 6 1 76 11 3 83 82 12 996
4 69 9 2 80 16 6 91 85 13 1092
5 67 6 2 15 11 6 84 82 12 1008
6 71 6 3 80 11 9 91 83 13 1092
7 62 8 2 72 14 6 82 85 12 984
8 56 5 1 62 9 2 68 88 9 816
9 63 8 1 72 14 3 80 83 12 960
10 55 8 2 65 14 6 75 85 11 900
11 72 3 1 76 5 3 80 81 12 960
12 57 1 0 58 2 0 59 80 9 708
lhr 772 970 (83£1) (970+34)

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by Smins, columns 5 - 7 ~ flow
(pce/Smins), column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density model using the density and flow parameters in Table 5.6.
with PCEs applied. Figure 5.3 shows the graphical representation of the flow-density

relationship:
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Figure 5. 3: Without BRT Influence Flow-Density Curve for site SS001 (Off-Peak)

The calibrated flow-density model is given as equation 5.7:

qwithoutBRT(off—peak) = —30375k2 + 14‘518k — 306.74 R2 = 0.94 Sl
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Step 3: Statistical testing of the calibrated model for validity. Table 5.7 below shows the results
of the validity test carried out on the off-peak flow-density model for site SS001 without BRT
influence. As shown, the coefficients of the derived model have the anticipated sign
conventions for concavity, while the coefficient of determination R? = 0.9412 is greater than
0.5, which indicates the existence of a strong relationship between density and flow, and the
capability of predicting capacity.

Table 5. 7: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 28.8 2.2
Coefficients -3.0375 145.18 306.74

Std. Error 34 1

R? 0.94

F 6741 2.81

df 11
Residuals -9.672 -2.412

The F-observed statistics at ten degrees of freedom is bigger than the F-critical value of 2.81,
suggesting that the model equation 5.7 did not occur by chance. Additionally, the value of the
t-observed statistic at the 5% level of significance is higher than 2.2, indicating that the
variables used are useful, and density is a crucial factor in flow estimation. The statistics data
sequel to its analysis, was directly pulled from a Microsoft Excel file. It is important to note
that the coefficient of "k" denotes the free-flow speed of roughly 145 km/hr. The aggregated
model was subsequently used to predict capacity, estimate density at capacity, and speed at

capacity in step 4 by differentiating g with respect to k and feeding back necessary values.

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow
were determined using equation 5.7 as follows:

AwithoutBRT(of f—Peak) = —3-0375k* + 145.18k — 306.74 R* = 0.94
By differentiating g with respect to k,

0 = 2+-3.0375k + 145.18 = 0
kere = kg = 23.8pce/km ~ 24 pce/km
By plugging the critical density k, into equation 5.7 the capacity is calculated and is given by:

Q = QuithoutBRT(of f—peak) = —3-0375(24)2 + 145.18(24) — 306.74

Q= QwithoutBRT(of f—peak) = 1427 9pce/hr ~ 1428pce/hr
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By substituting k., and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

q 1428
Ug = E = 7 = 60km/hr

Hence the capacity or maximum flow at off-peak traffic period is 1428pce/hr, with a
corresponding speed at capacity u, = 60km/hr. As shown in table 5.6 above, the mean flow
per hour which represents the 12 period flows for site SS001 is 970 veh/hr, therefore the
capacity utilization rate Q,, for site $S001 is 970/, 4,4 x 100% = 67.8 ~ 68%. Hence based
on the criteria table 5.4, the LCU for site SS001 without BRT influence is C. This is concerning
the traffic flowing on the adjoining lanes to BRT. Where the LCU is at C, the other attendant

performance parameters from the table are a density of 13veh/km and a speed of 95km/hr.

5.3.4 With BRT Influence Capacity Utilization for Site SS001

Step 1: Estimation of ‘with BRT” off-peak 5mins and hourly flows, speeds, and densities for
site SS001 is shown in Table 5.8. Note that the BRT flows with applied PCEs were added to
the without BRT traffic flows from table 5.6.

Table 5. 8: With BRT level of Capacity Utilization Parameters for SS001 (off — peak)

PC MV HV BRT Vol MV HV BRT q U k q
. 1 2 3 4 5 6 7 8 8 10 11 12
Period T+6

2*1.75 3*3 4*3 +7+8 12/10 7*12
1 58 12 2 3 72 21 6 9 94 80 14 1128
2 73 9 1 2 83 16 3 6 98 84 14 1176
3 69 6 1 1 76 11 3 3 86 82 13 1032
4 69 9 2 2 80 16 6 6 97 85 14 1164
5 67 6 2 3 75 11 6 9 93 82 14 1116
6 71 6 3 1 80 11 9 3 94 83 14 1128
7 62 8 2 1 72 14 6 3 85 85 12 1020
8 56 5 1 2 62 9 3 6 74 88 10 888
9 63 8 1 1 72 14 3 3 83 83 12 996
10 55 8 2 2 65 14 6 6 81 85 11 972
11 72 3 1 2 76 5 3 6 86 81 13 1032
12 57 1 0 2 58 2 0 6 65 80 10 780

lhr 772 1034  83+1 1034

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by 5mins, columns 5 -7 ~ flow (pce/5mins),
column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~ passenger car, MV ~
medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of with BRT flow-density model using the density and flow parameters in
Table 5.8. with PCEs applied. Figure 5.4 shows the graphical representation of the flow-density

relationship:
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Figure 5. 4: With BRT Influence Flow-Density Curve for site SS001 (Off-Peak)

The calibrated flow-density model is given as equation 5.8:

QwithBRT(of f—peak) = —2.4872k* + 137.93k — 292.04 R? = 0.95 5.8
Step 3: Statistical testing of the calibrated model for validity. Table 5.9 below shows the results
of the validity test carried out on the off-peak flow-density model for site SS001 without BRT
influence. As shown, the coefficients of the derived model have the anticipated sign
conventions for concavity, while the coefficient of determination R? = 0.9514 is greater than
0.5, which indicates the existence of a strong relationship between density and flow, and the

capability of predicting capacity.

Table 5. 9: Level of Capacity Utilization Model Validity Tests

q k Constant
t values 30.5 2:2
Coefficients -2.4872 137.93 292.04

Std. Error 34 1

R2 0.95

F 5674 2.81

df 11
Residuals -9.09 -291

The F-observed statistics at ten degrees of freedom is bigger than the F-critical value of 4.
suggesting that the model equation 5.8 did not occur by chance. Additionally, the value of the
t-observed statistic at the 5% level of significance is higher than 2.5, indicating that the
variables used are useful, and density is a crucial factor in flow estimation. The statistics data
sequel to its analysis, was directly pulled from a Microsoft Excel file. It is important to note

that the coefficient of "k" denotes the free-flow speed of roughly 137 km/hr. The aggregated
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model was subsequently used to predict capacity, estimate density at capacity, and speed at

capacity in step 4 by differentiating q with respect to k and feeding back necessary values.

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow

were determined using equation 5.7 as follows:

QwithBRT(of f—Peaky = —2-4872k? + 137.93k — 292.04 R? = 0.95

By differentiating g with respect to k,

g—i — 2% —2.4872k + 137.93 = 0

kere = ko = 27.7pce/km ~ 28 pce/km

By plugging the critical density k, into equation 5.8 the capacity is calculated and is given by:
Q = quithBRT(of f—peak) = —2.4872(28)? + 137.93(28) — 292.04

Q = QwithBRT(of f—peak) = 1620.04pce/hr =~ 1620pce/hr

By substituting k.,+ and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

q 1620 S8lkm/h
K~ zg - oskm/hr

ug =
Hence, the capacity or maximum flow at off-peak traffic period is 1620pce/hr, with a
corresponding speed at capacity u, = 58km/hr. As shown in table 5.8 above, the mean ‘with
BRT’ flow per hour which represents the 12 period flows for site SS001 is 1034 veh/hr,
therefore the capacity utilization rate with BRT Q,, for site $5001 is 1034/, ., x 100% =
63.8 =~ 64%. Based on the criteria table 5.4, the LCU for site SS001 ‘with BRT” influence is
C. Where the LCU is at C, the other attendant performance parameters from the table are
density of 13veh/km, and speed of 95km/hr.

5.3.5 Comparative Assessment of Capacity Utilization for Site SS001 Summary

Based on the findings from the analysis of empirical data at site SS001, a comparative
assessment and synthesis of evidence among the three roadway and flow scenarios discussed
in chapter 2 which include: scenario one, a roadway with dedicated carriageway lane to BRT

service only; scenario two, a roadway without the influence of BRT; and scenario three, a
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roadway with the influence of BRT, are discussed. Having developed criteria tables for each
site in the previous section, it is necessary to evaluate and compare traffic performance at site
SS001 during each 5mins flow interval or period in terms of capacity utilization rates and hence
determine the LCU using the criteria table. Recall that analysis is based on the fundamental
flow-density relationship, and capacity utilization rate had been defined as the ratio of actual
traffic flow levels (5min) to the maximum possible flow or capacity and expressed as a

percentage, given by equation 5.6.

Table 5.10 shows the 5mins off-peak capacity utilization rates and levels at site SS001 for the

three scenarios.

Table 5. 10: Summary of Off-Peak Capacity Utilization Rates and Levels for SS001

q q Qu Qu
veriod e Without  with  Zewithout with LCU Wﬁtﬁgut b\ﬁtﬁ
(pee/hn) BRT BRT %) BRT BRT BRT "o ppr

(pce/hr)  (pce/hr) (%) (%)
1 108 1020 1128 27 71 70 D C C
2 712 1104 1176 18 77 73 E B C
3 36 996 1032 9 70 64 E C C
4 12 1092 1164 18 76 72 E B C
5 108 1008 1116 27 71 69 D C C
6 36 1092 1128 9 76 70 E B C
7 36 984 1020 9 69 63 E C C
8 12 816 888 18 57 55 E C C
9 36 960 996 9 67 61 E C C
10 12 900 972 18 63 60 E C C
11 12 960 1032 18 67 64 E C C
12 72 708 780 18 50 48 E D D
1lhr 66 970 1036 17 68 64 E C C

400 1428 1620

5.3.5.1 Based on BRT Dedicated Lane Performance

The LCU E of the BRT dedicated lane shows that the Bus route is substantially underutilized,
hence, the level of capacity utilization is poor. This is caused by the designation of the lane
solely for BRT buses with no competition from other vehicle classes moving on the adjoining
lanes. From this finding, and concerning the geometric characteristics of the BRT dedicated
lane, coupled with vehicle characteristics, the LCU of the BRT lane may not improve from E.
This is due to the observed width of the BRT dedicated lane of 4.3m. Besides, with a BRT
vehicle width of 3.1m, only one bus can move on the dedicated lane at once, making it

impossible for two buses to move side by side.
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5.3.5.2 Based on Traffic Flowrate ‘without BRT’ Influence

In comparison with the LCU of the BRT dedicated lane at E, it can be observed that at level C,
there is an associated reduction in speed, as well as an increase in density but increased travel
time. Besides, the LCU of the adjoining lanes at C shows that the capacity utilization improves
due to the traffic mix on those lanes which comprise passenger cars, medium vehicles, and a
few heavy vehicles in different proportions; whereas the BRT dedicated lane is used by only
one vehicle class which are the BRT buses.

5.3.5.3 Based on Traffic Flowrate ‘with BRT’ Influence

In comparison with the LCU without BRT influence, it can be observed that both are the same,
as well as all parameters associated with that level. Although as expected, the maximum flow
was higher, while the speed dropped. However, it may be expected that the level of capacity
utilization would improve to level B. This outcome could have resulted from the poor
Utilization of the BRT dedicated lanes. In other words, this simply means that there is an
insufficient number of BRT buses in the BRT transit scheme, as the mixed traffic scenario
tested with BRT did not have a significant effect on traffic flow and capacity Utilization.
Nevertheless, in comparison with the LCU on the BRT dedicated lane, there was a speed
reduction, as well as an increase in density and travel time. Overall, the LCU C with BRT
influence at site SS001 shows that the capacity utilization can be significantly enhanced by
mixed traffic scenarios as against having a BRT dedicated lane, especially one with a median

configuration design.

5.3.4 Summary of Capacity Differentials — SS001

In summary, a criteria table has been developed for the assessment of traffic flow performance
under different flow scenarios such as roadway with BRT, roadway without BRT, and BRT
dedicated lane only. Sequel to the comparisons and synthesis of evidence that have emerged
from the analysis, the different levels of capacity utilization for the various scenarios
considered are caused by differentials in germane traffic flow parameters such as capacity,
speed, density, and travel time. Figure 5.5 below gives a pictorial description of the traffic
characteristics differentials that are responsible for the traffic flow performance and Levels of

capacity Utilization observed at site SS001.
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Figure 5. 5: Capacity Differentials at site SS001

From the arguments raised in chapter two and the hypothesis put forward in this regard, it can
be observed from Figure 5.5 under steady flow conditions that the capacity Q, of roadway with
BRT, indicated by the yellow line is 1620pce/hr. capacity Q, of roadway without BRT,
indicted by the green line is 1428pce/hr, and BRT dedicated lane capacity Q, indicated by
the red line is 400pce/hr. The corresponding speed at capacity of the roadway with BRT is
58km/hr, the speed at capacity of the roadway without BRT is 60km/hr. Similarly, the
corresponding density at capacity k, of roadway with BRT is 28pce/km, density at capacity
k, ofroadway without BRT is 24pce/km. Likewise, the BRT dedicated lane density k34 based
on ftravel speed with the influence of BRT is approximately 9veh/km. while the BRT
dedicated lane density k5, based on travel speed without the influence of BRT is approximately
8veh/km. Table 5.11 shows the summary of capacity Utilization rates and levels, as well as

the associated traffic characteristics differentials for site SS001.

Table 5. 11: Summary of capacity Utilization and traffic characteristics differentials for
SS001
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Roadwa Q U K

SIN __y us Quleu
Condition Q1 Q2 | Q3 |us | Uz | ky | ko | k3y | k3z | (%)
with BRT | 145 64 C
without

137 68 C

BRT

SS001 1620 | 1428 | 400 | 58 | 60 |28 | 24 | 9 8
BRT
Dedicated | 60 17 E
Lane

Up ~ free-flow speed (km/hr),Q; ~ capacity with BRT(pce/hr), Q, ~ capacity without
BRT(pce/hr), Q5 ~ BRT capacity(veh/hr), u; ~speed at capacity with BRT(km/hr), u, ~ speed
at capacity without BRT(km/hr), k; ~ density at capacity with BRT (pce/km), k, ~ density at
capacity without BRT (pce/km), ~ k3; ~ dedicated lane density with BRT (pce/km), k3, ~
dedicated lane density without BRT (pce/km), Q,, ~ capacity Utilization rate (%), LCU ~ level

of capacity Utilization

To avoid repetitions from the previous section he criteria table, the LCU criteria table

determination for the other three sites is abridged by using the stepwise analytical procedure.
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54 Site SS002 Capacity Utilization
5.4.1 Capacity Utilization Criteria Table for SS002

Step 1. Analysis of empirical data in Table 5.12.
Table 5. 12: Level of Capacity Utilization (LCU) Parameters — SS002(Peak)

PC MV HV Vol MV HV q u k q

Period I 2 3 4 5 6 7 8§ 9 10
X175 3*3 L5+ 10/8 712
1 116 4 5 125 7 15 138 70 24 1661
2 110 7 4 121 12 12 134 73 22 1611
3 98 1 4 103 2 12 112 76 18 1341
4 104 5 4 113 9 12 125 74 20 1497
5 82 1 3 86 2 9 93 79 14 1113
6 111 0 5 116 0 15 126 75 20 1512
7 92 3 1 96 5 3 100 76 16 1203
8 98 2 8 108 4 24 126 72 21 1506
9 106 3 4 113 5 12 123 71 21 1479
10 96 3 5 104 . 15 116 73 19 1395
11 114 1 2 117 2 6 122 75 19 1461
12 94 2 3 99 4 9 107 74 17 1278
lhr 1102 66 24 1192 1421 83+l 1421

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by Smins, columns 5 - 7 ~ flow
(pce/Smins), q ~ total flow(pce/hr), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density model using the LCU parameters in table 5.12.

Figure 5.6 shows the graphical representation of the flow-density relationship.
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Figure 5. 6: Traffic Flow-Density (F-D) Curve for SS002(Peak) — Control
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The calibrated model equation is given as equation 5.9:
Assooa(contron = — 1.0917k? + 99.446k — 82.442 R? = 091 59

Step 3: Statistical testing of the calibrated model for validity. Table 5.13 below shows the

results of the validity test carried out on the model for site SS002 without BRT influence.

Table 5. 13: Level of Capacity Utilization Model Validity Tests

q Kk Constant
t' values 30.4 2.2
Coefficients -1.0917 99.446 82.442
Std. Error 47 1
R? 0.91
F 10768 2.82
df 11
Residuals -9.14 -2.84

Step 4: Determination of density at capacity, capacity or maximum flow, and the speed at
maximum equation 5.9 as follows:
q= —1.0917k? + 99.446k — 82.442 R? = 0.91

By differentiating g with respect to k,
4 =25 —1.0917k + 99.446 = 0
ket = kg = 45.5pce/km ~ 46 pce/km
By plugging the critical density k,, into equation 5.11 the capacity is calculated and is given
by:
Q = G2021(peak) = —1.0917(46)% + 99.446(46) — 82.442

Q = q2021(peak) = 2182.03pce/hr =~ 2182pce/hr

By substituting k.. and the estimated Q into the fundamental diagram equation g = uk, the
speed at capacity is therefore obtained as:

_9_2182 o~ aTkmn
uQ—k— 1g A4 = m/hr

Hence the capacity or maximum flow is 2182pce/hr, with a corresponding speed at capacity
ug = 47km/hr.

Step 5: The estimated capacity Q = 2182pce/hr can be approximated to 2200pce/hr and
split into five capacity Utilization levels for the LCU criteria table. therefore,
Level A (100%) = 2200 pce/hr

Level B (85%) = 0.85 * 2200 = 1870pce/hr =~ 1900pce/hr
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Level C (75%) = 0.75 * 2200 = 1650pce/hr = 1700pce/hr
Level D (50%) = 0.50 %2200 = 1100pce/hr =~ 1100pce/hr
Level E (25%) = 0.25 % 2200 = 550pce/hr = 600pce/hr
Step 6: From the model equation above, speed is evenly distributed between its free-flow speed
of 99.446km/hr =~ 100km/hr for class E and speed at the capacity of 47km/hr ~ 50km/hr
for class A. The speed is used to compute the attendant densities and its corresponding time
for 1km of roadway, and subsequently, the LCU criteria table is developed. Thus, the LCU
criteria table for SS002 is presented in table 5.14.

Table 5. 14: LCU Criteria Table for SS002

Flow .
Density (k) Speed(u
LCU Qo (@ veh/km);lf(m)e ﬁm/h(r :
veh/h
86 -
A 100 2200 44 50
B 76 - 85 1900 27 70
C 51-75 1700 21 80
D 26 - 50 1100 12 90
E 0-25 600 6 100

5.4.2 BRT Dedicated Lane Capacity Utilization for Site SS002
Step 1. Estimation of five-minute BRT traffic volume using SANRAL’s standard PCE values
for heavy vehicle class as shown in table 5.15 below.

Table 5. 15: BRT Dedicated Lane Level of Capacity Utilization Parameters

BRT BRT u Kk Kk q q
Period 1 2 3 4 5 6 7
1*3 6/3 7/3 1*12 2*12
1 3 9 71 0 2 36 108
2 3 9 64 0 1 36 108
3 2 6 60 0 1 24 72
4 3 9 80 0 1 36 108
5 2 6 59 0 1 24 72
6 3 9 76 0 1 36 108
7 2 6 69 0 1 24 72
8 1 3 66 0 1 12 36
9 1 3 66 0 1 12 36
10 2 6 74 0 1 24 72
11 1 3 77 0 1 12 36
12 3 9 72 0 1 36 108
lhr 26 69+2 26+2 7849

1, 2, ...8 ~ column numbers, column I ~ volume by Smins, column 2 ~
BRT flow (pce/5mins), u ~ speed (km/hr), k4 ~ density (veh/km), k5 ~
density (pce/km) q6 ~ total flow(veh/hr), g7 ~ total flow(pce/hr) BRT ~
Bus Rapid Transit.
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Step 2: Determination of BRT dedicated lane capacity:

The average speed of BRT Buses (at peak) = 69.5km per hr = 19.30m/s
BRT Vehicle Length = 18m; reaction time = 2.5s and correction factor k = 1.5

Using equation (3.4) the time headway was computed as:

18 1.5 x 19.3( 1

=Toz T 2>F 2 25

BRT Lane Capacity = 3600/9 o = 391veh/hr

Ty, ) = 9.2s hence,

Step 3: Estimation of capacity utilization rate for BRT:
Recall that capacity Utilization rate had been defined as the ratio of actual traffic flow levels
(5min) to the maximum possible flow or capacity and expressed as a percentage, therefore

Q, = 78/391 %X 100% = 19.9 =~ 20%. Therefore, the level of capacity Utilization based on

the criteria table for SS002 BRT dedicated lane is E. With the LCU at E, the other associated
performance parameters are a density of 6veh/km and a speed of 100km/hr. This implies that
when there are fewer vehicles on a road, as is the case of BRT buses, the free-flow speed is
high, and travel time decreases. The LCU E of the BRT dedicated lane shows that the Bus route

is substantially underutilized, hence, the level of capacity utilization is poor.

54.3 ‘Without BRT’ Influence Capacity Utilization for Site SS002
Step 1: Estimation of off-peak 5mins and hourly flows, speeds, and densities for site SS002
using the empirical data in chapter 4, shown in Table 5.16 below:

Table 5. 16: Without BRT level of Capacity Utilization Parameters for SS002 (off — peak)

PC MV HV Vol MV HV q u k q
Peiod 1 2 3 4 5 6 7 8 9 10
2*1.75 3*3 1+5+6 108 7*12

1 9 4 5 99 7 15 112 75 18 1344
2 6 7 4 76 12 12 89 77 14 1068
3 73 1 4 718 2 12 87 75 14 1044
4 74 5 4 83 9 12 95 76 15 1140
5 8 1 3 8 2 9 91 74 15 1092
6 72 0 5 77 0 15 87 74 14 1044
7 8 3 1 8 5 3 90 72 15 1080
8 8 2 8 9 4 24 108 68 19 129
9 8 3 4 92 5 12 102 70 17 1224
10 79 3 5 8 5 15 99 72 17 1188
11 80 1 2 83 2 6 88 71 15 1056
12 79 2 3 8 4 9 92 75 15 1104
lhr 939 1140 731 1140

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by 5mins, columns 5 - 7 ~ flow
(pce/5mins), column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle
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Step 2. Calibration of flow-density model using the density and flow parameters in Table 5.15.
with PCEs applied. Figure 5.7 shows the graphical representation of the flow-density

relationship:
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Figure 5. 7: Without BRT Influence Flow-Density Curve for site SS002 (Off-Peak)

The calibrated flow-density model is given as equation 5.10:
qwithoutBRT(off—peak) — 1.4’4’26](2 + 102.17k 7z 99.4’7 R2 — 0.89 510

Step 3: Statistical testing of the calibrated model for validity. Table 5.17 below shows the
results of the validity test carried out on the off-peak flow-density model for site SS002 without

BRT influence.
Table 5. 17: Level of Capacity Utilization Model Validity Tests
q k Constant
t' values 39 2.2
Coefficients -1.4426 102.17 99.47

Std. Error 29 1
R? 0.89
F 3690 2.82
df 11

Residuals -21.72 -2.203

Step 4: The density at capacity. capacity or maximum flow, and the speed at maximum flow

were determined using equation 5.10 as follows:
QwithoutBRT(of f—Peak) = —1.4426k* + 10217k — 9947 R? = 0.89

By differentiating q with respect to k,
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Z—Z = 2% —1.4426k + 102.17 = 0
ket = kg = 35.4pce/km =~ 35 pce/km

By plugging the critical density k, into equation 5.14 the capacity is calculated and is given by:

Q = QuithoutBRT(of f—Peak) = —1.4426(35)? + 102.17(35) — 99.479

Q = QwithoutBRT(of f—Peak) = 1709.28pce/hr ~ 1709pce/hr

By substituting k... and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

q_1709 o
k= 35~ Aokm/hr

uQ =
Hence the capacity or maximum flow at off-peak traffic period is 1709pce/hr, with a
corresponding speed at capacity u, = 49km/hr. As shown in table 5.12 above, the mean flow
per hour which represents the 12 period flows for site SS002 is 1140 veh/hr, therefore the
capacity utilization rate Q,, for site SS002 is 1140/1709 X 100% = 66.7 = 67%. Hence

based on the criteria table 5.13, the LCU for site SS002 without BRT influence is C. Where
the LCU is at C, the other attendant performance parameters from the table are a density of
21veh/km and a speed of 80km/hr. In comparison with the LCU of the BRT dedicated lane at
E, it can be observed that at level C, there is an associated reduction in speed, as well as an
increase in density and travel time. Besides, the LCU of the adjoining lanes at C shows that the
capacity utilization is better due to the traffic mix on those lanes which comprise passenger
cars, medium vehicles, and a few heavy vehicles in different proportions; whereas the BRT

dedicated lane is used by only one vehicle class which are the BRT buses.

544 ‘With BRT’ Influence Capacity Utilization for Site SS002

Step 1: Estimation of ‘with BRT” off-peak 5mins and hourly flows, speeds, and densities for
site SS002 is shown in table 5.17. Note that the BRT flows with applied PCEs were added to
the without BRT traffic flows from table 5.15.
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Table 5. 18: With BRT level of Capacity Utilization Parameters for SS002 (off — peak)

PC MV HV BRT Vol MV HV BRT q It k q
: 1 2 3 4 5 6 7 8 8 10 1] 12
Period TTE

2*].75 3*3 4%*3 + 748 12/10 7*12
1 90 4 5 3 102 7 15 9 121 75 19 1452
2 65 7 4 3 79 12 12 9 98 76 15 1179
3 73 1 4 2 80 2 12 6 93 75 15 1113
4 74 5 4 3 86 9 12 9 104 76 16 1245
5 80 1 3 2 86 2 9 6 97 74 16 1161
6 72 0 5 3 80 0 15 9 96 74 16 1152
7 82 3 1 2 88 5 3 6 96 72 16 1155
8 80 2 8 1 91 4 24 3 111 68 20 1326
9 85 3 4 1 93 5 12 3 105 70 18 1263
10 79 3 5 2 89 5 15 6 105 72 18 1263
11 80 1 2 1 84 2 6 3 91 71 15 1089
12 79 2 3 3 87 4 9 9 101 75 16 1206
lhr 939 1217 731 1217

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by Smins, columns 5 -7 ~ flow (pce/Smins),
column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~ passenger car, MV ~
medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of with BRT flow-density model using the density and flow parameters in
Table 5.17. with PCEs applied. Figure 5.8 shows the graphical representation of the flow-
density relationship:

q- -1.1692Kk> + 99.334k - 110.44
RZ=10,8482

©SS002

0 5 10 15 20 25 30 35
Density, k (veh/km)

Figure 5. 8: With BRT Influence Flow-Density Curve for site SS002 (Off-Peak)

The calibrated flow-density model is given as equation 5.8:
QwithBRT (of f—peak) = —1.1692k? + 99.334k — 11044 R® = 0.85 5.11
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Step 3: Statistical testing of the calibrated model for validity. Table 5.19 below shows the
results of the validity test carried out on the off-peak flow-density model for site SS002 with
BRT influence.

Table 5. 19: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 41.7 2.2
Coefficients -1.1692 99.334 110.44

Std. Error 29 1

R? 0.85

F 3655 2.82

df 11
Residuals -1.692 -2.265

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow
were determined using equation 5.11 as follows:

AwithBRT(of f-Peak) = —1.1692k? + 99.334k — 110.44 R? = 0.85
By differentiating g with respect to k,

4 =25 —-11692k + 99.334 = 0
kere = ko = 42.5pce/km =~ 43 pce/km
By plugging the critical density k, into equation 5.8 the capacity is calculated and is given by:

Q = QwithBrRT(of f—peak) = —1.1692(43)% + 99.334(43) — 110.44
Q = QuwithBRT(of f-peak) = 1999.07pce/hr =~ 1999pce/hr

By substituting k.. and the estimated Q into the fundamental diagram equation g = uk, the
speed at capacity is therefore obtained as:
1999

Ug =% 3 ~ 46km/hr
Hence, as expected, the capacity or maximum flow at off-peak traffic period is 1999pce/hr,
with a corresponding speed at capacity u, = 46km/hr. As shown in table 5.18 above, the
mean ‘with BRT’ flow per hour which represents the 12 period flows for site SS002 is 1217
veh/hr, therefore the capacity utilization rate ‘with BRT’ influence @, for site SS002 is
1217/, 999 % 100% = 60.8 ~ 61%. Hence based on the criteria table 5.10, the LCU for site
SS002 ‘with BRT’ influence is C. Where the LCU is at C, the other attendant performance
parameters from the table are a density of 21veh/km and a speed of 80km/hr.
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545 Comparative Assessment of Capacity Utilization for Site SS002 Summary
Table 5.20 shows the 5mins off-peak capacity Utilization rates and levels at site SS002 for
the three scenarios.

Table 5. 20: Summary of Off-Peak Capacity Utilization Rates and Levels for SS002

Qu Qu

q q Qu . 3 LCU LCU
period 0 without with  BRT ng‘}“t ‘E’SVSQ 'é% without  With

BRT BRT (%) 0 o BRT  BRT
1 108 1344 1452 28 79 73 D B C
2 108 1068 1179 28 62 50 D C C
3 72 1044 1113 18 61 56 E C C
4 108 1140 1245 28 67 62 D C C
5 72 1092 1161 18 64 58 E C C
6 108 1044 1152 28 61 58 D C C
7 72 1080 1155 18 63 58 E C C
8§ 36 1296 1326 9 76 6 E C C
9O 36 1224 1263 9 72 63 E C C
10 72 1188 1263 18 70 63 E C C
11 36 1056 1089 9 62 54 E C C
12 108 1104 1206 28 65 60 D C C
1y /8 140 1217 -, 67 61 E C C

391 1709 1999

5.4.5.1 Based on BRT Dedicated Lane Performance

The LCU E of the BRT dedicated lane shows that the Bus route is substantially underutilized,
hence, the level of capacity utilization is poor. This is caused by the designation of the lane
solely for BRT buses with no competition from other vehicle classes moving on the adjoining
lanes. From this finding, and concerning the geometric characteristics of the BRT dedicated
lane, coupled with vehicle characteristics, the LCU of the BRT lane may not improve from E.
This is due to the observed width of the BRT dedicated lane of 4.3m. Besides, with a BRT
vehicle width of 3.1m, only one bus can move on the dedicated lane at once, making it

impossible for two buses to move side by side.

5.4.5.2 Based on Traffic Flowrate ‘without BRT’ Influence

In comparison with the LCU of the BRT dedicated lane at E, it can be observed that at level
C, there is an associated reduction in speed, as well as an increase in density but increased
travel time. Besides, the LCU of the adjoining lanes at C shows that the capacity utilization
improves due to the traffic mix on those lanes which comprise passenger cars, medium
vehicles, and a few heavy vehicles in different proportions; whereas the BRT dedicated lane is

used by only one vehicle class which are the BRT buses.
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5.4.5.3 Based on Traffic Flowrate ‘with BRT’ Influence

In comparison with the LCU without BRT influence, it can be observed that both are the same,
as well as all parameters associated with that level. Although as expected, the maximum flow
was higher, while the speed dropped. However, it may be expected that the level of capacity
utilization would improve to level B. This outcome could have resulted from the poor
Utilization of the BRT dedicated lanes. In other words, this simply means that there is an
insufficient number of BRT buses in the BRT transit scheme, as the mixed traffic scenario
tested with BRT did not have a significant effect on traffic flow and capacity Utilization.
Nevertheless, in comparison with the LCU on the BRT dedicated lane, there was a speed
reduction, as well as an increase in density and travel time. Overall, the LCU C with BRT
influence at site SS002 shows that the capacity utilization can be significantly enhanced by
mixed traffic scenarios as against having a BRT dedicated lane, especially one with a median

configuration design.

5.4.6 Summary of Capacity Differentials — SS002

In summary, a criteria table has been developed for the assessment of traffic flow performance
under different flow scenarios such as roadway with BRT, roadway without BRT, and BRT
dedicated lane only. Sequel to the comparisons and synthesis of evidence that have emerged
from the analysis, the different levels of capacity Utilization for the various scenarios
considered are caused by differentials in germane traffic flow parameters such as capacity,
speed, density, and travel time. Figure 5.9 below gives a pictorial description of the traffic
characteristics differentials that are responsible for the traffic flow performance and Levels of

capacity utilization observed at site SS002.

183



2500

2000 / ———
~ = -
} ™) -
1500 -2 < ;
£ PRF10217K-9947 @ vithout
g et i{z =0.8893 BRT
<. 1000 S = 11692k ¥ 99.334H- 11044 | ®with
= RE = 0.8482 BRT
E 500 | —— A S S N R O 1 3 S B B 2 R
i
0 I
0 10 20 30 40 50
-500
Density, k (veh/km)

Figure 5. 9: Capacity Differentials at site SS002

From the arguments raised in chapter two and the hypothesis put forward in this regard, it can
be observed from Figure 5.9 under steady flow conditions that the capacity Q, of roadway with
BRT, indicated by the yellow line is 1999pce/hr, capacity Q, of roadway without BRT,
indicted by the green line is 1709pce/hr, and BRT dedicated lane capacity Q, indicated by
the red line is 391pce/hr. The corresponding speed at capacity of the roadway with BRT is
46km /hr, and the speed at capacity of the roadway without BRT is 49km/hr. Similarly, the
corresponding density at capacity k, of roadway with BRT is 43pce/km, density at capacity
k, of roadway without BRT is 35pce/km. Likewise, the BRT dedicated lane density k5, based
on travel speed with the influence of BRT is approximately 10veh/km, while the BRT
dedicated lane density k3, based on travel speed without the influence of BRT is approximately
8veh/km. Table 5.21 shows the summary of capacity Utilization rates and levels, as well as

the associated traffic characteristics differentials for site SS002.
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Table 5. 21: Summary of capacity utilization and traffic characteristics differentials for
SS002

Roadway Q U K Qu
SIN Uy LCU
Condition Q1 | Q2 | Q3 |us|up | ky | k| ksq | ksz | (%)
with BRT | 99 61 C
without
67 C
BRT 102
SS002 1999 | 1709 | 391 {43 |49 143 |35| 10 | 8

BRT

Dedicated | 60 20 E
Lane

uy ~ free-flow speed (km/hr),Q; ~ capacity with BRT(pce/hr), Q, ~ capacity without
BRT(pce/hr), Q; ~ BRT capacity(veh/hr), u; ~ speed at capacity with BRT(km/hr), u, ~
speed at capacity without BRT(km/hr), k; ~ density at capacity with BRT (pce/km), k, ~
density at capacity without BRT (pce/km), ~ k3, ~ dedicated lane density with BRT (pce/km),
k3, ~ dedicated lane density without BRT (pce/km), Q,, ~ capacity Utilization rate (%), LCU

~ level of capacity Utilization
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55 Site SS003 Capacity Utilization
5.5.1 Capacity Utilization Criteria Table for SS003

Step 1. Analysis of empirical data in Table 5.22.
Table 5. 22: Level of Capacity Utilization (LCU) Parameters — SS003(Peak)

PC MV HV Vol MV HV q u k q

Period I 2 3 4 5 6 7 s 9 10
2%].75 3*3 1+5+6 10/8  7*12
1 110 3 5 118 5 15 130 74 21 1560
2 101 4 2 107 7 6 114 75 18 1368
3 130 11 6 147 19 18 167 70 29 2004
4 122 8 5 135 14 15 151 68 27 1812
5 158 8 8 174 14 24 196 68 35 2352
6 128 3 10 141 5 30 163 68 29 1956
7 137 10 13 160 18 39 194 66 35 2328
8 156 14 5 175 25 15 196 67 35 2352
9 155 6 17 178 11 51 217 62 42 2604
10 159 10 7 176 18 21 198 61 39 2376
11 144 4 10 158 7 30 181 34 65 2172
12 156 7 4 167 12 12 180 26 8 2160
1hr 1656 2087 624 2087

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by Smins, columns 5 - 7 ~ flow
(pce/Smins), q ~ total flow(pce/hr), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density model using the LCU parameters in table 5.16. Figure 5.10

shows the graphical representation of the flow-density relationship.

3000
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-
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D
2
~ 1500 (] =-0.8518x2 + 94.489x - 14.785
% R? = 0.8503
z © 55003
2 1000
=
500
0
0 20 40 60 80 100
Density, k (pce/km)

Figure 5. 10: Traffic Flow-Density (F-D) Curve for SS003(Peak) - Control
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The model equation is given s equation 5.12.

Gss003(contron = — 0.8518k? + 94.489k — 14.785  R* = 0.85 5.12

Step 3: Statistical testing of the calibrated model for validity. Table 5.23 below shows the
results of the validity test carried out on the model for site SS003 without BRT influence.

Table 5. 23: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 19.95 2.2
Coefficients -0.8518 94.489 14.785

Std. Error 104 4

R? 0.85

F 395.6243 2.82

df 11
Residuals -9.692 -2.265

Step 4: Determination of density at capacity, capacity or maximum flow, and the speed at
maximum using equation 5.12 as follows:
q = —0.8518k? + 94.489k — 14.785 R? = 0.85

By differentiating g with respect to k,

Z—Z — 2% —0.8518k + 94.489 = 0

ket = kg = 55.4pce/km =~ 55 pce/km

By plugging the critical density k, into equation 5.12 the capacity is calculated and is given

by:
Q = qsso01(peak) = —0.8518(55)% + 94.489(55) — 14.785

Q = gssoo1(peak) = 2605.4pce/hr ~ 2605pce/hr

By substituting k... and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:
q 2605

uQ = E = ? = 47km/hr

Hence the capacity or maximum flow is 2605pce/hr, with a corresponding speed at capacity
ug = 47km/hr.
Step 5: The estimated capacity Q = 2605pce/hr can be approximated to 2700pce/hr and
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split into five capacity Utilization levels for the LCU criteria table. As stated earlier, the
capacity Utilization levels are designated as (A to E), where LCU A is the best roadway

capacity Utilization and LCU E, is the worst. therefore,

Level A (100%) = 2700 pce/hr

Level B (85%) = 0.85 2700 = 2295pce/hr = 2400pce/hr
Level C (75%) = 0.75 %2700 = 2025pce/hr =~ 2100pce/hr
Level D (50%) = 0.50 * 2700 = 1350pce/hr =~ 1400pce/hr
Level E (25%) = 0.25 % 2700 = 675pce/hr = 700pce/hr

Step 6: From the model equation above, speed is evenly distributed between its free-flow speed
of 94.489km/hr ~ 95km/hr for class E and speed at capacity of 47km/hr =~ 50km/hr for
class A. The speed is used to compute the attendant densities and their corresponding time for
1km of roadway, and subsequently, the LCU criteria table is developed. Thus, the LCU criteria
table for SS003 is presented in table 5.24.

Table 5. 24: LCU Criteria Table for SS003
Flow (Q) Density (k) Speed(u)

LCU Qu %
veh/h veh/km/lane km/hr
A 86 - 100 2700 54 50
B 76 - 85 2400 37 65
C 51-75 2100 28 75
D 26 -50 1400 16 85
E 0-25 700 7 95

5.5.2 BRT Dedicated Lane Capacity Utilization for Site SS003
Step 1. Estimation of five-minute BRT traffic volume using SANRAL’s standard PCE values

for heavy vehicle class as shown in table 5.25 below.

Table 5. 25: BRT Dedicated Lane Level of Capacity Utilization Parameters
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BRT BRT u k k q q

Period 1 2 3 4 5 6 7
1*3 6/3 713 1*12 2*12

1 4 12 64 1 2 48 144

2 2 6 63 0 1 24 72
3 3 9 66 1 2 36 108

4 2 6 70 0 1 24 72
5 3 9 64 1 2 36 108

6 1 3 61 0 1 12 36
7 3 9 70 1 2 36 108

8 2 6 63 0 1 24 72
9 4 12 63 1 2 48 144
10 3 9 69 1 2 36 108

11 2 6 65 0 1 24 72
12 4 12 61 1 2 48 144

lhr 33 65+1 33 99

1, 2, ...8 ~ column numbers, column 1 ~ volume by Smins, column 2 ~
BRT flow (pce/Smins), u ~ speed (km/hr), k4 ~ density (veh/km), k5 ~
density (pce/km) g6 ~ total flow(veh/hr), q7 ~ total flow(pce/hr) BRT ~
Bus Rapid Transit.

Step 2: Determination of BRT dedicated lane capacity:

The average speed of BRT Buses (at peak) = 64.8km per hr = 18 m/s
BRT Vehicle Length = 18m; reaction time = 2.5s and correction factor k = 1.5

Using equation (3.4) the time headway was computed as:

_18 25 1.5x18(1>_887h
—E+ . +TE = 8.87s nence,

BRT Lane Capacity = 3600/8.87 = 406veh/hr

Ty

Step 3: Estimation of capacity utilization rate for BRT:

Recall that capacity Utilization rate had been defined as the ratio of actual traffic flow levels
(5min) to the maximum possible flow or capacity and expressed as a percentage, therefore
Qu = 9%/,406 X 100% = 24.4 ~ 24%. Therefore, the level of capacity utilization based on
the criteria table for SS003 BRT dedicated lane is E. With the LCU at E, the other associated
performance parameters are a density of 7veh/km and a speed of 95km/hr. This implies that
when there are fewer vehicles on a road, as is the case of BRT buses, the free-flow speed is
high, and travel time decreases. The LCU E of the BRT dedicated lane shows that the Bus

route is substantially underutilized, hence, the level of capacity utilization is poor.
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5.5.3 ‘Without BRT’ Influence Capacity Utilization for Site SS003

Step 1: Estimation of off-peak Smins and hourly flows, speeds, and densities for site SS003

using the empirical data in chapter 4, shown in Table 5.26 below:

Table 5. 26: Without BRT level of Capacity Utilization Parameters for SS003 (off — peak)

PC MV HV Vol MV HV q u k q

Period I 2 3 4 ] 6 7 8 9 10
2*175 3%3 I'4.5+6 10/8 7512
1 72 8 2 82 14 6 92 80 14 1104
2 68 7 3 §7 12 6 86 73 14 1032
3 72 4 4 80 7 12 91 " 15 1092
4 65 5 2 72 9 6 80 74 13 960
5 62 9 3 74 16 9 87 75 14 1044
6 65 8 3 76 14 9 88 78 14 1056
7 63 5 2 70 9 6 78 74 13 936
8 70 4 4 78 7 12 89 713 15 1068
9 67 4 3 74 7 9 83 78 13 996
10 69 6 4 79 11 12 92 74 15 1104
11 73 11 3 87 19 9 101 73 16 1212
12 67 4 10 81 % 30 104 73 4174 1248
lhr 813 1071 75+1 1071

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by Smins, columns 5 - 7 ~ flow
(pce/Smins), column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density model using the density and flow parameters in Table 5.20.

with PCEs applied. Figure 5.11 shows the graphical representation of the flow-density

relationship:
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Figure 5. 11: Without BRT Influence Flow-Density Curve for site SS003 (Off-Peak)
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The calibrated flow-density model is given as equation 5.10:
QwithoutBRT (of f—peak) = —1.4327k? + 106.07k — 149.13 R? = 0.895.13

Step 3: Statistical testing of the calibrated model for validity. Table 5.27 below shows the
results of the validity test carried out on the off-peak flow-density model for site SS003 without
BRT influence. As shown, the coefficients of the derived model have the anticipated sign
conventions for concavity, while the coefficient of determination R? = 0.8913 is greater than
0.5, which indicates the existence of a strong relationship between density and flow, and the
capability of predicting capacity. It is important to note that the coefficient of "k" denotes the
free-flow speed of roughly 106 km/hr. The aggregated model was subsequently used to predict
capacity, estimate density at capacity, and speed at capacity in step 4 by differentiating g with
respect to k and feeding back necessary values.

Table 5. 27: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 40.4 2.2
Coefficients -1.4327 106.07 149.13

Std. Error 26 1

R? 0.89

F 5467.03 2.82

df 11
Residuals -9.397 -2.603

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow
were determined using equation 5.13 as follows:
QwithoutBRT(of f—Peaky = —1.4327k? + 106.07k — 149.13 R%* = 0.89

By differentiating g with respect to k,

Z_Z =2%1,4327k + 106,07 = 0

kere = kg = 37.02pce/km =~ 37 pce/km
By plugging the critical density k,, into equation 5.20 the capacity is calculated and is given
by:
Q = G2021(pear) = —1,4327(37)% + 106,07(37) — 149,13

Q = qz021(0f f-peak) = 1814.09pce/hr ~ 1814pce/hr

By substituting k... and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:
q 1814

uQ = E = 7 =49.03 = 49km/hr
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Hence the capacity or maximum flow at off-peak traffic period is 1814pce/hr, with a
corresponding speed at capacity u, = 49km/hr. As shown in table 5.12 above, the mean flow
per hour which represents the 12 period flows for site SS002 is 1071 pce/hr, therefore the
capacity utilization rate Q,, for site SS002 is 1071/1814 X 100% =~ 59%. Therefore, based

on the criteria table 5.18, the LCU for site SS002 without BRT influence is C. Where the LCU
is at C, the other attendant performance parameters from the table are a density of 28veh/km
and a speed of 75km/hr. In comparison with the LCU of the BRT dedicated lane at E, it can be
observed that at level C, there is an associated reduction in speed, as well as an increase in
density. Besides, the LCU of the adjoining lanes at C shows that the capacity utilization is
better due to the traffic mix on those lanes which comprise passenger cars, medium vehicles,
and a few heavy vehicles in different proportions; whereas the BRT dedicated lane is used by
only one vehicle class which are the BRT buses.

5.5.4 With BRT Influence Capacity Utilization for Site SS003

Step 1: Estimation of ‘with BRT” off-peak 5mins and hourly flows, speeds, and densities for
site SS003 is shown in table 5.28. Note that the BRT flows with applied PCEs were added to
the without BRT traffic flows from table 5.24.

Table 5. 28: With BRT level of Capacity Utilization Parameters for SS003 (off — peak)

PC MV HV BRT Vol MV HV BRT ( u k q
Period _L__ 2 3 4 5 6 7 8 136 10 11 12
2¥175 3*3 43 o4 12/10  7*12

1 72 8 2 4 8 14 6 12 104 8 15 1248
2 68 7 2 2 79 12 6 6 92 73 15 1104
3 72 4 4 3 8 7 12 9 100 73 16 1200
4 6 5 2 2 74 9 6 6 86 74 14 1032
5 6 9 3 3 77 18 9 9 9% 75 15 1152
6 6 8 3 1 77 14 9 3 91 78 14 1092
7 63 5 2 3 73 9 6 9 87 75 14 1044
8 70 4 4 2 8 7 12 6 95 73 16 1140
9 67 4 3 4 18 7 9 12 95 77 15 1140
10 6 6 4 3 8 11 12 9 101 74 16 1212
11 73 11 3 2 8 19 9 6 107 75 17 1284
12 67 4 10 4 8 7 30 12 116 73 19 1392

l1hr 813 33 1169  75+1 1169

1, 2, 3...10 ~ column numbers, column I - 4 ~ volume by 5mins, columns 5 -7 ~ flow (pce/5mins),
column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~ passenger car, MV
~ medium vehicle, HV ~ heavy vehicle
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Step 2. Calibration of the ‘with BRT’ flow-density model using the density and flow
parameters in Table 5.22. with PCEs applied. Figure 5.12 shows the graphical representation
of the flow-density relationship:

q=-1.2667k + 104.4k - 147.9 @®SS003

R*=0.8596

0 5 10 15 20 25 30 35
Density, k (pce/km)

Figure 5. 12: With BRT Influence Flow-Density Curve for site SS002 (Off-Peak)

The calibrated flow-density model is given as equation 5.14:
QwithBRT (of f—peak) = —1.2667k? + 1044k — 14749 R®> = 0.86 5.14

Step 3: Statistical testing of the calibrated model for validity. Table 5.29 below shows the
results of the validity test carried out on the off-peak flow-density model for site SS003 with
BRT influence. As shown, the coefficients of the derived model have the anticipated sign
conventions for concavity, while the coefficient of determination R? = 0.8596 is greater than
0.5, which indicates the existence of a strong relationship between density and flow, and the
capability of predicting capacity. It is important to note that the coefficient of "k" denotes the
free-flow speed of roughly 104 km/hr. The aggregated model was subsequently used to predict
capacity, estimate density at capacity, and speed at capacity in step 4 by differentiating ¢ with

respect to k and feeding back necessary values.

Table 5. 29: Level of Capacity Utilization Model Validity Tests

q k Constant
t values 39 2.2
Coefficients -1.2667 104.4 -147.49
Std. Error 30 1
R? 0.86
F 51527 2.82
df 11
Residuals -11.769 -1.2308
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Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow

were determined using equation 5.11 as follows:

QwithBRT(of f—Peaty = —1.2667k? + 104.4k — 147.49 R? = 0.85

By differentiating g with respect to k,

2 =2%-1.2667k + 1044 =0
kere = kg = 41.2pce/km ~ 41 pce/km
By plugging the critical density k, into equation 5.8 the capacity is calculated and is given by:

Q = QuithBrT(of f—peak) = —1.2667(41)? + 104.4(41) — 147.49
Q = QwithBRT(of f—peak) = 2003.18pce/hr =~ 2003pce/hr

By substituting k.,+ and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

2003
= —— =~ 48km/hr

S
CT kT 41

Hence, as expected, the capacity or maximum flow at off-peak traffic period is 2003pce/hr,
with a corresponding speed at capacity u, = 48km/hr. As shown in table 5.22 above, the
mean ‘with BRT’ flow per hour which represents the 12 period flows for site SS003 is 1169
pce/hr, therefore the capacity utilization rate ‘with BRT’ influence Q,, for site SS003 is
1169/2003 x 100% =~ 58%. Hence based on the criteria table 5.4, the LCU for site SS003

‘with BRT” influence is C. Where the LCU is at C, the other attendant performance parameters
from the table are a density of 21veh/km and a speed of 80km/hr.

55.5 Comparative Assessment of Capacity Utilization for Site SS003 Summary
Table 5.30 shows the 5mins off-peak capacity utilization rates and levels at site SS003 for the

three scenarios.
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Table 5. 30: Summary of Off-Peak Capacity Utilization Rates and Levels for SS003

Qu Qu
q q Qu . 3 LCU LCU
Period BgT without with BRT ngc_)rut gg.?. Ié%# without With
BRT BRT (%) BRT BRT

(%) (%)

1 144 1104 1248 35 61 62 D C C
2 72 1032 1104 18 57 55 E C C
3 108 1092 1200 27 60 60 D C C
4 72 960 1032 18 53 52 E C C
5 108 1044 1152 27 58 58 D C C
6 36 1056 1092 9 58 55 E C C
7 108 936 1044 27 52 52 D C C
8 72 1068 1140 18 59 57 E C C
9 144 996 1140 35 55 57 D C C
10 108 1104 1212 27 61 61 D C C
11 72 1212 1284 18 67 64 E C C
12 144 1248 1392 35 69 69 D C C
99 1071 1170
1hr 24 59 58 E C C

406 1814 2003

5.5.5.1 Based on BRT Dedicated Lane Performance

The LCU E of the BRT dedicated lane shows that the Bus route is substantially underutilized,
hence, the level of capacity utilization is poor. This is caused by the designation of the lane
solely for BRT buses with no competition from other vehicle classes moving on the adjoining
lanes. From this finding, and concerning the geometric characteristics of the BRT dedicated
lane, coupled with vehicle characteristics, the LCU of the BRT lane may not improve from E.
This is due to the observed width of the BRT dedicated lane of 4.3m. Besides, with a BRT
vehicle width of 3.1m, only one bus can move on the dedicated lane at once, making it

impossible for two buses to move side by side.

5.5.5.2 Based on Traffic Flowrate ‘without BRT’ Influence

In comparison with the LCU of the BRT dedicated lane at E, it can be observed that at level
C, there is an associated reduction in speed, as well as an increase in density but increased
travel time. Besides, the LCU of the adjoining lanes at C shows that the capacity utilization
improves due to the traffic mix on those lanes which comprise passenger cars, medium
vehicles, and a few heavy vehicles in different proportions; whereas the BRT dedicated lane is

used by only one vehicle class which are the BRT buses.
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5.5.5.3 Based on Traffic Flowrate ‘with BRT’ Influence

In comparison with the LCU without BRT influence, it can be observed that both are the same,
as well as all parameters associated with that level. Although as expected, the maximum flow
was higher, while the speed dropped. However, it may be expected that the level of capacity
utilization would improve to level B. This outcome could have resulted from the poor
utilization of the BRT dedicated lanes. In other words, this simply means that there is an
insufficient number of BRT buses in the BRT transit scheme, as the mixed traffic scenario
tested with BRT did not have a significant effect on traffic flow and capacity Utilization, every
though there were observed increments in capacity utilization rates at first and ninth 5mins
period flows. Nevertheless, in comparison with the LCU on the BRT dedicated lane, there was
a speed reduction, as well as an increase in density and travel time. Overall, the LCU C with
BRT influence at site SS003 shows that the capacity utilization can be significantly enhanced
by mixed traffic scenarios as against having a BRT dedicated lane, especially one with a

median configuration design.

5.5.6 Summary of Capacity Differentials — SS003

In summary, a criteria table has been developed for the assessment of traffic flow performance
under different flow scenarios such as roadway with BRT, roadway without BRT, and BRT
dedicated lane only. Sequel to the comparisons and synthesis of evidence that have emerged
from the analysis, the different levels of capacity Utilization for the various scenarios
considered are caused by differentials in germane traffic flow parameters such as capacity,
speed, density, and travel time. Figure 5.13 below gives a pictorial description of the traffic
characteristics differentials that are responsible for the traffic flow performance and Levels of

capacity Utilization observed at site SS003.
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Figure 5. 13: Capacity Differentials at site SS003

From the arguments raised in chapter two and the hypothesis put forward in this regard, it can
be observed from Figure 5.9 under steady flow conditions that the capacity Q, of roadway with
BRT, indicated by the yellow line is 2003pce/hr. capacity Q, of roadway without BRT,
indicted by the green line is 1814pce/hr, and BRT dedicated lane capacity Q5. indicated by
the red line is 391pce/hr. The corresponding speed at capacity of the roadway with BRT is
48km/hr, the speed at capacity of the roadway without BRT is 49km/hr. Similarly, the
corresponding density at capacity k, of roadway with BRT is 41pce/km, density at capacity
k, of roadway without BRT is 37pce/km. Likewise, the BRT dedicated lane density k5, based
on travel speed with the influence of BRT is approximately 10veh/km, while the BRT
dedicated lane density k3, based on travel speed without the influence of BRT is approximately
8veh/km. Table 5.31 shows the summary of capacity Utilization rates and levels, as well as

the associated traffic characteristics differentials for site SS003.
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Table 5. 31: Summary of capacity Utilization and traffic characteristics differentials for
SS003

Roadway Q u K Qu
SIN U LCU
Condition Q1 Q2 | Q3 |ug | up | ky | ky | ksy | k3 | (%)
with BRT | 104 58 C
without
59 C
BRT 106
SS003 2003 | 1814 | 406 | 48 | 49 |41 | 35| 10 8

BRT

Dedicated | 60 24 E
Lane

ur ~ free-flow speed (km/hr),Q; ~ capacity with BRT(pce/hr), Q, ~ capacity without
BRT(pce/hr), Q; ~ BRT capacity(veh/hr), u; ~ speed at capacity with BRT(km/hr), u, ~ speed
at capacity without BRT(km/hr), k; ~ density at capacity with BRT (pce/km), k, ~ density at
capacity without BRT (pce/km), ~ k3, ~ dedicated lane density with BRT (pce/km), k3, ~
dedicated lane density without BRT (pce/km), Q,, ~ capacity Utilization rate (%), LCU ~ level

of capacity Utilization
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5.6 Site SS004 Capacity Utilization
5.6.1 Capacity Utilization Criteria Table for SS004
Step 1. Analysis of empirical data in Table 5.32.
Table 5. 32: Level of Capacity Utilization (LCU) Parameters — SS004(Peak)

PC MV HV Vol MV HV q u k q

Period I 2 3 4 5 6 7 s 9 10
2%].75 3*3 1+5+6 10/8  7*12
1 142 5 7 154 9 21 172 72 29 2061
2 122 9 2 133 16 6 144 74 23 1725
3 108 7 5 120 12 15 135 75 22 1623
4 133 7 4 149 12 12 162 73 27 1947
5 107 8 3 118 14 9 130 78 20 1560
6 141 4 5 150 7 15 163 74 26 1956
7 120 5 Z 12T 9 6 135 69 23 1617
8 132 6 2 140 11 6 149 67 27 1782
9 135 7 2 144 12 6 153 68 27 1839
10 127 7 5 139 12 15 154 69 27 1851
11 139 4 4 147 7 12 158 65 29 1896
12 146 5 3 154 9 9 164 65 30 1965
1hr 1557 1819 71+l 1819

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by Smins, columns 5 - 7 ~ flow
(pce/Smins), q ~ total flow(pce/hr), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density model using the LCU parameters in table 5.24. Figure 5.14

shows the graphical representation of the flow-density relationship.
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Figure 5. 14: Traffic Flow-Density (F-D) Curve for SS004(Peak) - Control
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The model equation is given as equation 5.15.

Gssooa(contron = —1.0486k% + 98.706k — 23.593 R® = 0.79 5.5

Step 3: Statistical testing of the calibrated model for validity. Table 5.33 below shows the
results of the validity test carried out on the model for site SS004 without BRT influence.

Table 5. 33: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 39.7 2.2
Coefficients -1.0486 98.706 -25.593
Std. Error 46 1
R? 0.79
F 2590.3 2.82
df 11
Residuals -9.743 -2.276

Step 4: Determination of density at capacity, capacity or maximum flow, and the speed at
maximum using equation 5.15 as follows:
dssooa(controry = —1.0486k? + 98.706k — 23.593 R* = 0.79

By differentiating g with respect to k,

Z_Z = 2 x —1,0486k + 98,706 = 0

kere = kg = 47.07pce/km =~ 47 pce/km

By plugging the critical density k,, into equation 5.23 the capacity is calculated and is given

by:
Q@ = gssoo4(control) = —1.0486(47)? + 98.706(47) — 23.593
Q = gssooa(controry = 2299.23pce/hr =~ 2299pce/hr

By substituting k.. and the estimated Q into the fundamental diagram equation q = uk, the

speed at capacity is therefore obtained as:
q 2299
Ug = Pl ~ 49km/hr
Hence the capacity or maximum flow is 2299pce/hr, with a corresponding speed at capacity
ug = 49km/hr.
Step 5: The estimated capacity Q = 2299pce/hr can be approximated to 2300pce/hr and

split into five capacity Utilization levels for the LCU criteria table. As stated earlier, the
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capacity Utilization levels are designated as (A to E), where LCU A is the best roadway

capacity Utilization and LCU E, is the worst. therefore,

Level A (100%) = 2300 pce/hr

Level B (85%) = 0.85 * 2300 = 1955pce/hr = 2000pce/hr
Level C (75%) = 0.75 % 2300 = 1725pce/hr =~ 1800pce/hr
Level D (50%) = 0.50 * 2300 = 1150pce/hr =~ 1200pce/hr
Level E (25%) = 0.25 % 2300 = 575pce/hr = 600pce/hr

Step 6: From the model equation above, speed is evenly distributed between its free-flow speed
of 98.706km/hr ~ 100km/hr for class E and speed at capacity of 49km/hr ~ 50km/hr for
class A. The speed is used to compute the attendant densities and their corresponding time for
1km of roadway, and subsequently, the LCU criteria table is developed. Thus, the LCU criteria
table for SS004 is presented in table 5.34.

Table 5. 34: LCU Criteria Table for SS004

Flow (Q)  Density (k) Speed(u)

LCU Qu %
veh/h veh/km/lane km/hr
A 86 - 100 2300 46 50
B 76 - 85 2000 29 70
C 51-75 1800 23 80
D 26 - 50 1200 13 90
E 0-25 600 6 100

5.6.2 BRT Dedicated Lane Capacity Utilization for Site SS004
Step 1. Estimation of five-minute BRT traffic volume using SANRAL’s standard PCE values

for heavy vehicle class as shown in table 5.35 below.
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Table 5. 35: BRT Dedicated Lane Level of Capacity Utilization Parameters

BRT BRT u Kk k q q
Period 1 2 3 4 5 6 7
1*3 6/3 713 1*12 2*12
1 3 9 52 1 2 36 108
2 4 12 81 0 1 48 144
3 4 12 65 1 2 48 144
4 4 12 72 0 1 48 144
5 4 12 70 1 2 48 144
6 2 6 61 0 1 24 72
7 4 12 73 0 2 48 144
8 4 12 70 0 1 48 144
9 2 6 61 1 2 24 72
10 4 12 73 0 2 48 144
11 2 6 73 0 1 24 72
12 1 3 68 1 2 12 36
1hr 38 68+2 38 114

1, 2, ...8 ~ column numbers, column 1 ~volume by Smins, column 2 ~ BRT
flow (pce/5mins), u ~ speed (km/hr), k4 ~ density (veh/km), k5 ~ density
(pce/km) g6 ~ total flow(veh/hr), g7 ~ total flow(pce/hr) BRT ~ Bus Rapid
Transit.

Step 2: Determination of BRT dedicated lane capacity:

The average speed of BRT Buses (at peak) = 68.2km per hr = 18.94m/s
BRT Vehicle Length = 18m; reaction time = 2.5s and correction factor k = 1.5

Using equation (3.4) the time headway was computed as:

7o 18 5 1.5x18.94<1>_912h
h‘@+ . +f2—.5 = 9.12s hence,

BRT Lane Capacity = 3600/9_12 = 395veh/hr

Step 3: Estimation of capacity utilization rate for BRT:

Recall that capacity Utilization rate had been defined as the ratio of actual traffic flow levels

(5min) to the maximum possible flow or capacity and expressed as a percentage, therefore

Qu = 114/34c X 100% = 28.8 ~ 29%. Therefore, the level of capacity Utilization based on

the criteria table for SS004 BRT dedicated lane is D. With the LCU at D, the other associated

performance parameters are a density of 13veh/km and a speed of 90km/hr. This implies that

when there are fewer vehicles on a road, as is the case of BRT buses, the free-flow speed is
high, and travel time decreases. The LCU D of the BRT dedicated lane shows that the Bus

route is substantially underutilized, hence, the level of capacity utilization is poor. However, it

is better utilized than the other three sites.
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5.6.3 “Without BRT’ Influence Capacity Utilization for Site SS004
Step 1: Estimation of off-peak Smins and hourly flows, speeds, and densities for site SS004

using the empirical data in chapter 4, shown in Table 5.36 below:

Table 5. 36: Without BRT level of Capacity Utilization Parameters for SS004 (off-peak)

PC MV HV Vol MV HV q u k q

Period I 2 3 - ) 6 7 8 9 10
2215y 33 I+5406 10/8 %12
1 76 6 4 86 11 12 99 76 16 1182
2 66 5 5 76 9 15 90 73 15 1077
3 52 0 2 54 0 6 58 77 9 696
4 83 5 5 93 9 15 107 78 16 1281
5 97 5 5 107 9 15 121 67 22 1449
6 68 7 3 78 12 9 89 73 15 1071
7 56 6 2 64 11 6 73 75 12 870
8 82 74 6 95 12 18 112 73 18 1347
9 71 9 0 80 16 0 87 76 14 1041
10 75 9 3 87 16 9 100 71 17 1197
11 99 3 6 108 5 18 122 75 19 1467
12 71 4 1 76 7 3 81 72 14 972
lhr 896 1004 1138 74+1 1138

1, 2, 3...10 ~ column numbers, column 1 - 4 ~ volume by 5Smins, columns 5 - 7 ~ flow
(pce/Smins), column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~
passenger car, MV ~ medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of flow-density model using the density and flow parameters in Table 5.28.
with PCEs applied. Figure 5.12 shows the graphical representation of the flow-density

relationship:

q-= 1.4391K> + 110.11k - 206.84

R*=0.9637 035004

0 5 10 15 20 25 30 35
Density, k (pce/km)

Figure 5. 15: Without BRT Influence Flow-Density Curve for site SS004 (Off-Peak)
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The calibrated flow-density model is given as equation 5.16:
QwithoutBRT(of f—peak) = —1.4391k? + 110.11k — 206.84 R* = 0.96 5.16

Step 3: Statistical testing of the calibrated model for validity. Table 5.37 below shows the
results of the validity test carried out on the off-peak flow-density model for site SS004 without
BRT influence.

Table 5. 37: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 171 2.2
Coefficients -1.4391 110.11 -206.84
Std. Error 67 1
R? 0.96
F 4774.5 2.82
df 11
Residuals -10.693 -3.247

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow
were determined using equation 5.16 as follows:
QwithoutBRT(of f—Peak) = —1.4391k? + 110.11k — 206.84 R* = 0.96

By differentiating g with respect to k,

Z—Z =2+ -1.4391k + 110.11 = 0

kere = ko = 38.3pce/km =~ 38 pce/km

By plugging the critical density k, into equation 5.16 the capacity is calculated and is given

by:
Q = QuithoutBRT(of f-Peak) = —1.4391(38)% 4+ 110.11(38) — 206.84

Q= AwithoutBRT (of f—Peak) — 1899.28pce/hr ~ 1899pce/hr

By substituting k... and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:
q 1899
Ug = x- 38 — 499 = 50km/hr
Hence the capacity or maximum flow at off-peak traffic period is 1899pce/hr, with a
corresponding speed at capacity u, = 50km/hr. As shown in Table 5.28 above, the mean

flow per hour which represents the 12 period flows for site SS004 is 863 pce/hr, therefore the
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capacity utilization rate Q,, for site SS004 is 1138/1899 X 100% = 59.9 =~ 60%. Therefore,
based on the criteria table 5.34, the LCU for site SS004 without BRT influence is C. Where

the LCU is at C, the other attendant performance parameters from the table are a density of
23veh/km, and a speed of 80km/hr.

5.6.4 “With BRT’ Influence Capacity Utilization for Site SS004

Step 1: Estimation of ‘with BRT” off-peak 5mins and hourly flows, speeds, and densities for
site SS004 is shown in table 5.38. Note that the BRT flows with applied PCEs were added to
the without BRT traffic flows from table 5.36.

Table 5. 38: With BRT level of Capacity Utilization Parameters for SS004 (off-peak)

PC MV HV BRT Vol MV HV BRT ( U k q
Deriog _L__ 2 3 4 5 6 7 8 136 10 11 12
2*1.75 3*3 43 13 12/10  7*12

1 7% 6 4 3 8 11 12 9 108 75 17 129
2 66 5 5 4 80 9 15 12 102 73 17 1224
3 5 0 2 4 58 0 6 12 70 78 11 840
4 8 5 5 4 97 9 15 12 119 77 19 1428
5 97 5 5 4 111 9 15 12 133 67 24 1596
6 68 7 3 2 80 12 9 6 95 73 16 1140
7 56 6 2 4 6 11 6 12 85 75 14 1020
8 8 7 6 4 9 12 18 12 124 73 20 1488
9 71 9 0 2 8 16 0 6 93 71 16 1116
0 75 9 3 4 91 16 9 12 112 70 19 1344
11 9 3 6 2 110 5 18 6 128 75 20 1536
12 71 4 1 1 77 7 3 3 84 71 14 1008

lhr 896 38 1042 1252 73#1 1253

1, 2, 3...10 ~ column numbers, column I - 4 ~ volume by 5mins, columns 5 -7 ~ flow (pce/5mins),
column 10 ~ total flow(pce/h), u ~ speed (km/hr), k ~ density (pce/km), PC ~ passenger car, MV ~
medium vehicle, HV ~ heavy vehicle

Step 2. Calibration of ‘with BRT’ flow-density model using the density and flow parameters
in Table 5.38. with PCEs applied. Figure 5.16 shows the graphical representation of the flow-

density relationship:
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Figure 5. 16: With BRT Influence Flow-Density Curve for site SS004 (Off-Peak)

The calibrated flow-density model is given as equation 5.17:
qwithBRT(off—peak) = —1.2482k2 + 107.94’]( = 219.7 R2 = 0.96

LI

Step 3: Statistical testing of the calibrated model for validity. Table 5.39 below shows the
results of the validity test carried out on the off-peak flow-density model for site SS004 ‘with
BRT’ influence.

Table 5. 39: Level of Capacity Utilization Model Validity Tests

q k Constant
t' values 184 2:2
Coefficients -1.2482 107.94 -219.7

Std. Error 71 1

R? 0.96

F 4690.8 2.82

df 11
Residuals -8.263 -2.699

Step 4: The density at capacity, capacity or maximum flow, and the speed at maximum flow

were determined using equation 5.17 as follows:

CIwithBRT(off—Peak) = —1.24’82k2 + 107.94k V= 219.7 R2 == 0.96
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By differentiating g with respect to k,
20 =2+ —1.2482k +107.94 = 0
kere = kg = 43.2pce/km ~ 43 pce/km
By plugging the critical density k,, into equation 5.17 the capacity is calculated and is given
by:
Q = QwithBRT(of f-peak) = —1.2482(43)? + 107.94(43) — 219.7

Q = QwithBRT (of f—peak) = 2113.8pce/hr ~ 2114pce/hr

By substituting k.., and the estimated Q into the fundamental diagram equation g = uk, the

speed at capacity is therefore obtained as:

q 2114
Ug = E = ? = 49km/hr

Hence, as expected, the capacity or maximum flow at off-peak traffic period is 2114pce/hr,
with a corresponding speed at capacity u, = 49km/hr. As shown in table 5.22 above, the
mean ‘with BRT’ flow per hour which represents the 12 period flows for site SS004 is 1253
pce/hr, therefore the capacity utilization rate ‘with BRT’ influence Q,, for site SS004 is
1253/2113 x 100% = 59.2 ~ 59%. Hence based on the criteria table 5.4, the LCU for site
SS003 ‘with BRT’ influence is C. Where the LCU is at C, the other attendant performance

parameters from the table are a density of 23veh/km and a speed of 80km/hr.

5.6.5 Comparative Assessment of Capacity Utilization for Site SS004 Summary
Table 5.40 shows the 5mins off-peak capacity Utilization rates and levels at site SS004 for

the three scenarios.

207



Table 5. 40: Summary of Off-Peak Capacity Utilization Rates and Levels for SS004

_ y QU Qu LCU Lcu

Period BgT Witﬂout qBVI;'.f_h BCI%QT ngc.)rUI \évlg.rl]_ IE_S(I;¥ without  With

BRT (%) (%) (%) BRT BRT
1 108 1182 1296 27 62 61 D C C
2 144 1077 1224 36 57 58 D C C
3 144 696 840 36 37 40 D D D
4 144 1281 1428 36 67 68 D C C
5 144 1449 1596 36 76 75 D B C
6 72 1071 1140 18 56 54 E C C
7 144 870 1020 36 46 48 D D D
8 144 1347 1488 36 71 70 D C C
9 72 1041 1116 18 55 53 E C C
10 144 1197 1344 36 63 64 D C C
11 72 1467 1536 18 77 73 E B C
12 36 972 1008 9 51 48 E C D

114 1138 1253

lhr 29 60 59 D C C

395 1899 2114

5.6.5.1 Based on BRT Dedicated Lane Performance

The LCU D of the BRT dedicated lane shows that the Bus route is substantially underutilized,
hence, the level of capacity utilization is poor. This is caused by the designation of the lane
solely for BRT buses with no competition from other vehicle classes moving on the adjoining
lanes. From this finding, and concerning the geometric characteristics of the BRT dedicated
lane, coupled with vehicle characteristics, the LCU of the BRT lane may not improve from D.
This is due to the observed width of the BRT dedicated lane of 4.3m. Besides, with a BRT
vehicle width of 3.1m, only one bus can move on the dedicated lane at once, making it

impossible for two buses to move side by side.

5.6.5.2 Based on Traffic Flowrate ‘without BRT’ Influence

In comparison with the LCU of the BRT dedicated lane at D, it can be observed that at level
C, there is an associated reduction in speed, as well as an increase in density but increased
travel time. Besides, the LCU of the adjoining lanes at C shows that the capacity utilization
improves due to the traffic mix on those lanes which comprise passenger cars, medium
vehicles, and a few heavy vehicles in different proportions; whereas the BRT dedicated lane is

used by only one vehicle class which are the BRT buses.
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5.6.5.3 Based on Traffic Flowrate ‘with BRT’ Influence

In comparison with the LCU without BRT influence, it can be observed that both are the same,
as well as all parameters associated with that level. Although as expected, the maximum flow
was higher, while the speed dropped. However, it may be expected that the level of capacity
utilization would improve to level B. This outcome could have resulted from the poor
utilization of the BRT dedicated lanes. In other words, this simply means that there is an
insufficient number of BRT buses in the BRT transit scheme, as the mixed traffic scenario
tested with BRT did not have a significant effect on traffic flow and capacity utilization.
Nevertheless, in comparison with the LCU on the BRT dedicated lane, there was a speed
reduction, as well as an increase in density and travel time. Overall, the LCU C with BRT
influence at site SS004 shows that the capacity utilization can be significantly enhanced by
mixed traffic scenarios as against having a BRT dedicated lane, especially one with a median

configuration design.

5.6.6 Summary of Capacity Differentials — SS004

In summary, a criteria table has been developed for the assessment of traffic flow performance
under different flow scenarios such as roadway with BRT, roadway without BRT, and BRT
dedicated lane only. Sequel to the comparisons and synthesis of evidence that have emerged
from the analysis, the different levels of capacity utilization for the various scenarios
considered are caused by differentials in germane traffic flow parameters such as capacity,
speed, density, and travel time. Figure 5.17 below gives a pictorial description of the traffic
characteristics differentials that are responsible for the traffic flow performance and Levels of

capacity utilization observed at site SS004.
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Figure 5. 17: Capacity Differentials at site SS004

From the arguments raised in chapter two and the hypothesis put forward in this regard, it can
be observed from Figure 5.14 under steady flow conditions that the capacity Q, of roadway
with BRT, indicated by the yellow line is 2114pce/hr, capacity Q, of roadway without BRT,
indicted by the green line is 1899pce/hr, and BRT dedicated lane capacity Q5. indicated by
the red line is 395pce/hr. The corresponding speed at capacity of the roadway with BRT is
49km/hr, the speed at capacity of the roadway without BRT is 50km/hr. Similarly, the
corresponding density at capacity k; of roadway with BRT is 43pce/km, density at capacity
k, of roadway without BRT is 38pce/km. Likewise, the BRT dedicated lane density k5, based
on travel speed with the influence of BRT is approximately 10veh/km, while the BRT
dedicated lane density k3, based on travel speed without the influence of BRT is approximately
9veh/km. Table 5.41 shows the summary of capacity Utilization rates and levels, as well as

the associated traffic characteristics differentials for site SS004.
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Table 5. 41: Summary of capacity Utilization and traffic characteristics differentials for
SS004

Roadway Q u K Qu
SIN U LCU
Condition Q1 | Q2 | Qs [uy |up | ky | ky | k31| k3p | (%)
with BRT | 108 59 C
without
60 C
BRT 110
SS004 2114 | 1899 | 395 |49 | 50 |43 | 38 | 10 9

BRT

Dedicated | 60 29 D
Lane

ur ~ free-flow speed (km/hr),Q; ~ capacity with BRT(pce/hr), Q, ~ capacity without
BRT(pce/hr), Q; ~ BRT capacity(veh/hr), u; ~ speed at capacity with BRT(km/hr), u, ~ speed
at capacity without BRT(km/hr), k; ~ density at capacity with BRT (pce/km), k, ~ density at
capacity without BRT (pce/km), ~ k3, ~ dedicated lane density with BRT (pce/km), ks, ~
dedicated lane density without BRT (pce/km), Q,, ~ capacity Utilization rate (%), LCU ~ level

of capacity Utilization

5.7 Summary

This chapter has analyzed and presented the Level of Capacity Utilization (LCU) of the
roadway segments investigated in this study. To achieve this, a LCU criteria table that
considers traffic flow and density as major determining factors of the traffic performance on a
roadway was developed using the peak traffic data, and used to determine the LCU for each
site, with and without BRT. Other associated traffic performance characteristics were speed
and travel time, which were observed to change with respect to the traffic conditions
considered. Prior to the determination of LCU at each site and other associated analyses,
empirical traffic data from the survey was extracted and the standard PCE values were modified
and from the results, the use of the standard PCE values from SANRAL was sustained due to
the insignificant difference between the SANRAL values and the modified PCEs. Besides,
Empirical data with PCEs applied were used to calibrate flow-density models for the prediction

of capacity and determination of other capacity Utilization parameters.
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Using the off-peak traffic data, the with and without BRT maximum flows were predicted using
the quadratic capacity model equation that relates flow with density from the fundamental
diagram approach. Furthermore, BRT flow rates were determined, which subsequently
engendered the estimation of the ‘with and without BRT’ traffic scenarios. It can be observed
from the tables that capacity utilization or the pattern of traffic flow in the vicinity of BRT is
indeed characterized by high speed with a corresponding low flow rate and low speed with a
corresponding high flowrate. In other words, as speed increases, capacity utilization decreases,
and as speed decreases, the level of capacity utilization increases. It is noteworthy that density
is directly proportional to flow under steady flow conditions, hence the more vehicles in the
stream, the better the level of capacity utilization. It can also be observed from the tables that
speed is inversely proportional to travel time, hence as speed increases, travel time decreases,
and vice versa. The criteria tables were employed to evaluate the LCU of each site at peak
traffic sequel to the determination of their capacity utilization rates at steady flow conditions,
hence, the LCU results of the off-peak traffic scenario analyzed have clearly shown that the
BRT corridor has substantially been underutilized in the vicinity of BRT dedicated lanes. The
extent of observed capacity underutilization was shown by the with and without BRT situation
considered, which revealed the capacity differentials, as well as differentials in other traffic
characteristics with respect to capacity utilization.

It can be observed from the summary of the capacity and other capacity utilization parameters’
differentials at each site, that the ‘with BRT’ scenario triggered an increase in capacity and density,
and capacity utilization with a contrary decrease in speed. Although the differentials in the LCU
between the ‘without” and ‘with’ BRT traffic scenarios were not as significant as the LCU
differential between the BRT dedicated lanes and the ‘with and without’ BRT scenario, the increase
in capacity and attendant capacity differentials show that there may be implications on the time
headway distribution on the adjoining lanes caused by the presence of BRT under the steady flow
condition considered. It simply implies that there would be influx of more vehicles, especially the
BRT buses into the mixed traffic ‘without BRT’ traffic stream. Therefore, by way of hypothesizing,
will the merger of BRT buses on the dedicated lanes with vehicles on the adjoining lanes have any
effect on the time headways of the mixed ‘with BRT’ stream? If yes, will the time headways
increase or decrease in magnitude? The next chapter which discusses the time headway implications
of the with and without BRT scenarios and provides answers to these queries through the stochastic

modelling of the attendant time headway distributions.

212



CHAPTER 6

TIME HEADWAY IMPLICATIONS

6.1 Overview

In the previous chapter, the findings of the influence of BRT scenarios on levels of capacity
utilization and their attendant implications on density, speed, and travel time differentials were
presented. These differentials, estimated through the deterministic approach are caused by the
presence of BRT dedicated lanes. As observed from the estimated capacity and other traffic
characteristics differentials, the mixed traffic or ‘with BRT traffic scenario which resulted in
an increase in capacity, coupled with a corresponding increase in density (due to the influx of
more vehicles into the stream), and a decrease in speed and travel time, will cause a reduction
in time headways under the mixed traffic consideration.

Note that according to the Highway Capacity Manual (HCM) 2010, time headway had been
referred to as “the time between two successive vehicles as they pass a point on a lane or
roadway, measured in seconds from the same point on each vehicle” (HCM, 2010). Time
headway in traffic flow modelling and planning is considered a relevant control parameter that
affects the behaviour of drivers, and it particularly plays a major role in the estimation of
roadway capacity (Moridpour, 2014). Time headway is a microscopic characteristic of flow
that has also found useful application in the estimation of Passenger Car Units (PCUs), Level
of Service (LOS) evaluations, analysis of safety, gap acceptance studies, and delay studies
(Aderinlewo et al., 2020; J. Ben-Edigbe et al., 2014) It is a fundamental characteristic of the
quality and quantity of traffic flow (Alhassan & Ben-Edigbe, 2012a), that describes the order
in which a leading car and the one that follows it arrive at selected points on a roadway (Das
& Maurya, 2017). Its analysis is one of the most important methods in traffic engineering,
employed to understand the position of one vehicle relative to the other in a mixed traffic flow
(Das & Maurya, 2017).

The empirical time headway distribution ‘without BRT’ captured by the ATCs was observed
to follow certain probability distributions, hence the application of stochastic methodology.
Consequently, the remainder of this chapter which presents the results and discussion on the
stochastic approach employed is organized as follows: section 6.2 presents the fitting of
probability distributions to the observed time headway data; section 6.3, discusses the

hypothesis Testing and Performance of the Probability Distribution Models, and section 6.4
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introduces the stepwise analytical framework for the statistical modelling of the time
headways. In section 6.5, comments on the descriptive statistics of the time headway data are
presented, while section 6.6 gives comments on the fitted probability distribution models.
Section 6.7 presents comments on the hypothesis and performance of the probability
distribution models, while section 6.8 gives comments on the model parameters. The summary

of the chapter is presented in section 6.9.

6.2 Fitting of Probability Distribution Models to Observed Time Headway Data

As earlier stated, statistical models should be applied to fit time headway data to identify a
suitable model for headway distribution. ModelRisk software, a Monte Carlo Simulation tool
was employed to fit selected probability distributions to data, generate the attendant Probability
Density Function (PDF), Cumulative Density Function (CDF), and Probability Plots (P-P), as
well as carry out the hypothesis testing or goodness of fit tests. In this investigation, five
distributions were fitted to the observed time headway data and were rated in the order in which
they best fit the data. Recall that similarly, this approach had been tested in the pilot study using
both peak and off-peak traffic flow scenarios. The subsequent analysis discussed in this section
is with respect to the headway data of the BRT flow scenarios of the main study across the four

sites.

6.3 Hypothesis Testing and Performance of the Probability Distribution Models

Sequel to the fitting of continuous probability distribution models to the observed time
headway data, the fitted models should be tested to determine their performance and ultimately
the distribution that provides the best fit. This section presents the hypothesis testing, also
referred to as ‘Goodness of Fit’ tests of a continuous time series distribution, and used to
confirm and determine whether a probability distribution is suitable for simulating a specific
phenomenon. It will be recalled that the hypothesis to be tested was stated earlier which
postulates that “The compatibility of observed time headway distribution with fitted probability
distribution model is rejected if (P —value < ) or accepted if (P —value > ).
Consequently, this test was carried out using the already defined Akaike Information Criterion
(AIC), Schwarz Information Criterion (SIC), also known as Bayesian Information Criterion
(BIC) and Hannan Quinn Information Criterion (HQIC), and the distribution which gives the
smallest values of AIC, SIC, and HQIC is considered the best-fitted model. The test statistics
of each of the performance indicators were computed at a = 5% (0.05) significance level and

95% level of confidence. The performance values of the AIC, SIC, and HQIC, as well as the
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log-likelihood and P-values, are obtained from the report of the model fitting and directly from

the plots respectively.

6.4 Analytical Framework for Statistical Modelling of Time Headway

The schematic flowchart of time headway analysis is illustrated in figure 6.1 below and the

stepwise procedure employed for the pilot test was replicated in this analysis as follows:

Step 1: Recall empirical traffic volume data from chapter four, extracted from the ATC, and

determine the descriptive statistics of its headway.

Step 2: Fit continuous probability distributions to the headway distribution data and plot the
joint PDF, CDF, and P-P plots of each fitted probability distribution model examined for each

site and evaluate the statistical results of the model fitting.

Step 3: Carry out the hypothesis testing of the fitted distribution or goodness of fit tests on the
models using the Akaike Information Criterion (AIC), Schwarz Information Criterion (SIC),
and Hannan Quinn Information Criterion (HQIC) as described in the methodology.

Step 4: Calculate the P-value for each distribution at 95% confidence and 5% significance
levels respectively. The higher the P-value and the more it exceeds 0.05 in all three tests at a 5
percent level of significance, the more compatible the model.

Step 5: Select the model that best fits the data based on the smallest AIC value and the largest
Loglikelihood (LLH) value. Use the P-value obtained in step 4 and according to the

criterion, accept or reject the stated hypothesis.

Step 6: Compare the model parameters as well as the mean time headway of the fitted empirical
data with the mixed traffic time headway data and evaluate the outcomes with respect

to capacity utilization of the study site.

Figure 6.1 shows the schematic flowchart of the time headways implications analysis.
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Recall the extracted empirical traffic volume data from chapter 4 and
extract the associated individual vehicles 1hr time headway data

from the ATC, and determine the descriptive statistics viz sample
size, mean, median, standard deviation, standard error, kurtosis,
variance, skewness etc.

Fit continuous probability distributions to the headway distribution data.

Plot the joint 5 3
Plot the Joint Cumulativz JDel:lIllsity Plot the joint
Probability Density : Probability Plot (P-P)
Function (PDF) Function (CDF)

Carry out the hypothesis testing of the fitted distribution or goodness of fit tests
on the models using the AIC, SIC and HQIC criteria.

Calculate the P-value for each distribution at 95%
confidence and 5% significance levels respectively. P
value must be greater than 0.05 for compatibility

A

Select the model that best fits the data based on

the smallest AIC value and the largest Log
likelihood (LLH) value.

\ 4

Determine and compare the model parameters as well
as the average time headway of the with and without
BRT scenarios evaluate the outcome with respect to

capacity utilization.

End

Figure 6. 1: Schematic Flowchart of Time Headway Analysis
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6.4.1 Statistical Modelling of Time Headway Data for Site SS001

Step 1: Determination of Descriptive Statistics of Peak Traffic Headway Distribution Data
Recall the extracted empirical hourly traffic volume data shown in Table 4.2, chapter 4 and extract
the associated individual vehicles’ 1hr time headway distribution data from the ATC. Hence
determine the descriptive statistics viz sample size, mean, median, standard deviation, standard
error, kurtosis, variance, and skewness. Table 6.1 shows the descriptive statistics of the

observed time headways for site SS001 at peak.

Table 6. 1: Descriptive Statistics of the Time Headways — SS001 (Peak)

Descriptive Statistics SS001
Mean 2.930313901
Standard Error 0.111690434
Median 1.8
Mode 1
Standard Deviation 3.729524037
Coefficient of Variation 1.29
Sample Variance 13.90934954
Kurtosis 21.98952129
Skewness 3.969629326
Range 39.8
Minimum 0.2
Maximum 40
Sum 3267.3
Sample Size 1115

Step 2: Fitting of continuous probability distribution models to headway data

Using the Model Risk software, probability models were fitted to the headway data, and the
PDF, CDF, P-P plots and the P-value with its plot of the best-fitted distribution were generated
from the software. Figures 6.2, 6.3, 6.4, and 6.5 show the PDF, P-P, CDF, and P-Value plots

respectively.
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Step 3: Analysis of Off- Peak Traffic Headway Distribution Data

Recall the extracted empirical hourly traffic volume data shown in Table 4.3, chapter 4, and extract
the associated individual vehicles’ 1hr time headway distribution data from the ATC. Hence
determine the descriptive statistics viz sample size, mean, median, standard deviation, standard
error, kurtosis, variance, and skewness. Table 6.2 shows the descriptive statistics of the

observed time headways for site SS001 at off-peak.

Table 6. 2: Descriptive Statistics of the Time Headways — SS001 (Off-Peak)

Descriptive Statistics SS001
Mean 3.61577381
Standard Error 0.164384644
Median 19
Mode 1
Standard Deviation 5.219050658
Coefficient of Variation 1.47
Sample Variance 27.23848977
Kurtosis 23.87798607
Skewness 4.199696492
Range 53.2
Minimum 0.2
Maximum 53.4
Sum 3644.7
Sample Size 1008

Step 4: Fitting of continuous probability distribution models to headway data

Using the Model Risk software, probability models were fitted to the headway data, and the
PDF, CDF, P-P plots and the P-value with its plot of the best-fitted distribution were generated
from the software. Figures 6.6, 6.7, 6.8, and 6.9 show the PDF, P-P, CDF, and P-Value plots

respectively.
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Figure 6. 7: P-P Plot for SS001 (Off-Peak)
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Figure 6. 9: P-Value Plot for SS001 (Off-Peak)
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Step 5: Hypothesis testing of the fitted distribution models using the Akaike Information
Criterion (AIC), Schwarz Information Criterion (SIC), and Hannan Quinn Information

Criterion (HQIC), including the determination of the Log likelihood value (LLH). A summary

of how the fitted distribution models performed is presented in Table 6.3.

Table 6. 3: Goodness of Fit and Model Performance Summary — SS001

) Prob. Sig. P Hyp. Best
Location  Rank SIC AIC HQIC LLH )
Model Level Value  Test Fit
3RD Lognormal 4365.40 4355.37 4359.16 -2175.68 0.05 0.69 Accept
1ST GEV 4365.41 4350.38 4356.05 -2175.18 0.05 0.72 Accept
SS001 Log
4TH o 4369.23 4359.21 4362.99 -2177.60 0.05 0.72 Accept GEV
(Peak) Logistic
5TH InvGauss 4370.72 4360.70 4364.48 -2178.34 0.05 0.69 Accept
2ND Burr 4372.52 4352.49 4360.04 -2172.23 0.05 0.72 Accept
1ST  InvGauss 4365.83 4356.01 4357.73 -2176.00 0.05 0.71  Accept
3R Lognormal 4378.99 4369.17 4372.89 -2182.58 0.05 0.71 Accept
SS001 2ND GEV 4382.82 4368.09 4373.67 -2181.03 0.05 0.74 Accept Inverse
(Off-Peak)  4TH Burr 4389.80 4370.17 4377.60 -2181.07 0.05 0.74 Accept Gaussian
Log
5TH o 4392.32 4382.50 4386.22 -2189.24 0.05 0.74 Accept
Logistic

SIC ~ Schwarz Information Criterion; AIC ~ Akaike Information Criterion; HOQIC ~ Hannan Quinn

Information Criterion, LLH ~ Log likelihood; P ~ Probability *IC used for Ranking - AIC

As shown in Table 6.3, it can be observed that five continuous probability distribution models
were fitted to the empirical time headway data viz: Lognormal, Inverse Gaussian, Generalized
Extreme Value (GEV), Log-logistic, and Burr. The models were ranked according to
performance using the AIC, SIC, and HQIC criteria as mentioned earlier. Sequel to ranking
and comparison with the SIC and HQIC, the smallest AIC value determines the overall best-
performed model. Although at peak traffic period, the GEV distribution was the best-performed
model, with the lowest AIC value of 4350.38, and the largest Log-likelihood (LLH) value of -
2175.18. However, the off-peak traffic is the concern of this analysis under the steady flow
condition considered. The inverse Gaussian distribution performed the best with the lowest
AIC value of 4356.01 and the largest LLH value of -2176.00. The P-values were acceptable

and within the range of 0.69 and 0.74.
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Step 6: Determination of, and comparison of the model parameters.

Each continuous distribution model has two or three scale, shape, and location parameters
respectively. These parameters were extracted from the report generation by the ModelRisk
software that was used for the modelling. A summary of the probability distribution model
parameters is shown in Table 6.4.

Table 6. 4: Summary of Probability Distribution Parameters — SS001

Probability Shape Parameters Scale Location

Location

Distribution Parameter  Parameter
Lognormal 2.8277 - 3.2462 -
GEV 1.3263 - 1.0580 0.5507
SS001 .
Log Logistic 1.9353 - 1.8108 -
(Peak)
InvGauss 2.9303 - 2.1989 -
Burr -0.5855  0.1049 1.8123 193.2064
InvGauss 3.6500 - 2.0554 -
Lognormal 3.4706 - 4.6389 -
SS001 GEV 1.4001 - 1.2257 0.6759
(Off-Peak) ' ' '
Burr -0.4097  0.0357 - 333.1296
Log Logistic 1.7378 - 2.0149 -

As shown in Table 6.4, the distributions fitted to the time headways revealed varied estimated
parameters. Amongst these distributions, only the Lognormal, Inverse Gaussian, and Log
logistic have two parameters (shape and scale). The Burr distribution has all four parameters
(two shape parameters, 1 scale, and 1 location), while the GEV distribution has three which
are the shape, scale, and location parameters. Each of the parameters of the distributions varied
in different proportions and they revealed the expected outcomes. Their magnitudes and

differentials are significant.

Step 7: Comparison of the average time headways of the without (empirical data) and with
BRT scenarios vis a vis level of capacity Utilization. Table 6.5 shows the summary of the

average time headway of the BRT scenarios.

Table 6. 5: Summary of Probability Distribution Parameters — SS001

Mean Time Mean Time
Location Headway T}, Headway T}, LCU
(Without BRT) (With BRT)
SS001
(Off-Peak) 3 22 c

To avoid repetition, statistical modelling for the other sites followed the stepwise procedure.
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6.4.2 Statistical Modelling of Time Headway Data for Site SS002

Step 1: Determination of Descriptive Statistics of Peak Traffic Headway Distribution Data

Recall the extracted empirical hourly traffic volume data shown in Table 4.5, chapter 4. Table

6.6 shows the descriptive statistics of the observed time headways for site SS002 at peak.
Table 6. 6: Descriptive Statistics of the Time Headways — SS002 (Peak)

Descriptive Statistics SS002
Mean 2.70149
Standard Error 0.169099
Median 1.4
Mode 1
Standard Deviation 5.877246
Coefficient of Variation 2.19
Sample Variance 34.54202
Kurtosis 49.4649
Skewness 6.708744
Range 56.9
Minimum 0.1
Maximum 57
Sum 3263.4
Sample Size 1208

Step 2: Fitting of continuous probability distribution models to headway data. Figures 6.10,
6.11, 6.12, and 6.13 show the PDF, P-P, CDF, and P-value plots respectively.
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Figure 6. 10: PDF Plot for SS002 (Peak)
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Figure 6. 11: P-P Plot for SS002 (Peak)
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Figure 6. 13: P-Value Plot for SS002 (Peak)
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Step 3: Analysis of Off- Peak Traffic Headway Distribution Data

Recall the extracted empirical hourly traffic volume data shown in Table 4.6, chapter 4. Table 6.7

shows the descriptive statistics of the observed time headways for site SS002 at off-peak.

Table 6. 7: Descriptive Statistics of the Time Headways — SS002 (Off-Peak)

Descriptive Statistics SS002
Mean 3.623555
Standard Error 0.244865
Median 1.55
Mode 1
Standard Deviation 7.483434
Coefficient of Variation 2.08
Sample Variance 56.00178
Kurtosis 24.48827
Skewness 4.794042
Range 54.9
Minimum 0.2
Maximum 55.1
Sum 3384.4
Sample Size 934

Step 4: Fitting of continuous probability distribution models to headway data

Using the Model Risk software, probability models were fitted to the headway data, and the

PDF, CDF, P-P plots and the P-value with its plot of the best-fitted distribution were generated
from the software. Figures 6.14, 6.15, 6.16, and 6.17 show the PDF, P-P, CDF, and P-Value

plots respectively.
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Figure 6. 14: PDF Plot for SS002 (Off-Peak)
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Figure 6. 15: P-P Plot for SS002 (Off-Peak)
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Figure 6. 17: P-Value Plot for SS002 (Off-Peak)
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Step 5: Hypothesis testing of the fitted distribution models using the AIC, SIC, and HQIC. A
summary of how the fitted distribution models performed is presented in Table 6.8.

Table 6. 8: Goodness of Fit and Model Performance Summary — SS002

) Prob. Sig. P Hyp. Best
Location  Rank SIC AIC HQIC LLH )
Model Level Value  Test Fit
2ND GEV 4042.69 4027.42 4033.16 -2010.70 0.05 0.78 Accept
1ST Burr 4043.08 4022.73 4030.37 -2007.35 0.05 0.78 Accept
SS002 Log
3RD o 4072.28 4062.09 4065.92 -2029.04 0.05 0.79 Accept Burr
(Peak) Logistic
4TH Lognormal 4170.54 4160.36 4164.19 -2078.17 0.05 0.74  Accept
5TH InvGauss 4227.11 4216.93 4220.76 -2106.46 0.05 0.69 Accept
2ND GEV 3638.50 3624.00 3629.51 -1808.99 0.05 0.80 Accept
1ST Burr 3642.65 3623.33 3630.67 -1807.64 0.05 0.80 Accept
SS002 Log
3RD o 3692.81 3683.15 3686.83 -1839.57 0.05 0.81 Accept Burr
(Off-Peak) Logistic

4TH InvGauss 3744.33 3734.66 3738.34 -1865.32 0.05 0.71  Accept
5TH Lognormal 3757.50 3747.83 375151 -1871.91 0.05 0.76 Accept

SIC ~ Schwarz Information Criterion; AIC ~ Akaike Information Criterion; HOQIC ~ Hannan Quinn
Information Criterion, LLH ~ Log likelihood,; P ~ Probability *IC used for Ranking - AIC

As shown in table 6.8, it can be observed that five continuous probability distribution models
were fitted to the empirical time headway data viz: Lognormal, Inverse Gaussian, Generalized
Extreme Value (GEV), Log-logistic, and Burr. The models were ranked according to
performance using the AIC, SIC, and HQIC criteria as mentioned earlier. Sequel to ranking
and comparison with the SIC and HQIC, the smallest AIC value determines the overall best-
performed model. Although at peak traffic period, the Burr distribution was the best-performed
model, with the lowest AIC value of 4022.73, and the largest Log-likelihood (LLH) value of -
2007.35. However, the off-peak traffic is the concern of this analysis under the steady flow
condition considered. The Burr distribution performed the best with the lowest AIC value of
3623.33 and the largest LLH value of -1807.64. The P-values were acceptable and within the
range of 0.71 and 0.81.

Step 6: Determination of, and comparison of the model parameters.
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A summary of the probability distribution model parameters is shown in Table 6.9.

Table 6. 9: Summary of Probability Distribution Parameters — SS002

Location Probability Shape Parameters Scale Location
Distribution P Parameter  Parameter
GEV 1.0859 - 0.7914 0.5461
Burr 0.0319 0.8423 1.7373 1.9481
SS002 -
(Peak) Log Logistic 2.1235 - 1.4417 -
Lognormal 2.2581 - 24727 -
InvGauss 2.7015 - 1.8440 -
GEV 1.9955 - 0.9607 0.6768
Burr 0.0612 0.6968 1.4518 2.5137
55002 Log Logistic 1.8795 - 1.6546 -
(Off-Peak) 9 -9 ' '
InvGauss 3.6236 - 1.8267 -
Lognormal 2.9602 - 3.8738 -

As shown in Table 6.9, the distributions fitted to the time headways revealed varied estimated
parameters. Amongst these distributions, only the Lognormal, Inverse Gaussian, and Log-
logistic have two parameters (shape and scale). The Burr distribution has all four parameters
(two shape parameters, 1 scale, and 1 location), while the GEV distribution has three which
are the shape, scale, and location parameters. Each of the parameters of the distributions varied
in different proportions and they revealed the expected outcomes. Their magnitudes and

differentials are significant.

Step 7: Comparison of the average time headways of the without (empirical data) and with
BRT scenarios vis a vis level of capacity Utilization. Table 6.10 shows the summary of the

comparison between the average time headway of the ‘with’ and ‘without” BRT scenarios.

Table 6. 10: Summary of Probability Distribution Parameters — SS002

Mean Time Mean Time
Location Headway Tj, Headway T}, LCU
(Without BRT) (With BRT)
SS002
(Off-Peak) 36 18 c

6.4.3 Statistical Modelling of Time Headway Data for Site SS003
Step 1: Determination of Descriptive Statistics of Peak Traffic Headway Distribution Data
Recall the extracted empirical hourly traffic volume data shown in Table 4.8, chapter 4. Table

6.11 shows the descriptive statistics of the observed time headways for site SS003 at peak.
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Table 6. 11: Descriptive Statistics of the Time Headways — SS003 (Peak)
Descriptive Statistics SS003

Mean 2.163394
Standard Error 0.113701
Median 15
Mode 1
Standard Deviation 3.480445
Coefficient of Variation 1.66
Sample Variance 12.1135
Kurtosis 120.2194
Skewness 9.773481
Range 58

Minimum 0.1

Maximum 58.1
Sum 2027.1
Sample Size 937

Step 2: Fitting of continuous probability distribution models to headway data. Figures 6.18,
6.19, 6.20, 6.21 show the PDF, P-P, CDF, and P-value plots respectively.
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Figure 6. 18: PDF Plot for SS003 (Peak)
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Figure 6. 19: P-P Plot for SS003 (Peak)
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Figure 6. 20: CDF Plot for SS003 (Peak)
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Figure 6. 21: P-Value Plot for SS003 (Peak)

Step 3: Analysis of Off- Peak Traffic Headway Distribution Data

Recall the extracted empirical hourly traffic volume data shown in Table 4.9, chapter 4. Table 6.12

shows the descriptive statistics of the observed time headways for site SS003 at off-peak.

Table 6. 12: Descriptive Statistics of the Time Headways — SS003 (Off-Peak)

Descriptive Statistics

SS003

Mean
Standard Error
Median
Mode
Standard Deviation
Coefficient of Variation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum

Sample Size

2.951245552
0.17342949
15
1
5.81441604

1.99
33.80743389
34.07863634
5.561391265

56.2
0.2
56.4
3317.2
1124
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Step 4: Fitting of continuous probability distribution models to headway data

Using the Model Risk software, probability models were fitted to the headway data, and the
PDF, CDF, P-P plots, and the P-value with its plot of the best-fitted distribution were generated
from the software. Figures 6.22, 6.23, 6.24, and 6.25 show the PDF, P-P, CDF, and P-Value

plots respectively.
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Figure 6. 23: P-P Plot for SS003 (Off-Peak)
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Figure 6. 24: CDF Plot for SS003 (Off-Peak)
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Figure 6. 25: P-Value Plot for SS003 (Off-Peak)
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Step 5: Hypothesis testing of the fitted distribution models using the AIC, SIC, and HQIC. A
summary of how the fitted distribution models performed is presented in Table 6.13.
Table 6. 13: Goodness of Fit and Model Performance Summary — SS003

) Prob. Sig. P Hyp. Best
Location  Rank SIC AIC HQIC LLH )
Model Level Value  Test Fit
Log
2ND o 2798.38 2788.70 2792.38  -1392.35 0.05 0.71 Accept
Logistic
SS003 1ST Burr 2804.67 2785.34 2792.68  -1388.65 0.05 0.71 Accept B
urr
(Peak) 3RD GEV 280555 2791.05 2796.56  -1392.51 0.05 0.70 Accept
4TH  Lognormal 2856.72 2847.05 2850.73  -1421.52 0.05 0.68 Accept
5TH InvGauss 2928.37 2918.70 2922.38 -1457.34 0.05 0.65 Accept
2ND GEV 4021.75 4006.69 4012.37 -2000.34 0.05 0.77 Accept
1ST Burr 4022.80 4002.73 4010.29  -1997.35 0.05 0.78 Accept
SS003 Log
3RD o 4067.94 4057.90 4061.69 -2026.94 0.05 0.78 Accept Burr
(Off-Peak) Logistic

4TH  Lognormal 413323 412319 412698 -2059.59 0.05 0.74  Accept
5TH InvGauss 414496 4134.92 4138.71  -2065.46 0.05 0.70  Accept

SIC ~ Schwarz Information Criterion; AIC ~ Akaike Information Criterion; HQIC ~ Hannan Quinn
Information Criterion; LLH ~ Log likelihood; P ~ Probability *IC used for Ranking - AIC

As shown in table 6.13, it can be observed that five continuous probability distribution models
were fitted to the empirical time headway data viz: Lognormal, Inverse Gaussian, Generalized
Extreme Value (GEV), Log-logistic, and Burr. The models were ranked according to
performance using the AIC, SIC, and HQIC criteria as mentioned earlier. Sequel to ranking
and comparison with the SIC and HQIC, the smallest AIC value determines the overall best-
performed model. Although at peak traffic period, the Burr distribution was the best-performed
model, with the lowest AIC value of 2785.34, and the largest Log-likelihood (LLH) value of -
1388.65. However, the off-peak traffic is the concern of this analysis under the steady flow
condition considered. The Burr distribution performed the best with the lowest AIC value of
4002.73 and the largest LLH value of -1997.35. The P-values were acceptable and within the
range of 0.65 and 0.78.

Step 6: Determination of, and comparison of the model parameters.

A summary of the probability distribution model parameters is shown in Table 6.14.
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Table 6. 14: Summary of Probability Distribution Parameters — SS003
Probability Scale Location

Location Distribution Shape Parameters Parameter ~ Parameter

Log Logistic 2.6184 - 1.5315 -

Burr 0.0343 1.2762 2.3517 1.2953

?Psegii GEV 1.2168 - 0.7450 0.3529
Lognormal 2.0038 - 1.6127 -
InvGauss 2.1634 - 2.8957 -

GEV 1.1312 - 0.8564 0.6145

Burr 0.5184 1.0398 1.6002 1.3507
SS003 Log Logistic 2.0092 - 1.5423 -

(Off-Peak)

Lognormal 2.5082 - 2.9073 -
InvGauss 2.9512 - 1.9038 -

As shown in Table 6.14, the distributions fitted to the time headways revealed varied estimated
parameters. Amongst these distributions, only the Lognormal, Inverse Gaussian, and Log-
logistic have two parameters (shape and scale). The Burr distribution has all four parameters
(two shape parameters, 1 scale, and 1 location), while the GEV distribution has three which
are the shape, scale, and location parameters. Each of the parameters of the distributions varied
in different proportions and they revealed the expected outcomes. Their magnitudes and

differentials are significant.

Step 7: Comparison of the average time headways of the without (empirical data) and with
BRT scenarios vis a vis level of capacity Utilization. Table 6.15 shows the summary of the

comparison between the average time headway of the BRT scenarios.

Table 6. 15: Summary of Probability Distribution Parameters — SS003

Mean Time Mean Time
Location Headway T}, Headway T}, LCU
(Without BRT) (With BRT)
SS003
(Off-Peak) 2.95 1.79 C
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6.4.4 Statistical Modelling of Time Headway Data for Site SS004
Step 1: Determination of Descriptive Statistics of Peak Traffic Headway Distribution Data
Recall the extracted empirical hourly traffic volume data shown in Table 4.11 of chapter 4.

Table 6.16 shows the descriptive statistics of the observed time headways for site SS004 at

peak.
Table 6. 16: Descriptive Statistics of the Time Headways — SS004 (Peak)
Descriptive Statistics SS004
Mean 2.096094
Standard Error 0.090892
Median 1.4
Mode 1
Standard Deviation 3.650436
Coefficient of Variation 1.79
Sample Variance 13.32569
Kurtosis 68.44363
Skewness 7.671382
Range 44.2
Minimum 0.1
Maximum 44.3
Sum 3381
Sample Size 1613

Step 2: Fitting of continuous probability distribution models to headway data. Figures 6.26,
6.27, 6.28, 6.29 show the PDF, P-P, CDF, and P-value plots respectively.
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Figure 6. 26: PDF Plot for SS004 (Peak)
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Figure 6. 27: P-P Plot for SS004 (Peak)
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Figure 6. 28: CDF Plot for SS004 (Peak)
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Figure 6. 29: P-Value Plot for SS004 (Peak)
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Step 3: Analysis of Off — Peak Traffic Headway Distribution Data

Recall the extracted empirical hourly traffic volume data shown in Table 4.12 of chapter 4. Table

6.17 shows the descriptive statistics of the observed time headways for site SS004 at off-peak.

Table 6. 17: Descriptive Statistics of the Time Headways — SS004 (Off-Peak)

Descriptive Statistics SS004
Mean 3.022636
Standard Error 0.184298
Median 1.5
Mode 1
Standard Deviation 6.112469
Coefficient of Variation 2.04
Sample Variance 37.36228
Kurtosis 29.56445
Skewness 5.228683
Range 51.9
Minimum 0.1
Maximum 52
Sum 3324.9
Sample Size 1100

Step 4: Fitting of continuous probability distribution models to headway data

Using the Model Risk software, probability models were fitted to the headway data, and the

PDF, CDF, P-P plots and the P-value with its plot of the best-fitted distribution were generated
from the software. Figures 6.30, 6.31, 6.32, and 6.33 show the PDF, P-P, CDF, and P-Value

plots respectively.
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Figure 6. 30: PDF Plot for SS004 (Off-Peak)
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Figure 6. 31: P-P Plot for SS004(Off-Peak)
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Figure 6. 32: CDF Plot for SS004 (Off-Peak)
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Figure 6. 33: P-Value Plot for SS004 (Off-Peak)
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Step 5: Hypothesis testing of the fitted distribution models using the AIC, SIC, and HQIC. A
summary of how the fitted distribution models performed is presented in Table 6.18.
Table 6. 18: Goodness of Fit and Model Performance Summary — SS004

) Prob. Sig. P Hyp. Best
Location  Rank SIC AlIC HQIC LLH ]
Model Level Value  Test Fit
Log
2ND o 4722.01 471125 471524  -2353.62 0.05 0.73 Accept
Logistic
SS004 1ST Burr 4729.79 4708.28 4716.25 -2350.13 0.05 0.73 Accept B
urr
(Peak) 3RD GEV 4753.72 473757 474356  -2365.78 0.05 0.72 Accept
4TH  Lognormal  4853.00 484224 4846.23 -2419.11 0.05 0.70 Accept
5TH InvGauss 498545 497468 4978.67 -2485.34 0.05 0.66 Accept
1ST Burr 3877.44 3857.44 3864.97 -1924.70 0.05 0.79 Accept
2ND GEV 388159 3866.61 3872.26  -1930.29 0.05 0.78 Accept
SS004 Log
3RD o 390151 389151 3895.29  -1943.75 0.05 0.81 Accept  Burr
(Off-Peak) Logistic
4TH  Lognormal  4028.02 4018.02 4021.80 2007.01 0.05 0.74 Accept
5TH InvGauss 407159 4061.60 4065.37 -2028.79 0.05 0.69 Accept

SIC ~ Schwarz Information Criterion; AIC ~ Akaike Information Criterion; HQIC ~ Hannan Quinn
Information Criterion; LLH ~ Log likelihood; P ~ Probability *IC used for Ranking - AIC

As shown in Table 6.18, it can be observed that five continuous probability distribution models

were fitted to the empirical time headway data viz: Lognormal, Inverse Gaussian, Generalized

Extreme Value (GEV), Log-logistic, and Burr. The models were ranked according to

performance using the AIC, SIC, and HQIC criteria as mentioned earlier. Sequel to ranking

and comparison with the SIC and HQIC, the smallest AIC value determines the overall best-

performed model. Although at peak traffic period, the Burr distribution was the best-performed
model, with the lowest AIC value of 4708.28, and the largest Log-likelihood (LLH) value of -
2350.13. However, the off-peak traffic is the concern of this analysis under the steady flow

condition considered. The Burr distribution performed the best with the lowest AIC value of
3857.44 and the largest LLH value of -1924.70. The P-values, taken directly from the p-value

plot are acceptable and within the range of 0.66 and 0.81.

Step 6: Determination of, and comparison of the model parameters.

A summary of the probability distribution model parameters is shown in Table 6.19.
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Table 6. 19: Summary of Probability Distribution Parameters — SS004
Probability Scale Location

Location Distribution Shape Parameters Parameter ~ Parameter
Log Logistic 2.4604 - 1.4014
Burr 0.0768 1.3925 2.3663 0.9145
?Pseg% GEV 1.0954 - 0.7220 0.3746
Lognormal 1.8995 - 1.6925 -
InvGauss 2.0961 - 2.2354 -
Burr 0.0302 0.9672 1.7886 1.8754
GEV 1.1975 - 0.8663 0.5389
55004 Log Logistic 2.1681 - 1.5755 -
(Off-Peak)
Lognormal 2.5016 - 2.7745 -
InvGauss 3.0226 - 2.0075 -

As shown in Table 6.19, the distributions fitted to the time headways revealed varied estimated
parameters. Amongst these distributions, only the Lognormal, Inverse Gaussian, and Log-
logistic have two parameters (shape and scale). The Burr distribution has all four parameters
(two shape parameters, 1 scale, and 1 location), while the GEV distribution has three which
are the shape, scale, and location parameters. Each of the parameters of the distributions varied
in different proportions and they revealed the expected outcomes. Their magnitudes and

differentials are significant.

Step 7: Comparison of the average time headways of the without (empirical data) and with
BRT scenarios vis a vis level of capacity Utilization. Table 6.20 shows the summary of the

comparison between the average time headway of the BRT scenarios.

Table 6. 20: Summary of Probability Distribution Parameters — SS004

Mean Time Mean Time
Location Headway Tj, Headway T}, LCU
(Without BRT) (With BRT)
SS004
(Off-Peak) 3.02 1.7 C

6.5 Comments on Descriptive Statistics of the Time Headway Data

Tables 6.1, 6.2, 6.6, 6.7, 6.11, 6.12, 6.16, and 6.17 have presented a summary of the statistical
characteristics of the headways collected from each of the four sites surveyed. Between SS001
and SS003, the mean headway decreased, while there was a significant increase at SS004
during the morning peak period. This is due to the low traffic volumes observed at SS004 at

that period. This explanation for this is that traffic volumes are higher only during the evening
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peaks, especially when commuters are returning from their places of work. The standard
deviation exhibited similar behaviour. The trend in the coefficient of variation indicates that
there is a cluster of headways on the roadway segments, particularly at sections near
intersections where long queues at morning or evening peak traffic flows quickly form because
the constraints caused by the introduction of BRT dedicated lanes have eliminated one of the
three previously available lanes, causing long queues to quickly build up. This was physically
observed during the survey period. The time headway variable's positive skewness and kurtosis
all indicate that most of the distribution's headways are to the left of the mean value, which

suggests that the road segment may have smaller headways or isolated clusters.

6.6 Comments on Fitted Probability Distribution Models

The probability density function f(x) or (PDF), P-P plots, CDF, and P-value plots for each
site, as displayed in figures 6.2 to 6.31 indicate how well each distribution fitted the observed
time headways for each flow scenario. The best-performed distribution was determined from
the report of the distribution fit software and ranked by the lowest value of AIC, SIC, and
HQIC respectively. The AIC value was used to determine the best-fitted distribution. All the
other distributions were ranked accordingly based on the magnitude of the three information
criteria. All the distributions fitted the headway data well by visual inspection as shown by the
PDF and P-P plots which clearly show the time headway distribution resting on the line of best
fit. However, hypothesis testing was required to properly evaluate the performance of the
models with respect to the determined values of AIC, SIC, and HQIC from the ModelRisk

software.

6.7 Comments on the Hypothesis Testing and Performance of the Probability
Distribution Models

At SS001, it would be observed from the results of the ModelRisk software displayed in Table
6.3 that the continuous probability distributions were ranked based on their performance from
1 to 5, where 1 represents the best fitted and performed model, while 5 indicates the least
performed model. The Generalized Extreme Value (GEV) distribution best fitted the headway
distribution at peak traffic, while the Inverse Gaussian distribution best fitted the off-peak
traffic data, having each emerged with rank number 1. Besides, the large loglikelihood values
of the models also confirmed this. The P-Values, which ranged between 0.69 and 0.74, showed

the likelihood of the occurrence of the data sets under the null hypothesis.
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At SS002, it can be observed from the results of the ModelRisk software displayed in Table
6.8 that the Burr distribution had the overall best performance, having emerged with rank
number 1 at both the peak and off-peak traffic. It was closely followed by the Generalized
Extreme Value (GEV) distribution which perform. The Burr distribution also returned as the
distribution with the largest log-likelihood value as shown. The P-Values, which ranged
between 0.69 and 0.81, showed the likelihood of the occurrence of the data sets under the null

hypothesis.

At SS003, it would be observed from the results of the ModelRisk software displayed in Table
6.13 that the Burr distribution also had the overall best performance, having emerged with rank
number 1 at both the peak and off-peak traffic. It was closely followed by log-logistic and
Generalized Extreme Value (GEV) distributions. The Burr distribution also returned as the
distribution with the largest log-likelihood value as shown. The P-Values, which ranged
between 0.65 and 0.78, showed the likelihood of the occurrence of the data sets under the null
hypothesis.

At SS004, it would be observed from the results of the ModelRisk software displayed in Table
6.18 that the Burr distribution again had the overall best performance, having emerged with
rank number 1 at both the peak and off-peak traffic. It was closely followed by Inverse
Gaussian and log-logistic distributions. The Burr distribution also returned as the distribution
with the largest log-likelihood value as shown. The P-Values, which ranged between 0.66 and

0.82, showed the likelihood of the occurrence of the data sets under the null hypothesis.

6.8 Comments on the Model Parameters

The distributions fitted to the time headways revealed varied model parameters. Amongst these
distributions, only the Lognormal, Inverse Gaussian, and Log logistic distributions have two
parameters (shape and scale). The Burr distribution has four parameters i.e., two shape
parameters, one scale, and one location parameter, while the GEV distribution has three which
are the shape, scale, and location parameters. Each of the parameters of the distributions varied
in different proportions across the four sites. Their magnitudes and differentials are significant
in all the sites investigated. A similar, yet anomalous increase and decrease in the magnitudes
of the four parameters associated with each probability distribution was observed for each flow
scenario investigated in all the sites. For instance, the shape and scale parameters of the
Lognormal, log-logistic, and Inverse Gaussian, increased and decreased steadily across the four

sites. The first shape parameter of the Burr distribution was also observed to be negative in all
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the sites and for each flow scenario. The only explanation for these variabilities as well as the
observed increase and decrease is that all the sites have different traffic characteristics with

respect to flow, free flow speed, density, and of course, the vehicle time headways.

6.9 Summary

This chapter presented the implications of BRT on time headways. The time headways
analyzed were the empirical or observed headway data extracted from the ATC. They were
fitted to continuous probability distribution models and found to be continuously distributed.
The stochastic nature of the time headway distributions from the descriptive statistics also
showed the attendant erratic behaviour of the drivers due to the cluster of headways from the
skewness values. The fitted probability distributions were lognormal, log logistic, Generalized
Extreme Value (GEV), Inverse Gaussian, and Burr. The fitted distributions were subjected to
hypothesis testing using the Akaike Information Criterion (AIC), Schwarz Information
Criterion (SIC), and Hannan Quinn Information Criterion (HQIC) performance indicators and
measures of goodness of fit. The AIC value was used as the determining criterion to identify
the distribution that provided the best fit. Besides the distribution with the lowest value of AIC
and largest Log likelihood values were selected as the best-fitted models. The analysis through
the ModelRisk software also revealed model parameters whose values conformed with the
expected values for the traffic flows investigated. In summary, this analysis has revealed that
BRT dedicated lanes cause bottle neck flows on the adjoining lanes due to speed reduction,
characterized by erratic, stochastic, and unsafe time headways which can easily lead to traffic
congestion, especially from queues that quickly build up near intersections. Other concerns of
reduced time headways are the safety of commuters waiting at the curb side to cross to the
BRT station at the median of the carriage way. The safety of other pedestrians that may want
to cross the roadway at some other points along the segment is also threatened. However, the
overarching and expected implications from this study are for capacity utilization to be
enhanced through minimized time headways, which has been shown by this study, as the with
BRT scenario showed a reduction in time headway from the without BRT scenario, and the
LCU improved to C as revealed by the criteria table developed. Consequently, this is the reason
why consideration of mixed traffic flow with BRT is necessary, and secondly for easy
accessibility of BRT buses at the curbside which would be a solution to the safety concerns.

The next chapter 7 draws conclusions and recommendations based on the study findings.
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CHAPTER 7

CONCLUSIONS
This study has attempted to assess the influence of Bus Rapid Transit (BRT) on roadway
capacity utilization and their implications for time headways in Cape Town, South Africa. It
investigated roadway capacity utilization for road link sections 'with and without' BRT
influence and road capacity utilization of BRT dedicated lanes. Roadway capacity was the
number of vehicles per hour per road section per carriageway lane. BRT was taken as physical
constraints on roadways significant enough to act as impediments to an otherwise free traffic
flow by significantly reducing vehicles' speed. Also, the contribution of BRT to traffic flows,

vehicle speeds, and densities was established.

The study was based on the hypothesis that roadway capacity utilization differentials resulting
from Bus Rapid Transit (BRT) are significant. It was conducted at four selected locations in
Cape Town, South Africa. Roadway capacity was estimated using the quadratic function and
the fundamental relationship between flow, speed, and density. The empirical results obtained
from the capacity analysis were further investigated in light of evidence obtained from
examining survey data. Based on the synthesis of evidence obtained from the relationship
between roadway capacity utilization and BRT, it is correct to conclude that road capacity
utilization from BRT fully dedicated lane suggests that no lasting solution to traffic flow
challenges will be found unless that solution addresses the issue of roadway capacity utilization

loss resulting from BRT dedicated lanes. In summary, the study has:

1. Developed a functional Level of Capacity Utilization (LCU) criteria table for the
assessment of road capacity utilization.

2. Shown that a dedicated BRT lane would induce significant negative road capacity
utilization.

3. Shown that BRT influence on roadway capacity utilization under off-peak traffic
conditions is not significant.

4. Shown that the time headway distributions are stochastic in nature and uncertain in the

traffic streams.

Speed changes mainly cause anomalous capacity utilization. Other affected traffic

characteristics were the time headways which directly reflect the abnormal behaviour of drivers
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on the adjoining lanes with bottlenecks and long queues during peak hours. The speed changes
are usually a reduction, occasioned by erratic manoeuvres, resulting in travel time increase and
service quality deterioration, and level of capacity utilization (LCU) anomalies. Although
service quality implication was not part of this investigation, the potential effect of BRT
dedicated lanes on service quality was revealed. The findings on the speed and travel time
differentials, which are the performance indicators used by service providers and road users,

point to the possibility of service quality reduction.

In light of the discussion so far, the remainder of this chapter is organized as follows: Section
7.1 presents the summary of findings based on BRT dedicated lane capacity utilization; Section
7.2 summarizes the findings based on LCU without BRT influence, while Section 7.3
summarizes the findings based on LCU with BRT influence. Section 7.4 presents the summary
of findings based on estimated capacity utilization rates. In section 7.5, the findings from the
time headway distribution modelling are summarized, while in section 7.6, the way forward is

presented.

7.1 Summary of Findings Based on BRT Dedicated Lane Capacity Utilization.

According to the developed LCU criteria table, the capacity utilization on the BRT dedicated
lanes across the four sites was at level E, all characterized by low BRT vehicle volumes, high
BRT speeds, and reduced travel time. The LCU E implies poor capacity utilization on the BRT
dedicated lane when compared to the expected maximum LCU A (control), as shown on the
criteria tables developed for each site. At SS001 with LCU E according to the criteria table,
the other associated parameters were a density of 3veh/km and a speed of 125km/hr. The
corresponding parameters with a LCU E, at site SS002 were a density of 6veh/km and a speed
of 100km/hr. Similarly, at site SS003, the attendant LCU parameters were a density of
7veh/km, and a speed of 95km/hr, while at site SS004, the associated LCU parameters from
the criteria table were a density of 21veh/km and a speed of 80km/hr. These results have clearly
shown that capacity utilization is a function of the number of BRT vehicles on the dedicated
lane, hence with LCU E, this implies that the provided BRT dedicated lane width of 4.3m is
not wide enough to accommodate more BRT vehicular movements side by side, with the width
of each bus being 3.1m. Besides, the lane is dedicated solely for BRT buses, and not shared
with other vehicle classes, hence it is logical to conclude from objective (ii) that the BRT

dedicated lanes are significantly underutilized.
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7.2 Summary of Findings Based on LCU ‘without BRT’ Influence

Findings based on roadway capacity analysis show that off-peak period maximum capacity
utilization of the surveyed roads was seldom reached even though the roads play a significant
role in promoting socio-economic growth. Speed distribution fluctuates on the road section
without BRT influence, suggesting that drivers are not constrained and hence can choose speed.
It is apparent from the distribution of traffic volume and speed on road sections ‘with’ and
‘without” BRT that roadway capacity utilization is a constituent of volume, speed, and density.
According to the developed LCU criteria table, the level of capacity utilization analysis without
the influence of BRT revealed LCU at C across the four sites investigated. This shows an
improvement from the LCU E of the BRT dedicated lane. With the LCU at C, at site SS001,
the other associated performance parameters from the table were density of 13veh/km and
speed of 95km/hr. At SS002, the corresponding LCU parameters were a density of 21veh/km
and a speed of 80km/hr. At SS003, the LCU parameters were a density of 28veh/km, and a
speed of 75km/hr, while at site SS004, the associated LCU parameters were a density of
23veh/km, speed of 80km/hr, and travel time of 45s. From these findings, it can be observed
that capacity utilization, caused by speed changes is directly proportional to density and travel
time, and inversely proportional to speed and time headways. The estimated capacity values
were found to be highest at SS003, which had the highest traffic volume. Site SS004 had the
second largest capacity estimate, followed by SS002 and SS001 had the least. The difference
in estimated capacities was influenced mainly by the frequency of activities around the
roadway segments and the type of dwelling or zones around the area. For instance, contributing
factor to the high traffic volume at site SS003 is the link between the road segment and densely
populated residential and recreational zones. For example, shopping malls like Bayside Mall
is located very close to site SS003. Traffic was observed physically to be extremely high at the
early morning peaks during the time of the survey. Based on the findings, and from objective

(iii), the adjoining lanes carrying mixed traffic without BRT influence are underutilized.

7.3 Summary of Findings Based on LCU ‘with BRT’ Influence

From the underutilization outcome of the without BRT influence scenario, summarized in
section 7.3, it became necessary to consider a mixed traffic situation ‘with BRT’ influence.
The estimated mixed traffic capacity values with BRT influence were seen to be higher than
the without BRT scenario. Consequently, the level of capacity utilization analysis with BRT
influence has revealed a LCU at C across the four sites investigated. This also shows an
improvement from the LCU E of the BRT dedicated lane. With the LCU C, at site SS001, the
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other associated performance parameters from the criteria table were a density of 13veh/km
and a speed of 95km/hr. At SS002, the corresponding LCU parameters were a density of
21veh/km and a speed of 80km/hr. At SS003, the LCU parameters were a density of 23veh/km,
and a speed of 80km/hr, while at site SS004, the associated LCU parameters were a density of
23veh/km and a speed of 80km/hr. From these findings, it can be observed that capacity
utilization, caused by speed changes is directly proportional to density, and inversely
proportional to speed and time headways. There was no significant difference between the
LCU ‘without’ BRT influence and LCU with BRT influence. This may be due to the possibility
of an insufficient number of BRT vehicles in the MyCiTi BRT transit scheme. However, based
on the findings, and from objective (iv), the mixed traffic ‘with BRT’ influence that is
considered in this study has a slight improvement in capacity utilization as some of the 5mins
flows almost showed improvement in capacity utilization to level B as the estimated capacity

utilization rates which are discussed in the next section revealed.

7.4 Summary of Findings Based on Capacity Utilization Rates

Capacity utilization rates had been defined as the ratio of actual periodic (5mins) vehicular
flows to the maximum (capacity) allowable flow (1hr). The estimated capacity utilization rates
showed significant underutilization ranging from 37% and 79% across all four sites, under the
traffic flow scenario without BRT. Besides, traffic characteristics for each site viz the speed,
density, and time headways were also estimated for the ‘without BRT’ traffic scenario during
both peak and off-peak periods, as well as the mixed traffic ‘with BRT” conditions considered.
From the calibrated flow-density model equations, vehicles were observed to be moving at
free-flow speeds higher than the posted speed of 70km/hr. The calibrated flow-density models
showed that the off-peak traffic free-flow speeds, which are considered the 85" percentile
speeds, at which the vehicles were moving on the roadway segments were 145.18km/hr at
SS001, 102.17km/hr at SS002, 106.07km/hr at SS003, and 110.11km/hr at SS004. This is also
an indication that capacity was indeed underutilized and traffic flow was at the unconstrained
free and steady flow region of the flow-density curve. In order words the estimated lane
capacities were below the 85 percent threshold capacity. The summary of the mixed traffic

capacity utilization with BRT is discussed in the next section.

Results also showed that capacity utilization rates ranged between 40% and 75%, across all
four sites under the traffic flow scenario with BRT. Besides, traffic characteristics for each site
viz the speed, density, and time headways were also estimated for the ‘with BRT’ traffic

scenario during both peak and off-peak periods. The flow density models showed a drop in
254



free-flow speeds under the ‘with BRT’ scenario. The off-peak free-flow speed drops were
137.93km/hr at SS001, 99.33km/hr at SS002, 104.4km/hr at SS003, and 107.94km/hr at
SS004. This is also an indication that capacity was indeed underutilized and traffic flow was
still at the unconstrained free and steady flow region of the flow-density curve. In other words,
the estimated lane capacities were below the threshold capacity (0.85Qmax(witn rr))- Overall,
there was no significant difference between the LCU ‘without BRT’ influence and LCU ‘with
BRT’ influence. This may also be due to the possibility of an insufficient number of BRT
vehicles in the MyCiTi BRT transit scheme. However, some of the 5mins flows almost showed
improvement in capacity utilization to level B. This is a confirmation that capacity is stochastic
and fluctuates from one spot to the other on a roadway.

7.5 Summary of Findings Based on Time Headway Distribution

As aforementioned, the time headway distribution was fitted to probability distribution models.
The models fitted the headway data of the ‘without BRT’ flow scenarios well, at each site by
visual inspection of the attendant Probability Density Function (PDF) plots, Cumulative
Density Function (CDF) plots, and the Probability plots (P-P). Based on the postulated
hypothesis 3, which states that the compatibility of observed time headway distribution with
fitted probability distribution model is rejected if (P — value < «) oraccepted (P — value >
a), the Burr distribution from the pilot study was the best-fitted distribution with the largest
log likelihood value of -2008 lowest AIC value of 4025.99.

Similarly for the main study, the time headway distribution data were extracted for both peak
and off-peak traffic periods, vis-a-vis the traffic volume data generated in Chapter 4. During
the peak traffic period at site SS001, the GEV distribution was the best-performed model, with
the lowest AIC value of 4350.38, and the largest Log-likelihood (LLH) value of -2175.18.
However, at off-peak, the inverse Gaussian distribution performed the best with the lowest AIC
value of 4356.01 and the largest LLH value of -2176.00. The P-values were acceptable and
within the range of 0.69 and 0.74.

Concerning the model parameters, only the Lognormal, Inverse Gaussian, and Log logistic
have two parameters (shape and scale). The Burr distribution has all four parameters (two shape
parameters, 1 scale, and 1 location), while the GEV distribution has three which are the shape,
scale, and location parameters. Each of the parameters of the distributions varied in different
proportions and they revealed the expected outcomes. Their magnitudes and differentials are

significant.
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At SS002 during the peak traffic period, the Burr distribution was the best-performed model,
with the lowest AIC value of 4022.73, and the largest Log-likelihood (LLH) value of -2007.35.
However, the off-peak traffic is the concern of this analysis under the steady flow condition
considered. The Burr distribution performed the best with the lowest AIC value of 3623.33 and
the largest LLH value of -1807.64. The P-values were acceptable and within the range of 0.71
and 0.81.

At SS003 during the peak traffic period, the Burr distribution was the best-performed model,
with the lowest AIC value of 2785.34, and the largest Log-likelihood (LLH) value of -1388.65.
However, the off-peak traffic is the concern of this analysis under the steady flow condition
considered. The Burr distribution performed the best with the lowest AIC value of 4002.73 and
the largest LLH value of -1997.35. The P-values were acceptable and within the range of 0.65
and 0.78.

At SS004 during the peak traffic period, the Burr distribution was the best-performed model,
with the lowest AIC value of 4708.28, and the largest Log-likelihood (LLH) value of -2350.13.
However, the off-peak traffic is the concern of this analysis under the steady flow condition
considered. The Burr distribution performed the best with the lowest AIC value of 3857.44 and
the largest LLH value of -1924.70. The P-values, taken directly from the p-value plot are
acceptable and within the range of 0.66 and 0.81.

Overall, across the sites SS001, SS002, SS003, and SS004, the Burr distribution provided the
best fit as it was rated 1%, by all the goodness of fit tests, and performed well by the ratings.
The vehicle time headway fitting has shown that the headway distribution data is stochastic
and hence needs to be analyzed as such. It has also shown the behaviour of drivers in mixed
traffic flows ‘without BRT’ influence, and there was a reduction in the mean time headway of
mixed traffic ‘with BRT’ influence as shown in the previous chapter, which implies that

capacity utilization will be enhanced if the mean time headway is maintained.

7.6 The Way Forward

The research has clearly shown that capacity underutilization on BRT corridors is primarily
caused by the presence of the BRT dedicated lanes and the adopted median configuration
design and concludes that the determined capacity utilization levels from this study,
benchmarked by the developed LCU criteria tables for each site are the true reflections of the
present traffic performance at the study sites investigated. The outcome has however

undermined or contradicted the overarching common purpose for which governments of
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developing countries approve funds for the design and construction of BRT infrastructure,
which is to provide fast and safe mobility of commuters similar to the speed of a fast-moving
train or modern tram. While it is true that the speeds at which BRT buses operate can reduce
the travel time of commuters or users, another germane purpose for implementing BRT

corridors, which governments should consider before giving approvals is capacity utilization.

With respect to capacity utilization, and as stated in chapter 2 of this thesis, it had been
erroneously argued that BRT carries more people per lane than mixed vehicular traffic.
However, road carriageways are designed for mixed vehicular traffic volumes or capacities
and not people per lane. This implies that currently the primary purpose for the introduction of
BRT in most countries is centered on improving person or passenger capacity. Thus, it can be
argued that there are more passenger movements in a mixed vehicular traffic design
consideration, as shown in this study than in operating BRT buses only on the median BRT
dedicated lane.

In order words, when the roadway capacity is maximized, under mixed traffic conditions, more
people are transported. Contrary to the assumption that a BRT bus, carrying 100 passengers
who own a private vehicle each, means that the 100 vehicles have been taken away from the
roadway, it can be argued that this assumption cannot hold, as it is uncertain that all the
commuters with different demographics and income status, that use BRT buses would own
private cars. Therefore, given these shortcomings, and by way of proffering a solution to the
problem, the consideration and implementation of mixed traffic configuration design ‘with
BRT’ for future BRT infrastructural developments will be the way to go. The findings from
this study have shown that perhaps the introduction of BRT with dedicated lanes was solely
for the transportation of persons, especially populations like the one generated by the 2010
World Cup, and not vehicles. The mixed traffic roadway design, therefore, may be considered
or incorporated in the design of future BRT infrastructure. This is because the longer this
problem lingers, the greater will be the loss in daily GDP, as well as safety concerns due to the
high risk of accidents as any pedestrian attempts to cross the adjoining lanes to access BRT

and return to the curbside from the BRT station after a trip.

Concerning the fair capacity utilization findings caused by the adopted median configuration
design which becomes insignificant during off-peak periods, the recommended mixed traffic
consideration from the findings from this study if implemented has the potential to ameliorate
any traffic flow burden, besides enhancing capacity utilization. For instance, if a BRT bus

breaks down on the dedicated lane, a mixed traffic design ‘with BRT’ and without dedicated
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lanes, would allow the continuous movement of the buses which ought to have been trapped
behind the broken-down vehicle. This is possible because with the LCU of the BRT dedicated
lane scenario at E, under steady flow conditions and during off-peak periods, the adjoining
lanes to BRT dedicated lane would be able to accommodate the trapped vehicle from the BRT
dedicated lane. The design can be implemented at sections prone to traffic congestion or at
intersections, while median configuration can be maintained at other sections where there is
free flow. This would reduce the cost of construction, as it avoids having to construct BRT all
through the entire length of a corridor. Alternatively, the curbside configuration design can be
adopted. This is a situation where a BRT dedicated lane is constructed on the left-hand side of
the roadway. It has the potential capacity to attract more commuters as well as the physically
challenged and elderly, hence improving accessibility. This design is currently used in England
where BRT buses move on the curbside and to maximize capacity, other vehicles are allowed
to use the BRT dedicated lanes at certain times of the day, usually after working hours. At the
moment, the BRT system in South Africa is still very young and still needs to be introduced in
all the provinces for a fully integrated system as planned. In view of the mixed traffic scenarios
considered with and without BRT, it is hereby recommended for future research to consider
the evaluation of traffic operations through the development and application of microscopic
fundamental diagrams. This approach will provide understanding of the impact of individual
vehicles and their relationships with one another in a traffic stream. Furthermore, a simulation
of the time headway distribution of the proposed ‘with BRT” mixed traffic scenario using
transport modelling software such as VISSIM, AIMSUN, etc can also be looked into in order
to visualize the traffic flow pattern. In traffic engineering practice, the curbside and mixed
traffic designs are therefore recommended for implementation in future BRT infrastructure as
the way forward for the South African BRT system for enhanced capacity utilization and

sustainable mobility.
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Table for Determining Sample Size from a Given Population

N S N S N S

10 10 220 140 1200 291
15 14 230 144 1300 297
20 19 240 148 1400 302
25 24 250 152 1500 306
30 28 260 155 1600 310
35 32 270 159 1700 313
40 36 280 162 1800 317
43 40 290 165 1900 320
350 B 300 169 2000 322
55 48 320 175 2200 327
60 52 340 181 2400 331
65 56 360 186 2600 335
70 59 380 191 2800 338
75 63 400 196 3000 341
80 66 420 201 3500 346
83 70 40 P03 4000 351
90 73 460 210 4500 354
95 76 480 214 5000 357
100 80 500 217 6000 361
110 86 550 226 7000 364
120 92 600 234 8000 367
130 97 650 242 9000 368
140 103 700 243 10000 370
150 108 750 254 15000 375
160 113 800 260 20000 37
170 118 830 265 30000 379
180 123 900 269 40000 380
190 127 950 274 50000 381
200 132 1000 278 75000 382
210 136 1100 285 1000000 384

Note. - N 15 population s1ze. § 15 sample size.
Souace: Krgicie, RV and Morgan, D. W, (1970). Determining scmpie size for recearch actvines, Educarional and
Poyciolagical Measuremens, 30, 607-610
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Assumes Standard Error = 0%
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Chi-square Distribution Table

df. [ 99 5N 95 95 9 1 05 025 01
1 000 000 000 000 002 271 354 5.02 6.63
2] 001 002 005 010 o021 461 599 7.38 921
3| 007 011 o022 035 058 6.25 781 935 11534
4| 021 030 048 071 106 78 949 1114 1528
5| 041 05 083 115 161 92¢ 1107 1283 1509
6| 068 087 124 164 220 1064 1259 1445 1681
71 099 124 169 2177 285 1202 1407 16.01 18.48
81 134 165 218 2.7 349 1356 1551 1753 2009
9| 173 2 270 333 417 1468 1692 1902 2167

10] 216 2 3.25 394 487 1599 1831 2046 2521
11| 260 305 382 457 558 1728 1968 2192 2472
2| 3.07 357 4490 523 630 1855 21086 2334 w22
15| 557 411 501 569 704 1981 2236 2474 2769
14| 407 466 563 657 77 2106 2368 2612 2914
15/ 460 525 626 726 855 2251 2500 2749 3058
16| 5124 581 691 79 931 2354 2630 2885 3200
7] 570 641 756 867 1009 2377 2759 5019 354l
18| 626 701 823 939 1066 2599 2887 5153 3481
19| 684 768 891 1012 1165 2720 3012 3285 3619
2| 745 82 959 1085 1244 2841 3141 417 3757
2| 864 954 1098 1234 1404 3081 3392 5676 4029
24| 989 1086 1240 1385 1566 38320 3642 3936 4298
2| 1116 1220 1384 1538 1729 3556 3889 4192 4564
2| 1246 1356 1551 1693 1894 3792 4132 #4406 4828
30| 1579 149 1679 1649 2060 4026 4377 4698 5089
321 1513 1636 1829 2007 2227 4258 4619 4948 5549
3| 1650 1779 1981 2166 2595 4490 4860 5197 5606
38| 1929 2069 2288 2486 2734 4951 5338 5690 6llé
42| 2212 2365 2000 28.14 77 5409 5812 6178 6621
46| 25048 20666 29.16 3144 5422 5564 6285 6662 7120
50| 2799 2971 3236 3476 3769 6517 6750 Ti42 7615
55| 3173 3357 3640 389% 4206 6880 7331 7738 8229
60| 3553 3745 4048 4319 2646 7240 7908 8330 8338
65| 3938 4144 460 4745 5088 7997 8482 8918 2 %442
0| 4528 454% 4876 5174 5533 8555 9055 9502 10045
75| 47.21 4948 5294 5605 5979 9106 9622 100.84 106.39
80| 5117 5332 5715 6039 6428 958 10188 10663 11235
85| 55.17 5765 6139 6475 6676 10208 10752 11239 118.24
9| 5920 6175 6565 6913 7329 10757 11315 11814 12412
95| 65.25 6590 6992 7352 7762 115.084 11875 12386 12997
100 6733 7006 7422 7793 8236 11850 12432 12956 13581
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SS001 — Sandown Station — Porterfield Station

Flow Clustered by Speed Bins

SpeedCluster-34 (Metric) Site: 00001 Lane 1.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday. November 6, 2021 => 11:22 Wednesday. November 10, 2021
Filter: Cls(1-12) DI(NESW) Sp(10.160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)

< 0:00:00 Saturday. November 6, 2C

Number of Vehicles dt=1 hr

00:00 Sat 00:00 Sun 00:00 Mon 00:00 Tue 00:00 Wed 00:00 Thu

06-Now-21 07-Now-21 OB—NoM-ZlI_I 09-Now-21 10-Now-21 11-Now-21

Flow Clustered by Class

ClassCluster-37 (Metric) Site: 00001 Lane 1.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday, Novwember 6, 2021 => 11:22 Wednesday, November 10, 2021
Filter: Cls(1-12) DiIf(NESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)

< 0:00:00 Saturday, November 6, 2C

18007
16007
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12007

1000 | I

800 A [ L

{ ’
400 |
2007
o

00:00 Sat 00:00 Sun 00:00 Mon 00:00 Tue 00:00 Wed 00:00 Thu

06-Now-21 07-Now-21 08—Now—2‘1|__i 09-Now-21 10-Now-21 11-Now-21

Number of Vehicles dt=1 hr
“=NWhkOON m;o

Speed Histogram

SpeedHist-38 (Metric) Site: 00001 Lane 1.0.0N

Descripfion: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday, November 6, 2021 => 11:22 Wednesday, November 10, 2021
Filter: Qs(1-12) DiINESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)

Number of Vehicles(1 km'h)

(1] 16 32 48 64 80 9 112 128 144 160
Sneead (kmfh)
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Speed Bin Chart

SpeedBin-39 (Metric) Site: 00001 Lane 1.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday, November 8, 2021 => 11:22 Wednesday, November 10, 2021
Filter: Cls(1-12) Dif NESW) Sp(10,180) Headway(>0) Span(0 - 100) Lane(0-16)

Sch - ion (ARX)

Vehicle i
Total=51727
120- 130 130 - 140
0.3% (172.0) 0.2% (92.0)
30 - 40
S— 0.5% (238.0)
0.9% (457.0) 40- 50
1.0% (538.0)
140 - 150
100 - 110 0.1% (32.0)
2.5% (1207.0)
20- 30
0.4% (217.0)
90 - 100
10- 20
7.6% (3008.0) 0.8% (411.0)
150 - 160
60-°60 0.0% (14.0)
18.5% (9574.0) 50 - 60
6.6% (3416.0)
80- 70

70- 80
32.3% (16731.0) 28.3% (14630.0)

Separation Histogram

SepHist-40 (Metric) Site: 00001 Lane 1.0.0N

De scription: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday. November 6, 2021 => 11:22 Wednesday. November 10, 2021
Filter: Cis(1-12) DiIfNESW) Sp(10.160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)

Number of Vehicles

Ll ' 1 1 Ll Ll ’ Ll
0.000 10.000 20.000 30.000 40.000 50.000 60.000 70.000 80.000 90.000 100.000

Headwav (Second)

Velocity Dispersion

VelDisp-41 (Metric) Site: 00001 Lane 1.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday, November 6, 2021 => 11:22 Wednesday, November 10, 2021
Filter: Cls(1-12) DI(NESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)

< 0:00:00 Saturday, November 6, 2021
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Volume vs Speed

VolSpeed-44 (Metric) Site: 00001 Lane 1.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday, November 6, 2021 == 11:22 Wednesday, November 10, 202°
Filter: Cls(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed vs Separation

SpeedSep-47 (Metric) Site: 00001 Lane 1.0.0N
Description: Portafield BRT Station - Sundown BRT Station

Filter time: 11:06 Saturday, November 6, 2021 => 11:22 Wednesday, November 10, 202"
Filter: Cis(1-12) Dir(NESW) Sp(10.160) Headway(>0) Span(0 - 100) Lane(0-18)
Scheme: Vehicle classification (ARX)
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SS002 — Porterfield Station — Sandown Station
Flow Clustered by Speed Bins

SpeedCluster-18 (Metric) Site: 00002 Adjoining Lanes.0.0N
Description: Portafield BRT Station - Sundown BRT Station
Filter time: 12:47 Wednesday, 10 November 2021 == 09:37 Monday, 15 November 2021

Filter: Cls(1-12) DifNESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Flow Clustered by Class

ClassCluster-17 (Metric) Site: 00002 Adjoining Lanes.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter ime: 12:47 Wednesday, 10 November 2021 == 09:37 Monday, 15 November 2021
Filter: Cls(1-12) DifNESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed Histogram

SpeedHist-23 (Metric) Site: 00002 Adjoining Lanes 0.0ON

Descripion: Portafield BRT Station - Sundown BRT Station

Ailter ime: 12:47 Wednesday, 10 November 2021 => 09:37 Monday, 15 November 2021
Fiter: Cls(1-12) DirNESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)

Sch Vehicle cl ification (ARX)
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Speed Bin Chart

SpeedBin-25 (Metric) Site: 00002 Adjoining Lanes.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 12:47 Wednesday. 10 November 2021 => 09:37 Monday. 15 November 2021
Filter: Cls(1-12) DifNESW) Sp(10.160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)
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Separation Histogram

SepHist-24 (Metric) Site: 00002 Adjoining Lanes.0.0ON

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 12:47 Wednesday, 10 November 2021 == 09:37 Monday, 15 November 2021
Filter: Cls(1-12) DifNESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Velocity Dispersion

VelDisp-15 (Metric) Site: 00002 Adjoining Lanes 0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 12:47 Wednesday, 10 November 2021 => 09:37 Monday, 15 November 2021
Filter: Cls(1-12) DifNESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Volume vs Speed

VolSpeed-20 (Metric) Site: 00002 Adjoining Lanes.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 12:47 Wednesday, 10 November 2021 == 09:37 Monday, 15 November 2021
Filter: Cls(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed vs Separation

SpeedSep-19 (Metric) Site: 00002 Adjoining Lanes.0.0N

Description: Portafield BRT Station - Sundown BRT Station

Filter time: 12:47 Wednesday, 10 November 2021 => 09:37 Monday, 15 November 2021
Filter: Cls(1-12) DifNESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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SS003 — Table View Station — Sunset City Junction
Flow Clustered by Speed Bins

SpeedCluster-88 (Metric) Site: 00003 Adjoining Lanes.0.ON

Description: Table View BRT Station - Sunset Beach

Filter time: 11:37 Friday, November 19, 2021 => 11:11 Wednesday, November 24, 2021
Filter: Cis(1-12) Dir(NESW) Sp(10,160) Headway(>=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Flow Clustered by Class

ClassCluster-89 (Mefric) Site: 00003 Adjoining Lanes.0.0N

Description: Table View BRT Station - Sunset Beach

Hlter time: 11:37 Friday, November 19, 2021 == 11:11 Wednesday, November 24, 2021
Aiter: Cls(1-12) Dir(NESW) Sp(10,160) Headwaw=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed Histogram

SpeedHist-93 (Mefric) Site: 00003 Adjoining Lanes.0.ON

Descriptiorc Table View BRT Station - Sunset Beach

Aiter time: 11:37 Friday. November 19, 2021 => 11:11 Wednesday. November 24, 2021
Fiter: Cis(1-12) Dir(NESW) Sp{10.160) Headway>0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed Bin Chart

SpeedBin-92 (Metric) Site: 00002 Adjoining Lanes.0.0N

Description: Table View BRT Station - Sunset Beach

Filter time: 11:37 Friday. November 19, 2021 => 11:11 Wednesday. November 24, 2021
Filter: Cis(1-12) Dir(NESW) Sp(10.160) Headway(>0) Span(0 - 100) Lane(0-186)
Scheme: Vehicle classification (ARX)
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Separation Histogram

SepHist-94 (Metric) Site: 00003 Adjoining Lanes.0.0N

Description: Table View BRT Station - Sunset Beach

Filter time: 11:37 Friday, November 19, 2021 == 11:11 Wednesday, November 24, 2021
Filter: Clis(1-12) Dir(NESW) Sp(10,160) Headwaw(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Velocity Dispersion

VelDisp-87 (Metric) Site: 00003 Adjoining Lanes.0.0N

Description: Table View BRT Station - Sunset Beach

Filter time: 11:37 Friday, November 19, 2021 == 11:11 Wednesday, November 24, 2021

Filter: Cls(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
§SCheme: Vehicle classification (ARX)
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Volume vs Speed

VolSpeed-96 (Metric) Site: 00003 Adjoining Lanes.0.0N

Description: Table View BRT Station - Sunset Beach

Flter time: 11:37 Friday, November 19, 2021 == 11:11 Wednesday, November 24, 2021
Flter: Cis(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed vs Separation

SpeedSep-95 (Metric) Site: 00003 Adjoining Lanes .0.0N

Description: Table View BRT Station - Sunset Beach

Filter time: 11:37 Friday, November 19, 2021 => 11:11 Wednesday, November 24, 2021
Filter: Cls(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)

160 ensity
135-149
1447 129139
= g2 e
E 1127 93-109
8.3
- 967 7983
g @ Soes
64 3 4559
8 as e
o 32 g ;_ 9:;9
167 o=
0O T T T T T T T T T

0.00010.00@20.00B0.00@0.0060.0060.0000.006B0.00®0.00000.000

Headwav (Second)

291



SS004 — Sunset City Junction — Table View Station
Flow Clustered by Speed Bins

SpeedCluster-130 (Metric) Site: 00004 Adjoining Lanes . .0.0N

Description: Sunset Beach - Table View BRT Station

Filter time: 14:14 Wednesday, November 24, 2021 => 16:23 Tuesday, November 30, 20z
Filter: Cls(1-12) Dir(NESW) Sp(10,160) Headwawy(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Flow Clustered by Class

ClassCluster-131 (Mefric) Site: 00004 Adjoining Lanes.0.0N

Description: Sunset Beach - Table View BRT Station

Flter time: 14:14 Wednesday, November 24, 2021 == 16:23 Tuesday, November 30, 202
Alter: Cls(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed Histogram

SpeedHist-138 (Metric) Site: 00004 Adjoining Lanes 0.ON
Description: Sunset Beach - Table View BRT Station

Filter ime: 14: 14 Wednesday, Novermber 24, 2021 => 16:23 Tuesday, November 30, 2021
Filter: CIs(1-12) Dif(NESW) Sp(10, 160) I—ieetMay(:-O) Span{0 - 100) Lane{0-16)

Scheme: Vehide classification (ARX)
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Speed Bin Chart

SpeedBin-137 (Metric) Site: 00004 Adjoining Lanes.0.0N

Description: Sunset Beach - Table View BRT Station

Filter time: 14:14 Wednesday. November 24, 2021 => 16:23 Tuesday. November 30, 2021
Filter: Cis(1-12) Di(NESW) Sp(10.160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)

Total=89289
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Separation Histogram

SepHist-139 (Metric) Site: 00004 Adjoining Lanes.0.0N

Description: Sunset Beach - Table View BRT Station

Filter time: 14:14 Wednesday, November 24, 2021 => 16:23 Tuesday, November 30, 2021
Filter: Cis(1-12) DiIr(NESW) Sp(10,160) Headway(>0) Span(0 - 100) Lane(0-16)

Scheme: Vehicle classification (ARX)
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Velocity Dispersion

VelDisp-128 (Metric) Site: 00004 Adjoining Lanes.0.0N

Description: Sunset Beach - Table View BRT Station

Filter time: 14:14 Wednesday, November 24, 2021 => 16:23 Tuesday, November 30, 20z
Filter: Cis(1-12) Dir(NESW) Sp(10,160) Headway(>=0) Span(0 - 100) Lane(0-16)

§Scheme: Vehicle classification (ARX)
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Volume vs Speed

VolSpeed-133 (Mefric) Site: 00004 Adjoining Lanes.0.0N

Description: Sunset Beach - Table View BRT Station

Filter time: 14:14 Wednesday, November 24, 2021 => 16:23 Tuesday, November 30, 20:
Filter: Cls(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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Speed vs Separation

SpeedSep-132 (Metric) Site: 00004 Adjoining Lanes.0.0N

Description: Sunset Beach - Table View BRT Station

Alter time: 14:14 Wednesday, November 24, 2021 == 16:23 Tuesday, November 30, 20z
Fiter: Cils(1-12) Dir(NESW) Sp(10,160) Headway(=0) Span(0 - 100) Lane(0-16)
Scheme: Vehicle classification (ARX)
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APPENDIX IV
Other Site Photos
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PILOT STUDY

Researcher taking Speed and Volume Samples During Pilot Study

Researcher Observing the Geometric Features of the Roadway
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Member of the Research Team

Pilot Site

297



Regional Road Classification (R27) Signpost

R27 Posted Speed Limit
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Researcher Measuring Roadway Segment Length

MAIN STUDY - SS001

Researcher Observing Data Logging by ATC
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Installation of ATCs and Pneumatic Tubes at SS001

On-Going Traffic Flow and Data Logging at SS001

300



MAIN STUDY - SS002

Installed Pneumatic Tubes and ATCs at SS002

Researcher Setting Up the ATCs Prior to Data Logging at SS002
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N

Researcher Unloading Data from ATCs at SS002

Researcher Setting up ATCs at SS002
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MAIN STUDY - SS003

ey

Researcher Setting Up the ATCs Prior to Data Logging at SS003

Installed Pneumatic Tubes and ATCs at SS003
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SS003

SS003
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MAIN STUDY - SS004

Installation of ATCs and Pneumatic Tubes at SS004

305





