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ABSTRACT 

 

Roundabouts, or traffic circles as they are often called in South Africa, are priority 

intersections with a unique yield rule. Drivers approaching the roundabout must give way to 

those that are already circulating the central island. The fixed features and yield rule do not 

change relative to rainfall; however, vehicular flow rate and driver behaviour are often affected 

by ambient conditions like rainfall among others. Consequently, in this the study the influence 

of rainfall on the quality of service delivery at multilane roundabouts and their implications 

for time headways have been investigated. Based on the hypothesis that rainfall, irrespective 

of intensity, has adverse effects on the quality of service delivery and time headway at 

roundabouts, an impact study was carried out in Durban, South Africa. Entry, circulating 

traffic flow rate and rainfall data were collected at four selected sites in Durban, South Africa. 

Over one million traffic volume data was collected during the August 2016 to February 2017 

rainy season. The key selection criterion is proximity to an active rain gauge. Empirical data 

were collected continuously for six weeks on each selected roundabout. Rainfall data were 

collected from surface rain gauge stations with a distance range of 0.75km – 1.18km from the 

selected sites. Three classes of rain precipitation intensity (i) (light rain, i < 2.5mm; moderate 

rain, 2.5mm < i ≤10mm; and heavy rain 10mm < i ≤ 50mm) were considered. Very heavy rain, 

with an intensity greater than 50mm/h, was not considered because of associated drag force 

and aquaplaning which might be difficult to separate from the rainfall effect. Daylight data 

were separated into peak and off-peak traffic periods. Peak period data were used to develop 

a quality of service criteria table and the off-peak data were used to determine traffic flow rate 

performance. Passenger car equivalent (PCE) values used to convert vehicles per hour to pce 

per hour was investigated for analytical suitability given rainy conditions. Entry flow rate was 

used as a function of circulating flow rate to model entry capacity and, hence, determine the 

reserve capacity. Initially, both linear and exponential models were used, in turn, to test for 

analytical suitability. Linear model was the preferred after exponential function failed 

empirical tests. Linear function was used to model the relationships between entry and 

circulating traffic flow rates. The ensuing entry capacity was also used in conjunction with 

headway and degree of saturation to estimate entry delay under dry, light, moderate and heavy 

rainy conditions. The impact study reasons that quality of service is not the same as level of 

service, hence, the criteria table cannot be the same. This is a clear departure from Highway 

Capacity Manual (HCM) prescription for roundabout level of service criteria table. The novel 

quality of service criteria table prescribed in this thesis, has delay and reserve capacity as the 



xxxi 
 

key determinants of service grade. It is also referred to as Functional Quality of service (FQS) 

in the thesis. FQS criteria table was developed for each study site and used to assess their 

service delivery. The criteria table was divided into six classes (A to F), where A is the best 

grade and F is the worst.  In any case, traffic performances were analysed and results show 

that; i) there is no significant difference between South Africa passenger car equivalent values 

and those estimated in the study; ii) the novel criteria table developed in the study is an 

effective determinant of FQS delivery at roundabouts; iii) entry traffic flow rate rates 

decreased because of rainfall and by extension induced a reduction in quality of service 

delivery at all surveyed sites; iv) entry delay and attendant queue increased during rainfall; v) 

time headway increased and entry reserve capacity decreased because of rainfall. It has been 

concluded that rainfall has an adverse effect on the FQS and also, that heavy rainfall has the 

most significant impact on FQS at roundabouts. It is proposed that in future research, on 

roundabout entry capacity estimation based on polynomial quadratic function where the 

single-variable quadratic polynomial would have density as the independent variable and flow 

rate as the dependent be considered. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Overview 

 

A roundabout is a priority intersection where traffic flow rates in one direction around a central 

island. It operates on a unique yield, where the entry vehicles yield to the circulating vehicles. 

Flouting the roundabout yield rule may cause a traffic gridlock, trigger road rage, or even result 

in traffic accidents. Complying with yield rule will often lead to a delay for the drivers entering 

the roundabout. In circumstances where disturbances external to the road system occur, it is 

pertinent to expect an additional entry delay and time headways. These external disturbances 

include rainfall. 

 

This thesis presents results of studies on the influence of rainfall at multilane roundabouts on the 

quality of service delivery and its implications for time headway. The studies are premised on the 

hypothesis that rainfall, irrespective of intensity, would affect the quality of service delivery at 

roundabouts and by extension the time headways. Using the empirical relationship between 

vehicles entering and circulating the roundabout under dry and rainy conditions, delay models will 

be formulated for different dry and rainy scenarios and compared. Furthermore, time headway that 

will depict drivers’ behaviour at multilane roundabouts will also be investigated.  

 

From the foregoing, initiatives and measures that include investigation into the influence of rainy 

condition on the quality of service at roundabouts must be taken into account to tackle avoidable 

delays associated with rainfall in South Africa. Therefore, this introductory chapter has been 

divided into six sections; in the immediate section, background information to the research 

problem is presented. It is followed by the research aim and objectives in section 1.3. The method 

of study is discussed in section 1.4. The scope and limitations of the study are presented in section 
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1.5. The significance of this study is discussed in section 1.6. The organisation of the thesis is 

presented in section 1.7 

 

1.2 Background to the Research Problem 

 

South Africa’s road system can be divided into three categories; National, Provincial, and 

municipal roads. National routes connect major cities and are the highest category.  South Africans 

often refer to roundabouts as traffic circles and most of them are installed on regional and 

municipal roadways.  Bearing in mind that South Africa is left-hand-travel, vehicles approaching 

the roundabouts must give way to vehicles circulating on the right-hand side.   

 

South Africa is a subtropical country with the coldest days between June to August. The average 

annual rainfall is 450mm (Otieno and Ochieng, 2004), but large and unpredictable variations are 

common. Overall, rainfall is greatest in the east and gradually decreases westward. For most part 

of the country, rain falls mainly in the summer months with brief afternoon thunderstorms. 

Notwithstanding the amount of rainfall on South African roundabouts, studies into their influence 

on the quality of service delivery have been very limited, if at all existing. 

 

Roundabout quality of service and delay are intertwined. Good quality of service means minimised 

delay while poor quality of service means increased delay. Delay and degree of saturation also 

called volume capacity ratio (v/c) are sometimes used, albeit separately, to assess roundabout level 

of service. Delay is dependent on two key parameters, capacity and time headway, among others. 

It formed the basis for the HCM roundabout level of service criteria table. In as much as reserve 

capacity is a parameter that could be used in traffic management, then why are road service 

providers keen on using delay as a parameter for effectiveness instead of reserve capacity? After 

all, roundabouts are designed for traffic capacity not delay, it can be argued. 

 

The overarching research problem is the evaluation of the extent of rainfall at the roundabout and 

its effect on the quality of service. Quality of service has often been used interchangeably with 

level of service, even though each has a unique definition. According to the Highway Capacity 

Manual (HCM), level of service is a measure of effectiveness, whereas, quality of service is 
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defined in this thesis as a measure of performance based on the perceptions of service provider 

and service user. According to the Florida Department of Transport, quality of service is defined 

as, “how well the transportation facility has performed based on the road user’s perception” 

(Florida-DOT, 2013). Kotler and Armstrong assert that quality of service is the perception of the 

performance of actual service and the user's expectation (Kotler and Armstrong, 2010). In 

Vuillemin’s opinion, quality cannot stand alone without considering the product or service from 

the provider (Vuillemin, 1999). Sakai opined that quality of service assessment should take into 

account the service provider and the customer’s perceptions of quality (Sakai et al., 2011). 

 

There are many hypothetical issues raised in this thesis. For example, could the roundabout 

capacity estimation method be stochastic, empirical, and linear or exponential? What about 

reserved capacity. Why has it not been used as an assessment criterion in previous studies? If it is 

assumed that the yield rule holds at roundabouts; to what extent would service delivery be affected 

by the rainy conditions? Given that when it rains, vehicles entering, and circulating are affected 

by the same weather conditions under the same yield rule. Is it possible that rainfall could induce 

bunching of circulating vehicles, thus, making acceptable gaps difficult for vehicles wanting to 

join the circulating stream? Road users and service providers have different perceptions of service 

delivery. Users are probably more concerned about the time spent and the consequential junction 

delay, whereas service providers’ concerns should be the performance of design parameters. This 

calls for the development of an assessment criteria that will take into account road users’ and 

service providers’ perception of service quality. 

 

Then there is the issue of rainfall classifications. According to the American Meteorological 

Society, the intensity of rainfall at any given time and place may be classified as: ‘light’, the rate 

of fall varying between a trace and 0.25 cm per hour, the maximum rate of fall being no more than 

0.025 cm in six minutes; ‘moderate’, from 0.26 to 0.76 cm per hour, the maximum rate of fall 

being no more than 0.076 cm in six minutes; ‘heavy’, over 0.76 cm per hour or more than 0.076 

cm in six minutes (AMS, 2018). In previous studies rainfall was classified as light rain with 

intensity (i) ≤ 2.5mm/h, moderate rain (2.5 < i ≤ 10 mm/h) and heavy rain (10 < i ≤ 50 mm/h) 

(Jarraud, 2008). The Spanish National Meteorological Institute defined rainfall intensity based on 

the following thresholds; light rainfall (i ≤ 2 mm/h); moderate rainfall (2 < i ≤ 15 mm/h); heavy 
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rainfall (15 < i ≤ 30 mm/h); very heavy rainfall (30 < i ≤ 60 mm/h) and torrential rainfall (i > 60 

mm/h) (Llasat, 2001), the rain classification for these countries is presented in Table 1. 1.. Rainfall 

intensity thresholds vary considerably from one country to another, thus, affirming that it would 

be difficult to have a universal classification. 

 

Table 1.1: Different Rain Classification System in the World  

Type of rain  
Intensity (mm/h) 

AMS WMO SNMI 

Light rain  < 2.5                                                                          < 2.5                                                                          < 2.0                                                                          

Moderate rain 2.6 – 7.6  2.5 - 10  2-15  

Heavy rain >7.6 Oct-50 15-30 

Very heavy  -  >50 30-60  

Torrential rain  -  - >60  
Note: AMS is America meteorological Society, WMO is World Metrological Society, SNMI Spanish National 

Meteorological Institute 

 

In quantitative and qualitative traffic analyses, the passenger car equivalent value is an essential 

parameter. It is used to state the traffic flow rate rates with heterogeneous composition. US 

Highway Capacity Manual (TRB, 2010) has defined the passenger car equivalent value as, “the 

number of passenger cars that are displaced by a single heavy vehicle of a particular type under 

the prevailing roadway, traffic and control conditions”. Based on the definition, it is apparent that 

the passenger car equivalent value is constrained by prevailing ambient conditions like rainfall. 

Thus, it could be argued that the passenger car equivalent value would also vary, giving prevailing 

conditions. In previous studies the application of the passenger car equivalent values has often 

been used with little or no explanation of their implication under constrained conditions (Ibrahim, 

A. T. & Hall, F. L. 1994, SHIn et. al 2011). It can even be suggested that the passenger car 

equivalent values are sometimes taken for granted on the premise that their effect on study 

outcomes is negligible. Researchers tend to apply the values broadly. That cannot be. In this thesis, 

passenger car equivalent values are investigated, appraised, and modified as required.  
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1.3 Research Aim and Objectives 

 

The aim of this study is to investigate the impact of rainfall on the quality of service delivery at 

multilane roundabouts and their time headway implications. The research objectives are to:  

 

i. develop a quality of service criteria table for multi-lane roundabouts that would be used to 

assess roundabout performance under dry daylight and rainy conditions, 

 

ii. estimate the entry delay for multilane roundabouts under daylight dry and rainy conditions, 

 

iii. determine the quality of service for dry and rainy conditions from the criteria table 

developed in subsection (i) and compare the outcomes,  

 

iv. evaluate time headways under dry daylight and rainy weather conditions and compare the 

results.  

 

1.4  Method of the Study 

 

The method of study is both empirical and analytical. It is empirical because sample surveys were 

taken at selected sites and analytical because entering and circulating flow rate relationships were 

used to develop models. Models were developed for two scenarios (dry and rainfall) under daylight 

conditions.   

  

Empirical data collected at selected sites reflected the study objectives as stated in section 1.3. 

Automatic traffic counters were installed at multi-lane roundabout approach entry and circulating 

entry points per arm.  Collected data was collated and fed into the developed models for evaluation 

in regard to relevant traffic parameters. Once the service delivery objective was achieved, 

associated time headway as well as the acceptability of passenger car equivalent values were 

investigated. Passenger car equivalent values were adjusted where necessary.  
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Rainfall and traffic data was collected concurrently. Rain gauges were used to collect rainfall data. 

The setup of the rainfall impact study adopted and modified a method used previously by Mashros 

and Ben-Edigbe (2014) bearing in mind that the study differs. A ‘with and without’ rainfall study 

was initially considered but the approach suggests that without rainfall could imply wet road 

surfaces after rainfall. Because of this ambiguity, the method was renamed ‘dry and rainfall’ 

impact study to affirm that only results during rainfall and dry weather were considered. Rainfall 

classified as very heavy was not analysed in the thesis because of aquaplaning. 

  

  1.5 Research Scope and Limitations  

 

The scope of this research is restricted to multi-lane roundabouts or traffic circles in Durban, South 

Africa because single-lane and mini roundabouts are not common. Most roundabouts are installed 

on regional roads. Regional roads are the third category of road in South Africa. They are feeder 

roads connecting towns to national and provincial roads. Data on traffic parameters were collected 

with automatic traffic counters continuously for six weeks at each surveyed site under dry and 

rainy conditions. Selected sites are located within a rain gauge station capture range of about 

1.5km. Fixed rain gauge readings are checked intermittently against manually operated rain 

gauges serving to check and minimise errors.  

 

Only dry and rainy conditions during daylight were processed and analysed. All selected sites have 

the same geometric design, good road surface and layout to minimise errors associated with traffic 

volume, and speed data collection. Manual measurements of key geometric parameters were 

carried out before equipment was installed. They serve as check on geometric design parameters 

provided by the municipal authorities. Each directional flow rate per arm is treated exclusively.  

 

Different empirical road capacity estimation methods were considered and tested for suitability. 

Since passenger car equivalent values are instruments of traffic flow rate estimation, they cannot 

be ignored or treated casually. Consequently, South African passenger car equivalent values in 

use would be modified and used to convert traffic volume to flow.  
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The research limitations included, among others; rainfall periods in Durban which is between 

August and March every year. Peak rainfall is in January with an average of 134mm. This means 

that traffic data collections are restricted to the rainfall period. Only motorised vehicles were 

considered. Non-motorised transport is beyond the scope of this research. The total number of 

survey sites were constrained by funding, equipment, and manpower; nonetheless, four sites were 

surveyed. Automatic traffic counters were often chained to the nearest pole to minimise theft and 

vandalism. Survey sites were visited daily during data collection periods, partly to check the state 

of the equipment and to download captured data from the equipment to a laptop.  

 

1.6 Significance of the Study 

 

This thesis contributes to the state-of-art in modelling traffic flow rate at roundabouts during 

rainfall. It uses a unique criteria table developed for the surveyed sites and, hence, enriches 

literature with this method. The criteria table uses delay and reserve capacity as key indicators of 

traffic flow rate performance at roundabouts. Reserve capacity is a measure of the overall physical 

design features of the intersection and a measure of additional veh/h or pc/h that can be 

accommodated by the traffic control device, and the concept that is used in several instances in 

this thesis which is really the net degree of saturation available. This is a departure from the 

singular approach where only delay is relied upon for level of service determination. The criteria 

table can be used elsewhere with appropriate modification to the local environment. The 

incorporation of road user and provider’s perspectives in the assessment of roundabout service 

delivery also enriches the existing literature. The influence of rain on the time headway at both 

the entry and circulating traffic using the empirical method is also a novel approach.  

 

There have been studies on rainfall’s influence on vehicular traffic and how these parameters are 

affected by rainfall in many countries, but very little has been done in South Africa if any. 

Moreover, the influence of rainfall intensity at roundabouts on quality of service delivery is yet to 

be studied and fully understood. Its significance is in its attempt to show that by mapping out 

specific areas where action is needed, delay at roundabout induced by rainfall can be minimised. 

In previous studies passenger car equivalent values were broadly applied to all conditions; an 
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approach that is questionable. Modified passenger car equivalent values can point to 

overestimation or underestimation of entry capacity values on specific sites and conditions.  

 

This research has relevance to traffic management policy and decision-making processes. The 

findings in this thesis can be incorporated into a wider traffic management strategy. Predicted 

delay can be used for scenario building for traffic management under dry and rainy conditions. In 

summary, the study gives an understanding of how roundabouts perform under rainfall, which 

could be useful in roundabout traffic management and planning under rainy conditions. 

 

1.7 Organisation of Thesis 

 

The thesis is organised in an orderly fashion to enable the reader to follow the arguments presented 

therein with ease. Each chapter is structured to address issues aimed at strengthening the 

hypothesis that rainfall, irrespective of intensity, has adverse effects on the quality of service 

delivery at roundabouts. Note that Figures and Tables in the thesis are preceded by chapter number 

for ease of location; for example, Figure 2.1 or Table 4.2 shall be in chapters 2 and 4 respectively. 

The layout of the remainder of the thesis is as follows:   

Chapter 2: Literature review on quality of service at roundabout is presented.  

 

Chapter 3: Research methodology, the research framework, the site selection criteria and setup, 

the traffic and rainfall data collection, data processing and hypothesis testing are discussed.  

 

Chapter 4: The empirical results per surveyed sites are discussed.  

 

Chapter 5: The quality of service assessment is presented. A novel quality of service criteria table 

is developed and employed to determine the quality of service delivery at each surveyed site.  

 

Chapter 6: The time headway implications of rainfall at roundabouts are presented. 



9 
 

Chapter 7: The summary of the findings, conclusions, and the way forward for future research 

works are presented. 
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 CHAPTER 2 

  

LITERATURE REVIEW 

 

2.1 Overview 

 

In the previous chapter the objectives of this study were set out. It is imperative that literature on 

relevant previous works and the theoretic framework is reviewed in order to support arising 

arguments in the later chapters. The study is concerned with the influence of rainfall on service 

delivery at multilane roundabouts and their implications for time headway. Service delivery in the 

context of highway engineering defines the interaction between road providers and users, where 

the provider offers a service and the road users either find time value or loses value as a result. 

Good roundabout service delivery provides road users with an increase in the value of time. It can 

be argued that research into the influence of rainfall on roundabouts’ functional quality of service 

delivery has not been undertaken before this study, as there is no evidence of literature on previous 

works. Probably the closest research works are on the level of service and the entry capacity of 

roundabouts under dry weather conditions. They are usually in the form of measuring the extent 

of entry capacity and their associated delays under dry weather conditions. It should be mentioned 

in passing that literature on the influence of rain precipitation on roundabout performance is 

limited, if at all existing. In light of the aforementioned, the remainder of this chapter is devoted 

to the discussion of the interrelationship between functional quality of service delivery reduction 

and rainfall and their implications for time headway. Roundabouts’ service delivery is constrained 

by factors that include traffic, road and ambient conditions. Traffic conditions refer to the 

characteristics of the traffic stream and the stream components that use the facility, such as traffic 

composition, directional distribution, proportion of different types of vehicles and their 

performance capability. Ambient conditions are usually weather, visibility, levels of pedestrian 

activity, number of parked vehicles, and frontage activity, among others. Road conditions which 

include road surface and geometric parameters are, number and direction of lanes, lane widths, 

shoulder widths, lateral clearances from edge of pavement, design speed, type of intersections, 

horizontal and vertical alignments.   
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The review of literature is divided into six sections. Section 2.2 deals with South Africa and 

rainfall, whilst section 2.3 is on roundabouts in South Africa. Section 2.4 addresses roundabouts’ 

traffic characteristics, whilst section 2.5 is on the qualitative assessment of roundabout 

performance. In section 2.6, a novel quality of service assessment concept is discussed. In section 

2.7, the impact of rainfall on quality of service delivery is presented, whilst section 2.8 addresses 

driver behaviour and time headway at roundabouts. Section 2.9 presents a summary of the chapter. 

 

2.2  South Africa and Rainfall  

 

South Africa is made up of nine administrative provincial centres which include:  Eastern Cape, 

Free State, Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, Northern Cape, North West and the 

Western Cape. The rainfall pattern varies in each province. Rainfall of high intensity usually 

occurs during the summer months of November to March with some thunderstorms in the 

afternoon. In the Western Cape with the capital city of Cape Town, the rainfall occurs in the winter 

months of May to September.  The intensity of rainfall varies from province to province in South 

Africa. The amount of precipitation in South Africa varies tremendously, which makes it difficult 

to predict the variation in the rainfall amount.  

 

The amount of rainfall is higher in the eastern parts of the country and decreases towards the 

western parts. Generally, rainfall in South Africa occurs throughout the year with a varying 

amount of precipitation in each month in different parts of the country. The intensity of rainfall in 

the other parts of South Africa is lower when compared to rainfall intensity in city of Durban in 

the KwaZulu-Natal Province, where the rainfall intensity and frequency are high during the 

months of October to March. The highest amount of rainfall in South Africa occurs in the city of 

Durban in KwaZulu-Natal province with an annual average precipitation of 828mm (Olurotimi et 

al., 2017). In Durban, a light rain falls throughout the year, but the wet season occurs from October 

to March. The wettest period occurs in January, while June is the driest month in Durban. The 

average amount of precipitation in South Africa is 450mm (Otieno and Ochieng, 2004) compared 

to the global average amount of rainfall of 860mm. The driest part of South Africa is Richards 

Bay in the KwaZulu-Natal province with an average annual rainfall of 46mm.  
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Rainfall is most likely to affect the traffic flow rate at the roundabouts. This is because it impairs 

visibility more compared to other factors that associated with precipitation which includes the 

temperature and humidity. Most of the cars in South Africa have air conditioners which the drivers 

use to regulate the temperature inside the vehicle to a comfortable condition as well as keep the 

humidity out of effect. Rainfall varies in intensity and the intensity has a great influence on how 

it affects traffic flow rate. 

 

Rainfall is the quantity of water, always expressed in millimeter (mm), precipitated as rainfall in 

a specific area at a given time interval (NRMAE, 1986).  It has many characteristics which are; 

the amount of rainfall, the frequency, the distribution over the area, the time of occurrence, and 

intensity. Rain intensity is an important characteristic that affects the traffic flow rate, usually 

measured in mm per hour (mm/hr). Rainfall is classified into light, medium, heavy and very heavy 

rainfall, according to rainfall intensity (Jarraud, 2008), as shown in Table 2.1. The classification 

is in line with the World Meteorological Organisation’s (WMO) rainfall classification.  

 

Table 2.1: Rain Classification 

Type of rain  Intensity (mm/hr) 

Light rain  < 2.5                                                                          

Moderate rain 2.5 - 10  

Heavy rain 10- 50  

Very heavy or violent rain More than 50  

Source: Jarrud, 2008  

 

There are different ways of measuring amount of rainfall which includes the use of a surface rain 

gauge, the weather radar and satellite imagery. The weather radar and satellite imagery do not 

measure the rain precipitation at the earth’s surface but above the earth’s surface. They are very 

useful in the prediction of the occurrence of rainfall from cloud movements. The surface rain 

gauge is relevant to this study because it collects the rain data at the earth’s surface where traffic 
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interacts directly with rainfall. The discussion in this chapter will be limited to the use of surface 

rain gauges for rain measurement. 

 

2.3 Roundabouts in South Africa 

 

The roads in South Africa are classified into national (N), provincial (R) and municipal (M) 

respectively. The national roads are the roads and freeways that connect the major cities in South 

Africa. These roads are maintained by South Africa National Agency Limited (SANRAL) and are 

designated by N followed by an assigned number. For example, N2, where N represents national 

road and assigned number 2 indicates the road designation.  National roads are designated from 

N1 to N19. Provincial roads are next to the national roads; they are numbered by the designation 

R followed by an alphanumeric as an example R21, where R represents provincial road and 

assigned number 21 indicates the road designation. These roads serve as feeder roads to the 

national roads and as trunk roads where there is no national road. The roads are maintained by the 

provincial government road authority. They also vary in quality from gravel roads to freeways. 

Municipal roads are next to the provincial roads. They are street and township roads and 

maintained by the local or municipal road authority. Irrespective of the road type, they connect or 

meet each other at interchanges or intersections in the form of roundabouts, signalized and priority 

intersections. This study is on roundabouts as a form of intersection. Hence, discussions in this 

section are limited to roundabouts in South Africa.   

 

The use of roundabouts in South Africa has not gained much traction, but in recent times the use 

of roundabouts is increasing. Intersections at some newly developed areas are built with 

roundabouts and some signalized intersection are being replaced with roundabouts in some 

locations. Typical examples are where three signalized intersections at the University of Zulu land, 

in the KwaZulu-Natal Province, were replaced with roundabouts in 2013 (Kendal and Reutener, 

2014, Moodley, 2013), and another was carried out at a new market in Alberton, Gauteng in 2011. 

The main reasons for the replacement as noted by SANRAL was due to the safety at the 

roundabout, elimination of traffic signal cable theft and the need for a reduction in vehicle 

hijacking at the intersections. This is because total stop of vehicles at roundabout are not necessary 

compared to a signalised intersection where vehicles are to stop when the signal light is on red. 
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Kendal and Reutener add that the reasons for the upgrading of these intersections to roundabouts 

was to reduce the conflict of heavy and light vehicles, danger to pedestrians and reduction in the 

frequency of static traffic Kendal and Reutener (2014). This shows that the awareness of the 

quality of roundabouts is becoming recognized in South Africa. Some intersections in newly 

developed areas in KwaZulu-Natal and some other provinces are being made as roundabouts. A 

typical example is in Umhlanga which is located within Durban city in the KwaZulu-Natal 

Province at the coordinates of 290 43’ 09” S 310 05’ 09’E and Western Blvd, Cape Town in 

Western Cape Province located at -330 54’ 24.24” S 180 24’44.57” E. 

 

The SANRAL geometric design guidelines does not state the categories of the roundabouts in 

South Africa, but the roundabouts in South Africa have the geometric and descriptive features 

similar to roundabouts in other parts of the world. Roundabouts are divided into three categories 

(mini, single and multilane) according to the National Cooperative Highway Research Program 

(NCHRP) Report 672 of 2010, based on the size and the number of lanes in the roundabout 

(Robinson et al., 2000). Construction of mini-roundabouts is inexpensive because of its small size 

and the pavement widening at the curb corner which is minimal. The central island is usually made 

up of road markings as it does not require raised Central Island. This type of roundabout is suitable 

for a low operating speed urban environment and in areas with an insufficient right of way.  It is 

designed in such a way that it can accommodate passenger cars without traversing the central 

island, but larger vehicles can only traverse the central island and is usually of a single lane.  

 

Conventional roundabouts have single or multiple entry lanes with a large, raised, inscribed 

diameter and non-traversable central island which distinguishes it from the mini roundabout. They 

are usually designed with a truck apron and an entry design speed of 40 to 50km/h. The size of 

this category of the roundabout depends on the available right of way. The approaching road is 

3.4m - 3.7m and the entry width, a minimum of 5m for a single lane roundabout. The entry width 

of a two-lane roundabout is within the range of 8m. The design speed is 40km/h to 50km/h. The 

multilane roundabout is the category of roundabout having an approach of two or more lanes with 

a raised splitter island, non-traversable central island, and truck apron. The number of entry lanes 

is not necessarily the same for all approaches. The circulatory roadway is always wider to 

accommodate the vehicles travelling side by side. The circulating road width for two-lane 
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roundabouts is in the range of 8m - 16m, with a maximum radius or vehicle path of not more than 

100m. The speed at the entry, exit and within the circulatory roadway is always the same or slightly 

higher than the single lane roundabout. In describing roundabouts, the following descriptive 

features are used in order to gain a clearer understanding: Central Island, Splitter Island, 

circulatory roadway, apron, yield line, accessible pedestrian crossings, and landscaping buffer.   

 

A central island is an area around which vehicular traffic circulates and is usually raised at the 

centre of the roundabout. A splitter island is a speed controlling feature that deflects and reduces 

the entry speed of vehicles at the entry to the roundabout. It also separates the entry traffic from 

the exit traffic and provides a safe crossing for pedestrians. It could be raised or painted (Robinson 

et al., 2000). A circulatory roadway is the roadway around the central island through which traffic 

travels and is usually a curved road. The apron is usually a mountable portion of the central island 

which is usually 50mm to 75mm in height and with a slope of 2 percent and a width of 1m to 4m. 

It is usually provided on small roundabouts to accommodate the large vehicles’ wheel tracking. A 

yield line is a road marking along the inscribed circle usually at the entry lane of a roundabout into 

the circulatory roadway. The entry vehicles usually yield to vehicles in the circulatory roadway 

before crossing the marked line into the circulatory roadway. An accessible pedestrian crossing is 

usually set back from the yield line. It is cut at the minimum width of 3m within the splitter island 

to allow pedestrians, strollers, and wheelchairs to pass through. A landscaping buffer is the feature 

provided to separate the pedestrians from the vehicular traffic and allow pedestrians to cross at the 

designated locations.  Roundabout operates on the yield rule, it can be argued that roundabouts 

operate more efficiently than signalized intersections in the sense that drivers do not have to stop 

completely at the intersection. Moreover, another important advantage of a roundabout as an 

intersection is conflict minimization. As shown below in Figure 2.1, roundabouts have fewer 

conflict points than priority intersections. Conflicts at roundabouts can be divided into three 

classes (queuing, crossing and merging). Queuing conflicts are caused when entry traffic queues 

while waiting for a sufficient gap to merge in the circulating traffic flow rate. Crossing conflicts 

are caused by the interaction of two traffic streams, whereas, merging conflicts are caused by the 

joining or separating (diverging) of two traffic streams. 
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Source:  Robert Z (2014) 

Figure 2.1: Conflict points reduction at four-arm roundabouts. 

 

2.4 Roundabout Traffic Characteristics 

 

The operating characteristics of multilane roundabouts are influenced by their geometric elements 

and have often led to separate capacities. Entry width is the width at the point where the entry road 

meets the circle, usually measured perpendicularly from the left edge to the right edge intersection 

line and the inscribed circle. The entry angle is a geometric angle that represents the entering and 

circulating traffic stream’s conflicting angle. Entry radius is the minimum radius of curvature of 

the outside curb of the entry. Approach width is the width of the approaching road through which 

the traffic stream travels towards the entry of the roundabout. The inscribed circle diameter is the 

diameter of the outer curb to the opposite outer curb in which the central island diameter, the apron 

and the circulating roadway are inclusive. Circulatory roadway width is the width of the roadway 

around the central island through which the circulating flow rate travels.  
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Figure 2.2: Typical Geometric Parameters 

 

As shown above in Figure 2.2 the geometric influences include:  

 Entry width (e1), circulating entry width (e2), hence average e = (e1 + e2) / 2 

 Weaving width (w) and weaving length (Lw) 

 Entry angle (Ø) and entry radius (R), 

 Inscribed diameter (D),  

 Approach width (v),  

 Flare length (Ɩ1)  

 

Brilon argues that capacity equations should not be transferred internationally, instead each 

country should find a solution of its own because of the difference in driver behaviour in different 

countries (Brilon et al., 1991). The off-side rule was introduced in 1966, consequently, weaving 
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movement is no longer the main determinant of capacity but rather the number of lanes, approach 

entry width and critical gaps in the circulating traffic stream. The off-side rule also prompted 

geometric changes and facilitated the introduction of smaller circles with a flared approach. 

Roundabout sizes and the yield rule have decreased the tendency of drivers to weave at 

roundabouts, according to Troutbeck (1984). Horman and Turbull found that less than one percent 

of drivers in the circulating stream give way to motorists entering the roundabouts when 

circulating flow rates are greater than entry flow rates (Horman and Turnbull, 1974). Interestingly, 

a uniform yield rule has never resulted in a uniform method of capacity estimation. Instead 

different estimation methods have emerged and broadly classified as theoretical (gap acceptance) 

and empirical (linear or exponential).  

 

2.4.1 Roundabout Capacity Estimation Using Weaving – based on a design approach  

 

Regarding weaving capacity, there are those who postulate that traffic volume per weaving section 

per time factor, is the determinant of practical capacity, while others prefer to use the number of 

lane change operations performed within the given weaving section. One thing is clear though, 

weaving can cause traffic stream disturbance that may lead to a bottleneck. According to HCM 

(1985), the weaving section will operate satisfactorily, only if traffic on the approach road is well 

below the practical capacities of these approaches and the weaving section has one more lane than 

would normally be required for the combined traffic from both approaches. When a merge area is 

closely followed by a diverge area, weaving segments are formed. Weaving segments require 

intense lane-changing manoeuvres because drivers jockey to access lanes appropriate to their 

desired exit points. The most critical aspect of a weaving segment is lane changing. Hence, the 

practical capacity of a roundabout can be estimated with a weaving-based equation 2.1(CSS, 1972) 

 

𝑄𝑝 =  
280𝑤(1+𝑒

𝑤⁄ )(1−
𝑝

3⁄ )

1+ (𝑤
𝑙⁄ )

         [2.1] 

 

Where;   Qp = practical capacity;  

p = proportion of weaving vehicles 
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e = average entry width; 

w = weaving width and Ɩ = weaving length. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                  

 

Figure 2.3: Typical yield rule movement at roundabouts 

 

Assuming no U-turn, where A denotes ahead, L denotes left turning vehicles, and R denotes right 

turning vehicles, it can be seen from figure 2.3 that:  

Entry flow rate rate per arm, QE = qL + qA + qR      [2.2] 

Circulating flow rate rate per arm, Qc = qA + 2qR          

 [2.3] 

From the definition in HCM (2010), some parameters are described as follows:  

𝑞𝐾
𝐷𝑒  denotes flow rate rate of turning vehicles at approach D  

q
L :  q

A
 :  q

R  

W E 

N 
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D∈ {South, East, North, West} represents either the south, east, north, or west approach  

K ∈{A, L, R} represents through, left-turning, or right-turning vehicles, respectively   

qDc denotes flow rate rate of the conflict stream of approach D  

 𝑞𝐾
𝑒  denotes total flow rate rate of turning vehicles on all approaches at the roundabout  

qe denotes total flow rate rate of all approaches at the roundabout  

 

Entry flow rate of roundabouts can be divided into three directions (straight, left and right). 

However, assuming the probabilities of through vehicles entering the inner and outer circulatory 

lanes are 𝑝𝑖𝑛
𝐷𝑒and 𝑝𝑜𝑢𝑡

𝐷𝑒  respectively; 𝑝𝑖𝑛
𝐷𝑒 + 𝑝𝑜𝑢𝑡

𝐷𝑒 = 1 . For the entry flow rate rate 𝑞𝐷𝑒, there will 

be 𝑞𝐿
𝐷𝑒 + 𝑞𝐴

𝐷𝑒 . 𝑝𝑖𝑛
𝐷𝑒  entering the inner lane, crossing the two streams. Meanwhile 𝑞𝑅

𝑒 + 𝑞𝐴
𝑒 . 𝑝𝑜𝑢𝑡

𝐷𝑒  

select the outer lane and only need to pass through one stream, the relationship can be written as 

(provided U-turn is not allowed): 

 

𝑞𝑖𝑛
𝑆𝑐 = 𝑞𝐿

𝑁𝑒 + 𝑞𝐿
𝑊𝑒 + 𝑞𝐴

𝑊𝑒 . 𝑝𝑖𝑛
𝑊𝑒        [2.4] 

𝑞𝑜𝑢𝑡
𝑆𝑐 = 𝑞𝐴

𝑊𝑒 . 𝑝𝑜𝑢𝑡
𝑊𝑒          [2.5] 

𝑞𝑖𝑛
𝐸𝑐 = 𝑞𝐿

𝑊𝑒 + 𝑞𝐿
𝑆𝑒 + 𝑞𝐴

𝑆𝑒 . 𝑝𝑖𝑛
𝑆𝑒        [2.6] 

𝑞𝑜𝑢𝑡
𝐸𝑐 = 𝑞𝐴

𝑆𝑒 . 𝑝𝑜𝑢𝑡
𝑆𝑒          [2.7] 

𝑞𝑖𝑛
𝑁𝑐 = 𝑞𝐿

𝑆𝑒 + 𝑞𝐿
𝐸𝑒 + 𝑞𝐴

𝐸𝑒 . 𝑝𝑖𝑛
𝐸𝑒        [2.8] 

𝑞𝑜𝑢𝑡
𝑁𝑐 = 𝑞𝐴

𝐸𝑒 . 𝑝𝑜𝑢𝑡
𝐸𝑒          [2.9] 

𝑞𝑖𝑛
𝑊𝑐 = 𝑞𝐿

𝐸𝑒 + 𝑞𝐿
𝑁𝑒 + 𝑞𝐴

𝑁𝑒 . 𝑝𝑖𝑛
𝑁𝑒        [2.10] 

𝑞𝑜𝑢𝑡
𝑊𝑐 = 𝑞𝐴

𝑁𝑒 . 𝑝𝑜𝑢𝑡
𝑁𝑒            [2.11] 

 

For the inner flow rates, 

𝑞𝑖𝑛
𝑆𝑐 + 𝑞𝑖𝑛

𝐸𝑐 + 𝑞𝑖𝑛
𝑁𝑐 +  𝑞𝑖𝑛

𝑊𝑐 = 2𝑞𝐿
𝑒 + 𝑞𝐴

𝑊𝑒 . 𝑃𝑖𝑛
𝑊𝑒 +  𝑞𝐴

𝑆𝑒 . 𝑃𝑖𝑛
𝑆𝑒 + 𝑞𝑇

𝐸𝑒 . 𝑝𝑖𝑛
𝐸𝑒 + 𝑞𝐴

𝑁𝑒 . 𝑝𝑖𝑛
𝑁𝑒    [2.12] 

For the inner flow rates, 
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𝑞𝑜𝑢𝑡
𝑆𝑐 + 𝑞𝑜𝑢𝑡

𝐸𝑐 + 𝑞𝑜𝑢𝑡
𝑁𝑐 +  𝑞𝑜𝑢𝑡

𝑊𝑐 = 𝑞𝐴
𝑊𝑒 . 𝑃𝑜𝑢𝑡

𝑊𝑒 +  𝑞𝐴
𝑆𝑒 . 𝑃𝑜𝑢𝑡

𝑆𝑒 + 𝑞𝐴
𝐸𝑒 . 𝑝𝑜𝑢𝑡

𝐸𝑒 + 𝑞𝐴
𝑁𝑒 . 𝑝𝑜𝑢𝑡

𝑁𝑒   [2.13] 

If 𝑝𝑖𝑛
𝑊𝑒 = 𝑝𝑖𝑛

𝑆𝑒 = 𝑝𝑖𝑛
𝐸𝑒 =  𝑝𝑖𝑛

𝑁𝑒 = 𝑝𝑖𝑛
𝑒  then equation 2.12 becomes 

𝑞𝑖𝑛
𝑆𝑐 + 𝑞𝑖𝑛

𝐸𝑐 + 𝑞𝑖𝑛
𝑁𝑐 +  𝑞𝑖𝑛

𝑊𝑐 = 2𝑞𝐿
𝑒 + 𝑞𝐴

𝑒 . 𝑃𝑖𝑛
𝑒       [2.14] 

If 𝑝𝑜𝑢𝑡
𝑊𝑒 = 𝑝𝑜𝑢𝑡

𝑆𝑒 = 𝑝𝑜𝑢𝑡
𝐸𝑒 =  𝑝𝑜𝑢𝑡

𝑁𝑒 = 𝑝𝑜𝑢𝑡
𝑒  then equation 2.13 becomes 

𝑞𝑜𝑢𝑡
𝑆𝑐 + 𝑞𝑜𝑢𝑡

𝐸𝑐 + 𝑞𝑜𝑢𝑡
𝑁𝑐 +  𝑞𝑜𝑢𝑡

𝑊𝑐 = 𝑞𝐴
𝑒 . 𝑃𝑜𝑢𝑡

𝑒        [2.15] 

In addition, combining equations 2.11, 2.12 and 2.13, one can obtain: 

𝑞𝑆𝑐 + 𝑞𝐸𝑐 + 𝑞𝑁𝑐 + 𝑞𝑊𝑐 = 2. 𝑞𝐿
𝑒 + 𝑞𝐴

𝑊𝑒 . 𝑝𝑖𝑛
𝑊𝑒 + 𝑞𝐴

𝑆𝑒 . 𝑝𝑖𝑛
𝑆𝑒 + 𝑞𝐴

𝐸𝑒 . 𝑞𝑖𝑛
𝐸𝑒 + 𝑝𝐴

𝑁𝑒 . 𝑞𝑖𝑛
𝑁𝑒 + 𝑞𝐴

𝑊𝑒 . 𝑝𝑜𝑢𝑡
𝑊𝑒  

+𝑞𝐴
𝑆𝑒 . 𝑝𝑜𝑢𝑡

𝑆𝑒 + 𝑞𝐴
𝐸𝑒 . 𝑝𝑜𝑢𝑡

𝐸𝑒 + 𝑞𝐴
𝑁𝑒 . 𝑝𝑜𝑢𝑡

𝑁𝑒 = 2𝑞𝐿
𝑒 + 𝑞𝐴

𝑒      [2.16] 

 

2.4.2 Gap-acceptance roundabout capacity estimation method  

 

Gap acceptance method is the theoretical approach of estimating roundabout capacity. It operates 

on two main principles which are; the availability of gaps within the circulating or opposing traffic 

streams, and the usefulness of the gap by entry traffic. It depends on the driver's reaction and 

response time, the acceleration of the vehicle and the vehicle length (SANRAL, 2011).  This 

approach is a probabilistic approach that takes headway, follow-up time, critical gaps and the 

traffic flow rate into consideration, but does not consider the geometry (AL-MADANI and Pratelli, 

2014). The gap acceptance capacity estimation considers, first, the critical gap which is identified 

as the minimum headway between successive vehicles in the circulating approach that entering 

vehicles can accept to enter the circulating approach. Secondly, the follow-up time headway which 

is the difference in time between a departure vehicle and the immediate following vehicle at the 

roundabout entry if the two vehicles accept the same gap in the circulating stream under queuing 

conditions, and thirdly, the distribution of gaps in the circulating traffic flow rates, which depend 

on the Poissonian bunched vehicles or random arrivals. The follow-up time and headway change 

with geometry but are highly influenced by the drivers’ behaviour and traffic composition. The 

gap acceptance models have not been able to address the inconsistency in the form of the real 

traffic gap acceptance because the gap acceptance of different vehicles varies compared with the 

fixed critical gap and follow-up headway stipulated for use in the models (Akçelik, 2003). Drivers 

reject the large gap and accept smaller gaps in some cases which was not addressed in these 

models. The vehicle in the circulating roadway gives right of way to entry vehicles, while the entry 
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vehicles force their way into the circulating road way at the saturation period (Mark Lenters PE, 

2010, AL-MADANI and Pratelli, 2014, Russell and Rys, 2000, Ersoy and Çelikoğlu, 2014, 

Hagring, 1998), this makes the evaluation of critical headway a difficult task (NCHRP, 2006). 

Ersoy and Çelikoğlu (2014) discovered that entry capacity has a very sharp change when the 

accepted follow-up headway is small, this shows that the stipulated critical headway value used 

for the estimation of capacity may not give the accurate entry capacity in some situations. 

Moreover, most of the gap acceptance models are exponential models which were discovered not 

to describe the platooning, they predict short headways which are unrealistic and become more 

distorted with an increase in flow rate rate, and cannot deal realistically with a high traffic flow 

rate rate (Vasconcelos et al., 2012). Tanner (1967) developed, and (Troutbeck, 1986, Troutbeck, 

1988) refined a roundabout entry capacity as shown below in equation 2.17. 

 

𝑞𝑒 =
𝑞𝑐(1−∆𝑞𝑐)𝑒𝑞𝑐(𝑡𝑎−∆)

1−𝑒
−𝑞𝑐𝑡𝑓

         [2.17] 

 

Where: 𝑞𝑒 = Enter capacity (veh/s); and 𝑞𝑐= Circulating flow rate (veh/s) 

ta = Critical gap (s); 𝑡𝑓 = Follow-up time (s); 

∆ = Minimum headway in the circulating streams (1s for multilane and 2s for single lane) 

 

Tanner’s equation for the capacity of priority intersection forms the fundamental basis for the 

development of the gap acceptance method. Tanner’s equation was adjusted by Troubeck to relate 

the equation to the observed field data and adopted with modifications in Australia. All the gap 

acceptance models are based on the distribution of gaps in the circulating flow rate and acceptance 

of the gap by the entering traffic (Vasconcelos et al., 2012). This method relies on parameters that 

have different approach measurements and as to be expected these different ways do not give the 

same result. 
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2.4.3 HCM roundabout capacity estimation method  

  

The highway capacity manual, HCM (2010) introduced exponential regression which is a mixture 

of empirical and theoretical methods. HCM estimates the entry capacity based on three main 

parameters; critical gap, follow-up time and the circulating flow rate. Critical gap which is the 

minimum gap within the circulating traffic that is safe for an entry vehicle to be willing to accept 

for merging with circulating traffic, the follow-up headway, and the circulating flow rate. The 

HCM (2010) capacity model was developed as an exponential regression model with parameter 

estimates based on gap acceptance theory with inherent weaknesses. For example, choosing a 

negative exponential equation to define the capacity of a roundabout entry, particularly one that is 

gap-acceptance based. The equation becomes nearly asymptotic to the x-axis making it unreliable 

to model small entry traffic flow rate when circulating traffic volume is high. It is easier to record 

the direct measurement of entry and circulating flow rates and more difficult to collect gap data at 

a roundabout. The absence of a Y-intercept means that the geometric influence of a roundabout is 

unexplained. A significant advantage of empirical model is sensitivity to roundabout geometric 

design. Without the capability to predict different capacities for a variety of configurations or 

number-of-lane-based designs, the designer runs the risk of overdesigning, decreasing safety, and 

increasing cost (Mark Lenters PE, 2010). Consequently, geometrically-sensitive design methods 

are sought after by clients, agencies, and owners to achieve required capacity targets while 

minimising right-of-way impacts, avoiding high construction costs, and balancing the safety of all 

users (Mark Lenters PE, 2010).  Nevertheless, the HCM 2010 model equation is shown below; 

𝑄𝑇 = 𝐴𝑒(−𝛽𝑞𝑐)          [2.18] 

Where;        QT denotes theoretical capacity and qc = circulating flow rate 

       𝐴 =  
3600

𝑡𝑓
;  𝛽 =

𝑡𝑐−0.5𝑡𝑓

3600
 ; tf = 3.19s    and tc = 4.11s 

 

It can be rewritten as (multilane roundabouts); 

𝑄𝑇 = 1130𝑒(−0.0007)𝑄𝑐         [2.19] 
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2.4.4 Empirical roundabout capacity estimation method  

 

Many countries including the UK, Germany, France, and Switzerland have been using the 

empirical method of estimating roundabout capacity for many years. The empirical method relies 

on linear or exponential regressions. It is postulated that direct empirical linear and exponential 

regression without predetermined theoretical values can be explored when estimating roundabout 

entry capacity. After all, linear regression is a modelling approach whereby the relationship 

between a scalar dependent variable and one or more independent variables is explained with a 

best fit line. Exponential regression is a modelling approach in which a constant change in the 

independent variable gives the same proportional change in the dependent variable. The empirical 

linear regression method is a deterministic approach based on the roundabout geometry, entry and 

the circulating flow rate (AL-MADANI and Pratelli, 2014). In any case, the UK empirical linear 

model is simple and widely used. The UK model is being used by several road authorities in the 

US for the estimation of roundabout capacity. According to Mark Lenters PE (2010) it gives the 

most accurate results for the calibration of the specific site because it uses the collected data from 

the site. It does not work on the dominant lane and this makes it possible to be used for a multilane 

roundabout with more than one saturation lane (Mark Lenters PE, 2010). Flaring is an important 

part of the roundabout geometry that has an influence on entry capacity, this aspect of geometry 

is not covered by the gap acceptance models and the other empirical models. The UK model has 

a correction factor which makes it suitable for a roundabout with different geometry and it has a 

wide application in different countries. It is more useful because of its ability to relate geometry 

to entry capacity (Mark Lenters PE, 2010), although this approach of using regression requires a 

large amount of data (Russell and Rys, 2000). The determination of entry capacity from the UK 

model is based on research carried out by Kimber (1980) where roundabout entry capacity is 

presented as:  

 

𝑄𝑒 = 𝑘(𝐹 − 𝑓𝑐𝑄𝑐)         [2.20] 

Where; 𝑘 =  1.151 − 0.00347φ –  0.978/r        [2.21] 

𝑄𝑒 = Entry Capacity (pce/h); and 𝑄𝑐= Circulating Flow rate (pce/h), 

F = 329e1 + 35e2 +2.4D -135        [2.22] 
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𝑓𝑐 = 0.29 + 0.116e1 = 
𝐹

𝑄𝐶
         [2.23] 

k denotes the correction factor for entry angle (𝜑) and entry radius (r) 

e1 = entry width (m); e2 = circulating width (m), D is roundabout size factor 

 φ denotes entry angle (0), r is the entry radius (m), fc is the slope gradient and F is the y intercept. 

 

Philbrick (1977) concludes that the optimal equation for the y-intercept involves only the entry 

width (e1) and the radius (r1) and can be determined by equation 2.24 

𝐹 = 233𝑒1 (1.5 −
1

√𝑟1
) − 255         [2.24] 

 

Also, that the optimal equation for the slope (fc) involves only two variables; entry width and 

weaving width (w) as shown in equation 2.25. 

 

𝑓𝑐 = 0.0049 (2𝑒1 − 𝑤) + 0.282        [2.25] 

 

In any case, the key entry capacity parameter is the y-intercept (F). It contains the major capacity 

influences of entry width, flare length and approach width. If the y-intercept can be adjusted, then 

the slope of the linear equation that also contains the major capacity geometry relationships, can 

be preserved. Çalişkanelli et al. (2009) postulates that regression analysis and gap acceptance-

based models are the most used estimation methods for predicting traffic circle capacity. 

According to Hale (2015) methods of indirect capacity measurement require various model 

adjustments to prevent capacities from increasing unrealistically in response to increasing 

congestion levels. Gazzarri et al. (2013) suggest that the choice of roundabout capacity model 

depends on driving behaviour and the roundabout design, and that countries with similar 

roundabout driving habits can use the same model applications. They assert that countries with 

left-hand traffic could not use the same model application as countries with a right-hand traffic 

rule. Roundabouts tend to operate well in Australia, which has a default yield-to-right rule, because 

yielding to clockwise traffic is natural to drivers. However, experience in deployment of modern 

roundabouts in the USA has been mixed, with drivers approaching on the right side of the splitter 
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island required to yield to anti-clockwise traffic in contrast to the default yield-to-right rule. In 

South Africa, entry vehicles yield to circulating vehicles which drive in a clockwise direction. 

This is contrary to USA but similar to United Kingdom mode of roundabout operation. 

Consequently, South Africa can use the United Kingdom modelling approach because they are 

both countries with left-hand traffic. In any case, it is postulated that direct empirical linear and 

exponential regression without predetermined theoretical values can be explored when estimating 

roundabout capacity in this thesis. 

 

2.4.5 Traffic Delays and Queues Concepts 

 

Traffic delay and queue length are also key parameters used to assess the effectiveness of 

roundabout performance.  Delay is an important parameter that is used in the performance 

evaluation of intersections. It is influenced by many variables and hence its determination is 

somewhat complex. HCM prescribes delay as the primary measure of effectiveness for 

roundabouts and intersections, with the level of service determined from the delay estimate. Delay 

in a roundabout can be defined as the time spent on traversing the roundabout in excess of traffic-

free flow rate at the roundabout and it is the primary service delivery for the roundabout 

(Rodegerdts, 2010). The Highway Capacity Manual only includes control delay, which is the delay 

attributable to the control device. Control delay is the time which a driver spends queuing and then 

waiting for an acceptable gap in the circulating flow rate while at the front of the queue. Control 

delay can also be defined as the time a driver takes to decelerate into a queue, stay in the queue, 

while at the front of the queue wait for an acceptable gap and accelerate out of the queue 

(Rodegerdts, 2010, HCM, 2000). Queuing occurs when the entry vehicles are waiting for an 

appropriate and safe gap in the circulating traffic (Sofia et al., 2012). Control delay comprises of 

both the geometric delay and the stop line delay (Yap et al., 2013, Akçelik, 2005). The mode of 

operation of a roundabout does not necessarily make the entry vehicle to have total stop before 

entering the roundabout, but rather yield to the circulating vehicles, look for a safe gap within the 

circulating vehicle, accept the gap and enter the roundabout. The total stop of a vehicle at entry, 

unlike at a signalized intersection, is not always necessary which enables it to have a better service 

delivery and higher entry capacity than a signalized intersection (Kakooza et al., 2005, Sisiopiku 

and Oh, 2001). Delays still occur at the roundabout, though they might be reduced compared to 

other forms of at-grade intersections. Collins (2008) states that if the vehicular delay is to be an 
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objective of any intersection, then the roundabout should be given a consideration because it will 

significantly reduce the total vehicle delay. HCM control delay is given as:  

𝑑 =  
3600

𝑐
+ 900𝑇 ([

𝑣

𝑐
− 1] +  √(

𝑣

𝑐
− 1)

2

+  
[
3600

𝑐
] 

𝑣

𝑐

450𝑇
) + 5      [2.26] 

Most stochastic delay model equations are derived from Tanner (1962) average delay equation: 

𝑑𝑡 =
1

2⁄ ∗ 
𝐸(𝑦2)

𝑌
+𝑞𝑒 𝑌𝑒−𝛽2𝑞𝑐 ∗

(𝑒𝛽2𝑞𝑐−𝛽2𝑞𝑐−1)

𝑞𝑐

1−𝑞𝑒 𝑦(1− 𝑒−𝛽2𝑞𝑐 )
       [2.27] 

With,  𝑌 =  
𝑒𝑞𝑐  (𝜏− 𝛽1)

𝑞𝑐(1−𝛽1𝑞𝑐)
                                                                         [2.28] 

𝐸(𝑦2) =  
2𝑌

𝑞𝑐
{𝑒𝑞𝑐(𝜏−𝛽1) − 𝜏 ∗ 𝑞𝑐(1 − 𝛽1𝑞𝑐) 1 + 𝛽1𝑞𝑐 − 𝛽1

2𝑞𝑐
2 −

1

2
∗𝛽1

2𝑞𝑐
2

1−𝛽1𝑞𝑐
}    [2.29] 

Where:  dt = average delay on approach (s/veh) 

qae = arrival rate on entering approach (veh/s) 

qc = arrival rate on circulating flow rate (veh/s) 

τ – critical gap (s); β1 – headway (s); β2 – follow-up time (s) 

 

Assuming random arrivals and no queues, Tanner shows that the average delay for isolated minor 

road vehicles is: 

𝑑𝑚 =  
𝑒𝜆(𝛼−∆)

𝜑∗𝑣𝑐
−  𝛼 −  

1

𝜆
+  

𝜆Δ2−2Δ+2Δ𝜑

2(𝜆∆+ 𝜑)
        [2.30] 

Now, if  𝜑 =1 and the minimum gap in the circulating traffic is set to zero, then: 

𝑑𝑚 =  
𝑒𝜆(𝛼−∆)

𝜑∗𝑣𝑐
−  𝛼 −  

1

𝜆
−

𝛽2
2𝑣𝑐

2
         [2.31] 

Where: 𝜑 = 0.75(1 − Δ ∗ 𝑣𝑐) and =  
𝜑∗𝑣𝑐

1−Δ∗𝑣𝑐
 ; ∆ = 2s 

 

Troutbeck (1989) recommends that when estimating average delay (dt), a steady state model 

equation 2.32 be used: 

𝑑𝑡 = 𝑑𝑚 ∗  {1 +  
𝑒𝑥

1−𝑥
}          [2.32] 
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Where;  

x denotes the degree of saturation 

e is a form factor which can be set to 1 or 0, if no other value is available 

 

Akcelik and Chung (1994b) follows up Troutbeck’s model equation with an allowance for 

variation over time, as seen in the equation shown below: 

𝑑 =  𝑑𝑚 + 900𝑇 ([
𝑣

𝑐
− 1] + √(

𝑣

𝑐
− 1)

2

+ 
[8𝑘] 

𝑣

𝑐

𝑐∗𝑇
)       [2.33] 

Where; 𝑘 =  
𝑐∗𝑑𝑚

3600
;   𝑑𝑚 =  

𝑒𝜆(𝛼−∆)

𝜑∗𝑣𝑐
−  𝛼 −  

1

𝜆
+  

𝜆Δ2−2Δ+2Δ𝜑

2(𝜆∆+ 𝜑)
 

𝜑 = 0.75(1 − Δ ∗ 𝑣𝑐) And  𝜆 =  
𝜑∗𝑣𝑐

1−Δ∗𝑣𝑐
 ; ∆ = 2s 

𝑐 =  
3600 𝜑∗𝑣

𝑐 ∗ 𝑒−𝜆(𝛼− Δ) 

1− 𝑒−𝜆𝛽 ; 

𝛽 = 2.819 − 3.94 ∗ 10−4 ∗  𝑣𝑐; and 𝛼 = {1.641 − 3.137 ∗ 10−4}𝛽 

 

Figure 2.4 shows the two curves obtained by the two queue length model functions of which the 

first term is deterministic (Equation 2.34) and the second term is in a steady state condition 

(Equation 2.35): 

𝐿 =  (𝜌 − 1)𝑞𝑒𝑡 +  𝐿0          [2.34] 

𝐿 =  𝜌 + 𝐶𝜌2(𝜌 − 1)         [2.35] 

𝐿 =  
𝜌

(1−𝜌)
   For C = 1 

Where:     

Lo denotes initial queue length; and t denotes any time interval;  

      ρ denotes traffic intensity (x); and qa denotes demand flow rate; qm denotes capacity; 

C denotes constant to describe arrival and service patterns.  

For regular arrivals, C=0; and for random arrivals, C=1 
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         Figure 2.4: Coordinate transformation for average delay estimation 

 

Generally, the basic equation for traffic delay at a roundabout is: 

 d = d1 + d2 +d3          [2.36] 

Where:  d1 = The yield line delay or the follow-up time (s) 

d2 = Queueing delay (s) and d3 = geometric delay (s) 

According to Guo and Wang, delay in a roundabout is of two main categories, namely the control 

and the geometric delay (Guo and Wang, 2011). The geometric delay is the reduction in speed due 

to the effect of the roundabout geometry in the course of traversing the roundabout (HCM, 2000). 

Geometric delay can further be defined as any delay experienced when a vehicle is traversing the 

roundabout in the absence of any other vehicle at the roundabout if the driver could identify that 

he is traversing the roundabout in isolation (Akчelik, 2009, Sofia et al., 2012, Kimber et al., 1986). 

The value is usually small for a small roundabout, but for large diameter roundabouts it could be 

significant. The value is usually high for a stopping vehicle because of the time it takes to 

accelerate to the design speed of the roundabout (Rodegerdts, 2010). This delay is always present 
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at the roundabout whether there is the presence of a vehicle or not. Geometry is one of the major 

factors that have an influence on delay (Al-Omari et al., 2004). The geometric delay excludes the 

queueing time at the roundabout entry, it could be more than the delay at a congestion with the 

exception of when the traffic approaches capacity (Kimber et al., 1986). All other elements being 

equal, delay (and queue) would increase under rainy conditions due to more conservative car 

following and gap acceptance behaviour. While this seems to be apparent in Figures 2.5 and 2.6. 

The delay (queue)- volume capacity curves rise rapidly as the volume capacity increases at some 

points as pointed out in the relationship of delay and volume capacity ratio in HCM (2010). The 

interest in this study is not to build a different relationship for delay and volume capacity ratio but 

to determine the effect of rainfall and make some modifications if need be. 

 

 

 

 

 

 

 

 

Figure 2.5: Delay vs. volume capacity ratio            Figure 2.6: Queue length vs. volume capacity ratio 

 

2.5 Qualitative Assessment of Roundabout Performance  

 

A road network is made up of segments (links) and intersections (junctions), each with its own 

characteristics and uniqueness. For the purpose of designing a roadway, capacity is a key 

parameter and also a key performance indicator when assessing the roadway. Quality of service 

has been an elusive, confusing and ambiguous roundabout assessment parameter because it is 

related to capacity and often confused with level of service. Quality of service and level of service 

(LOS) have been used interchangeably in many studies and the Highway Capacity Manual 

(HCM). Level of service, according to the HCM (2010), is a useful measure of effectiveness of a 
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roadway, unlike capacity which is a quantitative measure.  The quality of service is defined by the 

Florida Department of Transportation (2013) as “users’ perception of the performance of 

transportation facility”. This definition limits the assessment of the quality of service to the road 

users’ perception. LOS is important because it points the road providers in the right policy and 

management direction. However, effectiveness is defined as the capability of producing a desired 

result; bearing in mind that effectiveness is measured by road providers, one can assume that the 

desired result would be capacity utilization of roundabout facilities. The HCM (2010) defines LOS 

for roundabouts as a function of the average control delay which is not the same as capacity 

utilization. Previous studies have been content with measuring travel delay as a substitute for 

quality of service, when in fact travel delay in not the main concern of road providers. The 

primarily concern of road providers is capacity utilization. Why are previous studies content with 

defining quality of service loosely and depicting quality of service as level of service when they 

are in fact different? The answer probably lies with the assumption that the term quality of service 

may have a different meaning to different people. The road providers and road users are the 

principal parties in quality of service assessment, hence quality of service must correctly depict 

their perceptions. The service quality from road providers is tied to road design specifications. 

Whereas, the service perceived by the road users is a statement of the satisfaction or dissatisfaction 

experienced by the road users. It is usually expressed as travel time for road segments and travel 

time delay for intersections.  

 

Nevertheless, the principal operating characteristic of the traffic control device is degree of 

saturation also known as volume/capacity ratio. Average delay and (percentile) queue lengths can 

be estimated from degree of saturation, as can the amount of degree of saturation available in 

reserve. All these measures are relevant to the traffic engineer as service provider, while average 

delay and queue length are directly experienced by road users. Most commercial traffic analysis 

software (e.g. SIDRA) includes tables of all of these outputs to provide the traffic engineer with a 

complete perspective of the operation of the traffic control device. 

Therefore, if the road provider is interested in measuring the effectiveness of roundabout 

performance, reserve capacity is recommended. If the road provider is interested in measuring 

road users’ level of satisfaction or otherwise, then average delay at roundabout is the parameter 

required, it can be argued.  
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Many factors influence the quality of service (Hostovsky et al., 2004). The quality of service is 

influenced by factors related to traffic, pavement conditions, environment and ambient conditions 

(Corporation et al., 2003, Flannery et al., 2006). These factors are categorised under the 

operational, geometric and other factors (Roess and Prassas, 2014). The operational factors include 

the delay experienced within the travel time, the congestion and queue length. The geometric 

factors include the visibility, clear signs and pavement markings, design related factors such as 

the lane width, entry width, entry radius, entry angle, flare length, inscribed circle diameter and 

other geometric elements in the roundabout. These features have been reported to have an effect 

on the capacity of roundabouts (Kimber, 1980). Since the main concern of the road user is the 

delay, safety and comfort when driving, it implies that the shorter it takes to traverse the 

roundabout with good comfort, the better the quality of service from the users’ point of view. The 

mentioned geometric features of a roundabout have been proven to have an effect on the flow rate 

of vehicles at the roundabout. Kimber (1980) shows that a small increase in the entry radius 

reduces the delay at the roundabout, while the increase in entry angle minimizes the occurrence 

of an accident at a roundabout. The increase in the inscribed circle diameter improves the traffic 

flow rate at the circulating roadway. Hence, it provides a more available safe gap for the entry 

vehicle and reduces delay. 

 

The quality of service is significant in the roundabout because it is a factor that is considered 

throughout the life of the roundabout. This is from the inception where the need for the roundabout 

is considered, the expectation of the expected users is taken into consideration during the design 

and construction process as well. After construction, the quality of service is then measured to 

ascertain the agreement in service performance expectations by the users and the provider. The 

quality of service is also useful in the determination of the need for roundabout maintenance.  A 

major consideration in the roundabout’s quality of service includes the safety and travelling 

comfort i.e. the reduction in inconvenience and increase in the travel reliability as well as service 

to the users.  

 

2.5.1      Roundabout Level of Service Assessment Methods 

 

Although level of service has been used interchangeably with quality of service in many studies, 

in this section level of service assessment methods are discussed. South Africa does not have a 
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specific parameter used in the assessment of the road traffic performance. South Africa relies on 

the Highway Capacity Manual (HCM) for level of service assessment. HCM (2010) incorporates 

TRB’s National Cooperative Highway Research Programme (NCHRP) Report’s 572 

methodologies (with enhancements and extensions) of lane-by-lane analysis of multilane 

roundabouts. Note that HCM uses the concept of level of service (LOS) as a qualitative measure 

to describe operational conditions of vehicular traffic at roundabout facilities, “based on service 

measures such as control delay, freedom to manoeuvre, traffic interruptions, comfort and 

convenience.” The NCHRP Report 572 states that, "perceived differences in driver behaviour 

raises questions about how appropriate some international research and practices are for the 

United States”. On operational performance, the report concludes that,  

 

“…currently, drivers in the United States appear to use roundabouts less efficiently than 

models suggest is the case in other countries around the world. In addition, geometry in 

the aggregate sense (number of lanes) has a clear effect on the capacity of a roundabout 

entry; however, the fine details of geometric design (lane width, for example) appear to 

be secondary and less significant than variations in driver behaviour at a given site and 

between sites” 

 

Furthermore, the report proposes exponential models of capacity for single-lane and two-lane 

roundabouts and recommends that level of service (LOS) criteria be the same as those currently 

used for unsignalised intersections. The NCHRP Report 572 recommends that "because driver 

behaviour appears to be the largest variable affecting roundabout performance, calibration of the 

models to account for local driver behaviour and changes in driver experience over time is highly 

recommended to produce accurate capacity estimates" and also states that "these models have 

been incorporated into an initial draft procedure for the Highway Capacity Manual (2010), which 

the TRB Committee on Highway Capacity and Quality of Service will continue to revise until its 

eventual adoption". It appears that the HCM LOS is still a work in progress. In any case, the HCM 

(2010) level of service methodology has twelve steps as listed below: 
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1. Convert movement demand volumes to flow rate rates, 

2. Adjust flow rate rates for heavy vehicles, 

3. Determine circulating and exiting flow rate rates, 

4. Determine entry flow rate rates by lane,  

5. Determine capacity of each entry lane and bypass lane in passenger car equivalents,  

6. Determine pedestrian impedance to vehicles, 

7. Convert lane flow rate rates and capacities into vehicles per hour, 

8. Compute volume to capacity ratio (v/c) ratio for each lane,  

9. Compute average control delay for each lane with equation 2.37, 

𝑑 =  
3600

𝑐
+ 900𝑇 ([

𝑣

𝑐
− 1] +  √(

𝑣

𝑐
− 1)

2

+  
[
3600

𝑐
] 

𝑣

𝑐

450𝑇
) + 5      [2.37] 

Where: 𝑐 = 𝐴 ∗ 𝑒𝑥𝑝(−𝛽 ∗ 𝑣𝑐) 

d = delays (s); C = entry capacity; v = demand flow rate; and 𝑣𝑐  = circulating flow rate 

𝐴 =  
3600

𝑡𝑓
∶ 

𝛽 =
𝑡𝑐−0.5𝑡𝑓

3600
  = 0.0007 for multilane roundabouts 

T = 0.25 for 15min; 0.1667 for 10min; 0.08333 for 5 min and 1 for 1-hr traffic analysis 

 

10. Determine LOS for each lane on each approach,  

The HCM uses six divisions, A to F, for levels of service for unsignalised intersections. The delay 

under this condition is mainly due to control delay. HCM does not give specific criteria for 

assessment of roundabout service delivery but a combined criterion for unsignalised intersections 

and roundabouts. The criteria table for assessment of unsignalised intersections which is 

applicable to roundabouts in the HCM is presented in Table 2.2.  The HCM recognises the need 

for further research into roundabouts’ quality of service.  
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Table 2.2: HCM Level of service for unsignalised intersections 

Level of service 

v/c ≤ 1 

Average control 

delay (s/vehicle) 

Level of service 

v/c > 1 

A 0 - 10 
F 

B > 10 - 15 
F 

C > 15 - 25 
F 

D > 25 - 35 
F 

E > 35 - 50 
F 

F > 50 
F 

           Source: HCM 2010 

 

11. Compute average control delay and LOS for each approach and the entire roundabout, 

12. Compute 95th percentile queues for each lane,  

𝑄95 =  900𝑇 ([
𝑣

𝑐
− 1] +  √(

𝑣

𝑐
− 1)

2

+  
[

3600

𝑐
] 

𝑣

𝑐

450𝑇
)

𝑐

3600
       [2.38] 

Where: Q95 is queue length (veh). 

 

The Australian level of service method is based on the SIDRA intersection model. The 

performance assessment categorizes level of service into six categories A to F. The LOS for 

roundabouts considers both the control delay and degree of saturation as shown below in table 2.3. 

The degree of saturation threshold is 0.85, hence the degree of saturation within the threshold is 

classified as A, B, C or D, depending on the average delay. Both SIDRA and HCM (2010) 

recognize that delay is a key indicator of effectiveness and that the degree of saturation is a key 

management tool. However, reserve capacity is not mentioned in both HCM (2010) and SIDRA 

bearing in mind that reserve capacity and degree of saturation are dependent variable. It can be 

argued that the degree of saturation, reserve capacity, delay and queue length are the key 

parameters that can be used to assess the quality of service. Each measure provides a unique 

perspective on the quality of service of roundabouts under observations.  
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Table 2.3: SIDRA Level of service for roundabout 

Level of 

service 

Average control 

delay (s/vehicle) 

Degree of Saturation 

(x) 

A d <10 

0< x ≤ 0.85 B  10 < d ≤ 20 

C 20 < d ≤ 35 

D 
      35 < d ≤ 50 0 < x ≤ 0.85 

0 < d ≤ 50 0.85 < x ≤ 0.95 

E 
      50 < d ≤ 70 0 < x ≤ 0.95 

0 < d ≤ 70 0.95 < x ≤ 1.0 

F  70 < d 1.0 < x 

  Source: Rahmi Akelic, 2009 

2.6  Novel Quality of Service Assessment Concept 

 

The proposed quality of service assessment method presented in this thesis uses delay as a proxy 

for road users’ perception of service delivery and reserve capacity as a measure of concern for 

road and traffic management service. The thesis recognizes that quality of service can either be 

structural or functional. Structural quality of service deals with highway infrastructure issues. 

Whereas, functional quality of service addresses traffic flow rate and control issues. The proposed 

functional quality of service (FQS) in this thesis is divided into two phases. Phase one focuses on 

criteria table development bearing in mind that only peak performance traffic data can be used to 

construct a criteria table. Phase two deals with FQS determination given prevailing traffic, road 

and ambient conditions as shown below in figure 2.7. When developing a criteria table, the 

following parameters are important; entry capacity, circulating capacity, reserved capacity, 

demand flow rate, volume to capacity ratio (degree of saturation) and control delay. It is important 

that a criteria table be developed before computing FQS. The FQS criteria table presented in this 

thesis is not going to be different from the HCM (2010) or SIDRA design wise and number of 

classes, but the contents therein will not be the same. The functional quality of service criteria 

table is summarized in Figure 2.7.   
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Figure 2.7: Functional Quality of Assessment Flow rate chart. 

Input peak & off-peak data 
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Determine  

Entry & Circulating Capacity 
Determine demand flow rate 

Divide volume capacity ratio into 

5 equal intervals namely:  

0.2; 0.4; 0.6; 0.8; 1.0 

Determine entry time headway Determine entry capacity 

Adjust entry capacity 

Determine 

Volume to Capacity ratio 

 

Adjust 0.8 to 0.85 as threshold 

Determine reserve capacity 

Determine entry time headway 
Determine control delay  

Using peak traffic data 

Adjust for heavy vehicles 
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Functional Quality of Service: A; B; C; D; E; 

F 

Determine control delay 
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Phase 1 Step 1:   Input of peak traffic flow rate and geometric data. Note the percentage of heavy 

vehicles  

 

Phase 1, Step 2:   Adjust for heavy vehicles using HCM (2010) equation below: 

𝑉𝑖 =  𝑉𝑑 ∗  (
1

1+𝑃𝑇[𝐸𝑇−1]
)          [2.39] 

Where:  

fhv is factor adjustment for heavy vehicles  

ET is PCE value for heavy vehicles 

PT is the proportion of demand volume that consists of heavy vehicles 

Vd demand flow rate (veh/h) and Vi is demand flow rate (pcu/h) 

 

Phase 1, Step 3: Model entry and circulating flow rate rates using the linear regression equation.  

Note that the key parameter F is the y-intercept that allows the influence of geometrical parameters 

such as entry width, flare length and approach width to be determined. By adjusting F, the slope 

of the linear equation that also contains the major capacity, geometrical relationships can be 

preserved.  

 

Phase 1, Step 4: Test model equation for statistical fitness.  

Note that the coefficient of determinant must be > 0.5 which indicates that the model’s equations 

are reliable, the t-test result must be > 2.0 at 95 percent level of confidence which shows that the 

parameters used are significant. The F test values > 4, which indicates that the model’s equation 

did not occur by chance. 

 

Phase 1, Step 5: Determine entry and circulating capacity.   

Note that entry and circulating capacity can only be estimated with the empirical linear method. 

Weaving and gap acceptance methods can be used to estimate practical and theoretical entry 

capacity respectively. 
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Phase 1, Step 6: Compute correction factor (k) for the capacity model equation.  

Use the model equation 2.21 to estimate the correction factor, bearing in mind that entry angle and 

entry radius have limitations as expressed by Kimber (1980). 

 

Phase 1, Step 7: Adjust computed model equation with the correction factor in step 6 and test the 

entry capacity for validation using the HCM (2010) model equation.  

 

Phase 1, Step 8: Determine volume to adjusted capacity ratio. 

From the definitions of volume to capacity ratio (v/c) and capacity, it is clear that volume capacity 

ratio depends on the flow rate at the entry and circulating roadway because entry capacity is a 

function of the vehicles at the circulating roadway (Akçelik, 2003). Entry capacity is the maximum 

sustainable flow rate that an entry can have under the prevailing conditions and is dependent on 

the magnitude of the circulating flow rate. The volume to capacity ratio (v/c) is a measure o f 

traffic demand compared to its total capacity. It is an accepted practice to use v/c = 0.85 as the 

threshold of degree of saturation for roundabouts (HCM, 2010). Values over 85 percent are 

typically regarded as suffering from traffic congestion, with vehicle queues beginning to form. 

The volume capacity ratio (v/c) is the ratio of traffic flow rate at the entry of a roundabout to the 

capacity of the same entry and is one of the parameters used in measuring the performance of a 

roundabout (Robinson et al., 2000). In many studies it has been suggested that roundabouts should 

not operate more than 0.85 degree of saturation or volume to capacity ratio (Robinson and 

Rodegerdts, 2000, Pande and Wolshon, 2016), which implies that no approach of the roundabout 

should have a vehicular traffic flow rate more than 85 percent of the capacity. HCM (2010) 

specifies 0.9 as the degree of saturation threshold. 

 

Phase 1, Step 9: Determine reserve capacity. 

Reserve capacity is a measure of sufficiency. Reserve capacity values alert road providers to areas 

where traffic mitigation measures should be considered for deployment. Once capacity is reached 

congestion sets into the traffic stream. Reserve capacity is a measure of the overall of the physical 

design features of the intersection. Not to be confused with practical reserve capacity, which is 

commonly used to measure available spare capacity at a traffic signal junction, reserve capacity 
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indicates whether the entry flow rate is greater than the capacity of the facility. Reserve capacity 

is one of the parameters for the measurement of unsignalised intersection performance (Salter, 

1989, Wong and Yang, 1997a). The concept of reserve capacity has long been used as a useful 

measure of the operational performance of individual signal-controlled junctions. Reserve 

capacity is a factor that could be used to determine the total number of vehicles that could enter 

the roundabout before reaching the saturation condition.  This could also be used when traffic is 

to be diverted during construction, accidents and road closures. The traffic flow rate at the road of 

diversion could be compared to the reserved capacity of the roundabout to determine if the 

roundabout can accommodate the diverted traffic comfortably. Reserve capacity can also be used 

in the determination of the effect of the traffic on the roundabout at a glance and to determine how 

well a roundabout can handle traffic fluctuation and future traffic growth. Reserve capacity is 

defined in the HCM as the unused capacity of movement, or the difference between the actual 

capacity for movement and the flow rate for the movement. The equation for the estimation of 

reserve capacity is shown in Equation 2.40. 

 

QR  = (
Qe−qd

Qe
) ∗ 100         [2.40]

  

Where;  

QR denotes normalized reserve capacity, qd denotes demand flow rate and Qe is entry capacity, 

The HCM establishes a level of service for each range of reserve capacity as; A ± 400vph; B 300-

390vph; C 200-299vph; D 100-199vph; E 0-99vph and F < 0 (Kyte et al., 1992).  

 

Phase 2, Step 1 : Determine entry time headway (th) with equation 2.41 below: 

𝐹 =  
3600

𝑡ℎ
           [2.41] 

Where F is the intercept of linear regression equation, Q = F - fcQc.  

 

Phase 2, Step 2: Determine delay and queue length using the delay equations shown below: 
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𝑑 =  
3600

𝑐
+ 900𝑇 ([

𝑣

𝑐
− 1] +  √(

𝑣

𝑐
− 1)

2

+  
[
3600

𝑐
] 

𝑣

𝑐

450𝑇
) + 5      [2.42] 

𝐿 = 𝑑 ∗  𝑞𝑑          [2.43] 

Where; d denotes delay (s); T = 0.25; v/c denotes volume to capacity ratio;  

L denotes queue length (veh); qd denotes demand flow rate (veh/s) 

 

Phase 2, Step 3: Determine criteria table. 

The criteria table for this study will be developed with the users’ and providers’ perspective for 

double-lane roundabouts. The existing methods of assessment consider control delay and/or 

degree of saturation in the assessment of the roundabout quality of service, but none consider the 

reserve capacity (QR). Note that the reserved capacity is not the practical reserved capacity, which 

is the ratio at which the capacity can be increased before reaching the capacity but is the ratio of 

the capacity reserved to the entry capacity. The delay model equation 2.42 will be used in the 

estimation of the control delay. Reserved capacity is an important parameter because it gives the 

roundabout provider the extent to which vehicles can still be accommodated by the roundabout. 

The peak period traffic data will be used in developing the criteria table. The entry capacity will 

be estimated, the time headway will be calculated. The time headway is the yield line delay which 

will be used in estimating the delay at different v/c. The initial v/c will be estimated at v/c=0, and 

1 to know the boundary limit for the assessment criteria. The queue length will be estimated and 

the increase in the queue length will be used in forming the classes of the FQS. The delay, QR and 

v/c at v/c= 1 will form FQS E, the threshold will be FQS D and other FQS classes will be formed 

based on the queue length (L). These criteria for roundabout FQS assessment are not different 

from the HCM and Signalised and Unsignalised intersection Design and Research Aid 

(SIDRA) criteria for assessment of roundabout service delivery, but the content is different. 

  

Phase 2, Step 4: Determine prevailing quality of service with table 2.4.  

Table 2.4 shows the proposed quality of service classifications and parameters. The functional 

quality of service (FQS) for roundabouts will be divided into six classes from FQS A to FQS F. 

Note that FQS A is the best class and FQS F is the worst. FQS A - This is a situation where there 

is a free flow rate of vehicles into the roundabout and it can be taken as the situation where the 
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circulating flow rate is so small and the effect on entry flow rate is insignificant. FQS B - This is 

a situation with little interruption on entry vehicles by circulating flow rate and minimal delay at 

the roadway. FQS C - This is a situation when there is little, but bearable delay at the roundabout. 

FQS D - This is a threshold class that alerts that the roundabout is operating close to the capacity. 

FQS E - This is a situation where the roundabout is operating at capacity, and any little increase 

in the demand flow rate may cause an excessive delay, long queue and traffic jams. FQS F - At 

this class, the roundabout is operating above the roundabout capacity. The delay might be lengthy, 

and long queues will start to form and there might be traffic jams at the entry. 

 

      Table 2.4: Proposed (FQS) criteria table 

FQS QR  v/c (χ) d (s) L  

A QR ≤ A χ ≤ A d ≤ A    L = 0 

B A ≤ QR < B A < χ ≤ B A ≥ d ≤ B A < L ≤ B 

C B ≤ QR < C B < χ ≤ C B < d ≤ C B < L ≤ C 

D C ≤ QR < τ C < χ ≤ τ C < d ≤ τ C < L ≤ τ 

E τ ≤ QR ≤ 0 τ < χ ≤ 1 τ < d ≤ E τ < L ≤ E 

F QR < 0 χ > 1  d >E  L > E 

         Note: QR reserved capacity, v/c is volume to capacity ratio, d is delay, L is queue length, τ denotes threshold   

 

2.7 Impact of Rainfall on Quality of Service Delivery 

  

Weather is an ambient condition that can influence quality of service at the roundabout. The 

weather, which has an effect on the quality of service, includes windstorms, fog, snowfall, smog, 

extremely high temperatures, hail, dust storms, and tornadoes (Agarwal et al., 2005, Koetse and 

Rietveld, 2009, Andrey and Olley, 1990, Bartlett et al., 2013). These weather conditions vary from 

country to country and the effect cannot be controlled like other factors. Rainfall is the major 

weather condition that affects the traffic in all the nine provinces of South Africa. Rainfall records 

show that rain falls throughout the year, but the rainy period starts in July and increases in 

frequency through December to March. Rainfall of high intensity occurs in October to March. 
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During rainfall, driver visibility is affected, and sight distance is reduced (Ben-Edigbe et al., 2013), 

anxiety develops in some drivers in certain rainy conditions, reduction in pavement friction 

between the vehicle tyre and road pavement occurs (Mashros et al., 2014) at both circulating and 

entry roadways. These factors could result in discomfort, a decrease in speed with an apparent 

increase in delay, the queue may start forming in some situations, and may reduce the safety due 

to an increase in the accident rate as a result of rainfall. All these factors may affect the quality of 

service at the roundabouts in South Africa. Any changes in any of the factors at the roundabouts 

might have an influence on the roundabout’s quality of service. Though rainfall is one of the 

factors that influences the traffic flow rate, driver behavior, and highway performance, it also has 

an effect on other factors that contribute to the quality of service at the roundabout. Delay is a 

major parameter that is used in the determination of the quality of service at the roundabout, and 

entry capacity is also vital in the determination of the entry delay. Traffic flow rate at both the 

circulating and the entry roadway are needed in the estimation of the entry capacity. Rainfall effect 

has been investigated to influence traffic demand volume, speed, density, percentage car 

equivalent, safety, traffic flow rate, and capacity (Alhassan and Ben-Edigbe, 2011, Shi et al., 2011, 

Bergel-Hayat et al., 2013, Cools et al., 2010). The major effect of rainfall is the frictional reduction 

between tyres and the road surface, and visibility reduction due to vehicle windscreens becoming 

covered by drops from rain, splashes from other vehicles may add dirt to the windscreen, induce 

anxiety, anger and reduce drivers’ visibility (Prevedouros and Chang, 2005, Goodwin and Pisano, 

2003, Mashros et al., 2014b). The effect of rainfall makes drivers reduce speed, increase the 

perception time and longer stopping distance. The influence of rainfall increases the operational 

costs at intersections and in general has increased travel time, fuel consumption and tyre wearing, 

the cost of repair of vehicular accidents and economic losses due to the delay in travelling time.  

 

When rain falls, it falls on both the circulating and entry roadway, so no one has undue advantage 

over the other, bearing in mind that the entry vehicle must yield to the circulating vehicles. When 

rain falls, the entry vehicles might not be able to judge the critical gap correctly, this might make 

some drivers reduce their speed and at times force themselves into the available gap. Rainfall 

causes crashes at the intersections (Shi et al., 2011) in which a roundabout is a typical example, 

despite the high level of safety at roundabout compared to other forms of intersections. The crashes 

occur due to a reduction in friction between the pavement and vehicle tyres and the reduction in 

visibility during heavy rain. 
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Traffic volumes reduce during winter, (Knapp, 2000, McBride et al., 1977, Hanbali, 1994, Nixon, 

1998, Keay and Simmonds, 2005, Maze et al., 2006). Keay and Simmonds (2005) discovered that 

there is a negative relationship between traffic volume and rainfall intensity which implies that 

traffic volume reduces as the rainfall intensity increases. The increase in traffic flow rate can be 

reasoned to affect the capacity, volume capacity ratio (v/c) and the reserved capacity (QR), which 

are key parameters in the quality of roundabout service delivery. It will be expected that the 

vehicular speed and the traffic flow rate will increase with a reduction in traffic volume, but studies 

have discovered that these parameters reduce with an increase in the intensity of rainfall despite 

the reduction in traffic volume due to the effect of rainfall. Mashros et al. (2014c) discovered that 

the average traffic volume for daylight off peak hours for all cases of rainfall intensity shows no 

pronounced effect under rainfall conditions. Mashros et al. (2014a) investigated the impact of 

rainfall on travel speed and discovered that travel speed decreases with an increase in rainfall 

intensity, and they noticed that there were noticeable changes in travel speed due to rainfall 

especially during heavy rainfall. Akin et al. (2011) worked on the impact of weather on two roads 

in Istlanbal, and they discovered that rainfall reduces speed by 8 to 12 percent and capacity by 7 

to 8 percent. Smith et al. (2004) discovered that regardless of the rain intensity it decreases the 

operating speed by 5.0 to 6.5%. Ibrahim and Hall (1994) studied adverse weather effects and 

discovered that free flow rate speed decreases by 2km/hr with light rain and 30 to 50km/hr with 

heavy rainfall. In research carried out on the effect of weather on traffic, it was also concluded 

that there is a reduction in traffic speed due to rainfall (Pham et al., 2007).   

  

With the reduction in speed due to rainfall, it would be expected that this would have an effect on 

the capacity. Smith et al. (2004) investigated the impact of rainfall on traffic flow rate and 

collected traffic and rainfall data on two roads in Hampton and discovered that light rainfall 

decreases capacity by 4 to 10 percent, while heavy rain decreases the capacity by 25 to 30 percent. 

Mashros et al. (2014c) discovered that capacity reduces by 2 to 32 percent, free flow rate decreases 

with increase in rain intensity by 3 to 14 percent and they attributes the changes in the capacity to 

drivers’ reactions under rainy conditions. Maze et al. (2006) discovered there is a reduction in 

speed and an increase in headway with flow rate reduction, which results in a reduction in capacity. 
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Hashim (2012) discovered that passenger car equivalent (PCE) decreases in value with an increase 

in rainfall intensity, and he attributes the decrease in value to a low percentage of heavy vehicles 

in the traffic and an increase in headway of small vehicles under the prevailing conditions of 

rainfall. Nordiana (2012) discovered that the average traffic stream gap for dry weather is higher 

than that of rainfall under free flow rate conditions and concluded that rainfall intensity does not 

have a significant impact on the mean gap acceptance of traffic stream under free flow rate 

conditions because all vehicles are under the same rainfall conditions and therefore no one has an 

undue advantage over the others. The rate of occurrence of accidents was also found to increase 

under rainfall (Chung et al., 2005). It can also be stated that an increase in rainfall intensity 

influences speed, capacity, increases the headway and reduces the traffic demand volume. If the 

travel demand is affected, the entry demand at the roundabout entry might also be affected.  

 

2.7.1  Impact of rainfall on passenger car equivalent values 

 

There are different methods of estimating passenger car equivalent (PCE) based on delay, density, 

speed, platoon formation, vehicle hours, travel time, and average headway (Shalini and Kumar, 

2014). Seguin (1981) uses the headway method for estimation of PCE as the ratio average 

headway for the same vehicle type to average headway for passenger cars under the same 

conditions (see Equation 2.44).  Seguin’s method is effective, and the application is simple to use, 

so there is no need to develop a new model. 

 

𝑃𝐶𝐸𝑖𝑗 =  
𝐻𝑖𝑗

𝐻𝑃𝑐𝑗
∶               [2.44] 

for:  𝐻𝑖𝑗 =  
ℎ

(𝑛−1)
                     [2.45] 

Where: PCEij = passenger car equivalent of class i vehicle under condition j. 

Hij = average headway of class i vehicle under condition j. 

Hpcj = average headway of passenger car under condition j. 
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It may be useful to adjust PCE values to reflect prevailing rainy conditions before determining 

roundabout capacity. Passenger car equivalent (PCE) or passenger car unit (PCU) is a 

measurement used to assess the traffic-flow rate on a highway. It is essentially the impact that a 

mode of transport has on traffic variables (such as headway, speed, density) compared to a 

passenger car. Note that passenger car equivalent and passenger car units are often used 

interchangeably. Due to their design characteristics especially weight and length, operational 

performance of heavy vehicles differs from passenger cars and light vans. Hence, the HCM (2010) 

proposes an adjustment factor for heavy vehicles entering a roundabout. Interestingly, no 

adjustment is made for heavy circulating vehicles even though one can expect circulating heavy 

vehicles to have an impact on gap acceptance. In order to allow for the effect of traffic 

composition, ambient and road conditions, it is proposed that the South African passenger car 

equivalent values for roundabout shown in Table 2.5 be investigated for fitness and adjusted if 

necessary to reflect rainy conditions.  

 

Table 2.5: South Africa Passenger Car Equivalent 

Vehicle type Rural roads 

Urban 

roads Roundabout Traffic signal 

Car and light vehicles 1.00 1.00 1.00 1.00 

Commercial vehicles 3.00 1.75 2.80 1.75 

Buses and coaches 3.00 3.00 2.80 2.25 

Motorcycles 1.00 0.75 0.75 0.33 

Pedal cycles 0.50 0.33 0.50 0.20 

Source: SANRAL (2011) 

 

2.7.2 Anomalous roundabout capacity shrinkage 

 

Road network reserve capacity is defined as the maximum additional demand that can be 

accommodated by a road network without exceeding a prescribed degree of saturation while taking 

the users’ route of choice into account (Wong and Yang, 1997b). A roundabout has three capacity 

determinants namely, entry capacity, circulating capacity and reserve capacity. Each has unique 
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functions and characteristics that have been described earlier in the thesis. Based on evidence from 

previous studies on rainfall impact on traffic flow rate, it is correct to postulate that rainfall would 

also cause anomalous capacity shrinkage at roundabouts. It is equally correct to state that entry 

capacity and reserve capacity are dependent variables whereas circulating capacity is an 

independent variable. It is also worth noting that circulating capacity by default could be written 

as volume to capacity ratio or the so-called degree of saturation. Reserve capacity is an 

indispensable management parameter in that it describes the amount of capacity remaining or 

available. It correlates well with the volume/capacity ratio. Kyte et al. (1992) have shown that 

reserve capacity is a useful measure and correlates well with the expected delay. Although Kyte 

et al. (1992) presented reserve capacity as an independent variable with delay as the dependent 

variable, it can be argued that delay and reserve capacity are dependent variables that can be used 

in turn as functions of degree of saturation or volume/capacity ratio, bearing in mind that degree 

of saturation is a derivative of roundabout circulating capacity. Wong (1996) estimates the 

reserved capacity for a roundabout by considering the approaches and the turning movements. 

Wong also presents a matrix of the turning movements that contribute to the circulating flow rate. 

According to Wong, aij = 1 if the turning movement j will form part of the circulation flow rate 

that crosses approach i and 0 otherwise.  

b is a parameter that represents a matrix na x nt for the turning movement entering the roundabout 

and is defined as: 

bij = 1 if the turning movement j enter the roundabout through approach i and 0 otherwise. 

The arrival rate is represented by qj, where j = 1, 2, 3…. nt  

The total arrival rate (qai) at the entry roadway i,  

 

𝑞𝑎𝑖 = ∑ 𝑏𝑖𝑗𝑞𝑗
𝑛𝑡
𝑗=1           [2.46] 

 

The total arrival rate at (qci) the circulating roadway i,  

 

𝑞𝑐𝑖 = ∑ 𝑎𝑖𝑗𝑞𝑗
𝑛𝑡
𝑗=1           [2.47] 
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Wong (1996) introduces a multiplier factor (µ) to the Kimberly’s model for roundabout capacity 

as shown in Equation 2.48. 

𝑄(µ) = 𝑘𝑖(𝐹𝑖 − µ𝑓𝑖𝑞𝑐𝑖), i = 1, 2, 3…………na            [2.48] 

Where;  

fi, Fi and ki are the geometric parameters 

qci is the circulating flow rate across the entry i 

Wong then estimates the maximum value of µ as: 

 

µ =  𝑘𝑖 (
𝑝𝑖𝑘𝑖𝐹𝑖

∑ 𝑏𝑖𝑗𝑞𝑗+ 𝑝𝑖𝑘𝑗𝑓𝑐𝑖 ∑ 𝑎𝑖𝑗𝑞𝑖
𝑛𝑖
𝑗=1

𝑛𝑖
𝑗=1

)       [2.49] 

 

Based on the hypothesis that roundabout capacity would shrink under rainy conditions, it is 

postulated that reserve capacity would shrink, and the curve would shift backward as shown in 

Figure 2.8 below. The curve area reduction because of backward shift is estimated with Equation 

2.50. Note that D denotes dry weather and R denotes rainfall. It is postulated that capacity would 

shrink, and the curve would shift backward as shown below in Figure 2.9, the curve area reduces 

as a result of the backward shift is estimated with Equation 2.51. Note that D denotes dry weather 

and R denotes rainfall. 

        

                               D                ∆ =  ∫ (𝐹 − 𝛽𝑥)
𝐷

0
𝜕𝑥 − ∫ (𝐹 − 𝛽𝑥)𝜕𝑥

𝑅

0
                                [2.50] 

                               R 

                                                                                                                                                                          

                            QR 

 

 

                                 0                                                                 R             D                  x 

Figure 2.8: Reserve capacity (QR) vs degree of saturation (x) 
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                         D               ∆ =  ∫ (𝐹 − 𝛽𝑄𝑐)
𝐷

0
𝜕𝑥 − ∫ (𝐹 − 𝛽𝑄𝑐)𝜕𝑥

𝑅

0
                          [2.51] 

                              R 

                                                                                                                                                                         

                           QE 

 

 

                                 0                                                                R           D                  Qc 

Figure 2.9: Entry capacity vs circulating capacity 

 

2.8 Time Headway Concepts 

 

Vehicles arrive at a roundabout either at the drivers’ desired speed and deceleration or by 

following a lead vehicle. If there is a queue, the vehicles will join the queue and proceed at the 

queue’s pace. Otherwise, the vehicle will join the circulating flow rate when an acceptable gap 

presents itself. If the available gap in the circulating stream is not acceptable, the driver waiting at 

the yield line must wait for the next gap. Successive gaps are then evaluated until a gap greater 

than the waiting driver’s minimum acceptable gap is available in the circulating traffic stream. In 

any case the key aspects to be considered when modelling the queuing and entering process at the 

roundabout include among others: 

 

i. How the queue is formed, 

ii. When vehicles join the queue, 

iii. How vehicles move up the queue, 

iv. How the gap acceptance decision is made. 
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In summary, the queuing process affects the way in which delays are estimated, while the move-

up times between successive vehicles and the gap acceptance decisions of drivers affect the 

capacity of an approach and hence the delay on the approach. 

 

Time headways are time intervals between successive vehicles past a point on the highway. 

Because the inverse of the mean time headway is the rate of traffic flow rate, headways have been 

described as one of the traffic flow rate characteristics. It can be used to describe the stochastic 

arrival and departure process at roundabouts. Time headway varies between a random and regular 

state. According to May (1990) the time headway distribution in practice occurs between these 

two boundary conditions. Time headway is important because many traffic operations (such as 

passing, merging, and crossing) depend on the availability of large headways in the traffic flow. 

The time headway between vehicles is an important microscopic flow rate characteristic that 

affects the safety, level of service, driver behaviour and capacity of the transportation systems. 

The capacity of the system is governed primarily by the minimum time headway and the time 

headway distribution under capacity flow rate conditions. The elapsed time between pairs of 

vehicles is defined as the time headway. Figure 2.10 below illustrates the meaning of gap and 

headway. 

 

 

Figure 2.10: Gap and Headway 

 

The distribution of headways has an effect on platoon formation and delays. In the Highway 

Capacity Manual (HCM, 2000), the level of service on two-lane rural highways is approximated 

by the proportion of headways less than five seconds, thus making a connection between the 

headway distribution and the level of service. In the traffic theory time headway is a microscopic 

variable that has been studied since the 1930s. This theoretical variable is fundamental because it 

describes the arrival traffic pattern of vehicles. Time headways are the time intervals between the 
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passage of successive vehicles past a point on the highway. In the generalized mathematical time 

headway model, the theoretical distributions such as the displaced negative exponential 

distribution, the gamma distribution and the log-normal distribution, are used to model the 

headways. Furthermore, time headway is also easy to obtain with a high precision simply by using, 

for example, inductive loops on a traffic lane. In this time headway model, three main approaches 

have been proposed: the probabilistic model, the analytical model of Heidemann and Wegmann 

(1997), and the cellular automaton model. Suffice to say that several models have been proposed 

for the distribution of headways, for example, Buckley (1968), Cowan (1975) M3 distribution 

model, the log-normal distribution (Mei and Bullen, 1993), and the double displaced negative 

exponential distribution (Sullivan and Troutbeck, 1994). The gamma and shifted exponential 

distributions were found by Al-Ghamdi (1999) and he described headways for low and medium 

traffic flow rate conditions. In this distribution he suggests that headway data cannot be combined 

from different sites to find the proper distribution. Where the Pearson Type III family of 

distribution is used to represent headway distributions, the Probability Distribution Function for 

Pearson Type III (h must be greater than α) as per the Equation (2.52) below: 

 

𝑓 (ℎ) =  
𝜆

Γ(𝑘)
[𝜆(ℎ − 𝑎)](𝑘−1)𝑒−𝜆(𝑘−𝛼)        [2.52] 

Where; α, is the shift parameter generally taken as 0.5s, 𝑘 = [
ĥ−α

ℎ𝑠
]

2

 

ĥ represent the mean of the observed headway data, 

hs represents standard deviation of the observed headway data and 𝜆 =
𝑘

ĥ − α
 

The Probability Distribution Function for Erlang (but k is an integer) as per Equation (2.53) below: 

 

𝑓 (𝑘) =  
𝜆

(𝑘−1)!
[𝜆ℎ](𝑘−1)𝑒−𝜆𝑘              [2.53] 

Where; k = nearest integer to [
ĥ

ℎ𝑠
]

2

 and 𝜆 =
𝑘

ĥ 
 

When an approach attempts to model a distribution f(t) of all headways while treating the 

distribution of followers g(t) and non-followers h(t) separately, such that; 
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𝑓(𝑡) − 𝜙𝑔(𝑡) + (1 − 𝜙)ℎ(𝑡)        [2.54] 

 

Where 𝜙 denotes the proportion of following vehicles (Van As, 1993). Methods to deal with this 

mixed headway distribution are: combined distributions (composite negative exponential 

distribution), semi-Poisson distributions and the travelling queue distributions (constant headway 

queuing model or bunched exponential model and log-normal queuing model). Although the 

negative and shifted negative exponential distributions have been used extensively in the study of 

headways (Van As, 1993).  Akcelik and Chung (1994a) suggest that the bunched exponential 

distribution is much more realistic than the other two distributions and they recommend its usage. 

The bunched exponential distribution states that a proportion (1- α2) of vehicles are following at a 

headway β1, while a proportion α2, are moving freely at greater random headways (Cowan, 1975). 

According to Akcelik and Chung (1994a), the cumulative distribution function F(t) of the bunched 

exponential distribution, representing headway in a multi-lane traffic stream and the probability 

that a headway is less than or equal to t1 is stated as: 

 

 𝐹(𝑡) = 1 − 𝛼2𝑒−𝜆(𝑡− 𝛽1) for t ≥ β1         [2.55] 

          = 0                           for t ≤ β1 

Where; λ = α2qt / (1 - β1qt) and the entering capacity from a minor approach in vehicles per second 

is computed (Troutbeck, 1989) thus: 

 

𝑞𝑒 =  
𝑞𝑐𝛼2𝑒−𝜆(𝜏−𝛽2)

1− 𝑒−𝜆𝛽2
              [2.56] 

Where; 

qc is the sum of the flow rates in all circulating lane,  

𝜏 = critical gap, 𝛽2= average move up time  

qt denotes arrival flow rates on all the lanes 

α2 denotes proportion of free vehicles = 𝑒−𝑏𝛽1𝑞𝑡 

b is the bunching factor; β1 is the minimum arrival headway 
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2.8.1 Drivers’ behavior and time headway at roundabouts 

 

Driver behaviour at roundabouts is mostly affected at the roundabout entry. This is because the 

circulating vehicles have continuous movement, while the entry vehicle must judge the gap to be 

accepted before entering the roundabout. The driver’s behaviour influences the number of vehicles 

that accept the same critical gap with the circulating vehicle, which is termed the follow-up 

headway. Follow-up headway is defined as the difference in time between a departure vehicle and 

the immediately following vehicle at the roundabout entry if the two vehicles accept the same gap 

in the circulating stream under queuing conditions (Tracz et al., 2004). The follow-up headway is 

influenced by many factors which include roundabout geometry, traffic movement at the 

roundabout, the circulating traffic volume, the pedestrian volume, vehicle type and speed, waiting 

time, driver age and gender (Lord-Attivor and Jha, 2012b, Zong et al., ND). Rain is a factor that 

affects the driver’s visibility at the entry, and when visibility is affected the entry driver may not 

be able to judge the gap to be accepted nor the speed of the circulating vehicle correctly. It can 

therefore be reasoned that it will have an effect on the entry vehicle’s waiting time and the follow-

up time as the entry drivers will be more cautious before entering the roundabout. The effect of 

the waiting time might have a knock-on effect on the number of vehicles that enter the roundabout, 

affect the capacity, cause delay and decrease the quality of service of the roundabout. This may 

depend on the rain intensity, although the extent of rain intensity on follow-up headway is yet to 

be determined.  

 

The follow-up time at roundabouts varies in places around the world. Rodegerdts et al. (2007) 

show that the average follow-up time in the US is 3.2 seconds, while Dahl and Lee (2012) found 

the average follow-up time in Canada to be 3.30 seconds. There are many factors that contribute 

to drivers’ behaviour at roundabouts. They include road infrastructure, vehicle type, traffic and 

ambient conditions as well as the ability to estimate the circulating vehicle speed (Lord-Attivor 

and Jha, 2012a, Johnson, 2013, Ben-Edigbe, 2016). The critical gap is the safe time heaway of the 

circulating vehicle for entrance of the entry vehicle. In general, critical gap is a parameter that 

depends on local conditions such as geometric layout, driver behaviour, vehicle characteristics, 

and traffic conditions. Follow-up time is the minimum time headway between two successive 

vehicles entering the roundabout if the available gap is big enough. Follow-up time is a time 

headway.  
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The roundabout is an at-grade intersection that operates on the yield rule where the entry vehicles 

give priority to the circulating vehicles. The yield rule operates on the availability of a gap within 

the circulating traffic. Whenever a gap is available, the entry vehicle will look for a safe gap in the 

circulating traffic before accepting and entering the roundabout. Sometimes when safe gaps appear 

in the circulating traffic stream, they are not taken by drivers entering the roundabout. Others may 

select to enter the roundabout when it is deemed unsafe. After all, driver behaviour at roundabouts 

is what the driver actually does, not what the driver can or is expected to do at roundabouts. It 

raises the question of what exactly can be construed a safe gap. One thing is clear, the available 

gap determines the number of the vehicles that enters the roundabout.  

 

Critical gap is one of the factors that determines the number of vehicles that enter the roundabout. 

HCM (2000) define “critical gap as the minimun time between successive major street vehicles 

where the street vehicles make a maneuver.”  This is a generalised critical gap definition for 

intersection but the definition for the critical gap at a roundabout can be defined as the minimum 

acceptable time headway between sussessive circulating vehicles by the entry vehicle. Any 

changes in the critical gap will have an effect on the entry vehicles and could also affect the service 

provided by the roundabout. Critical gap is influenced by the drivers’ behaviour, entry angle,  sight 

condition, pavement markings and vehicles’ performance (Xu and Tian, 2008, Lord-Attivor and 

Jha, 2012b, Raff, 1950, Kang et al., 2012).  

 

The effect of rainfall on traffic flow rate and driver visibility as discussed shows that drivers’ 

visibility is affected, and it can therefore be reasoned that the circulating vehicles may be affected 

by the poor visibility due to rainfall. Impaired visibility might make drivers reduce speed and 

affects the time headway at the circulating stream, this might affect the availability of acceptable 

gap by the entry vehicles. The waiting time of the entry vehicles at the entry while taking time to 

cautiously judge correctly the circulating vehicle speed and the safe gap under rainfall might lead 

to a reduction in critical gap availability. It could be reasoned that rainfall might affect the critical 

gap, but the extent of the effect with the varying intensity is yet to be investigated.  Given a rainfall 

scenario at roundabouts, it is necessary to know the interaction of vehicle entering and circulating 

the central island. The key question is whether established and probable critical gaps and follow-

up time headway under dry weather are the same under rainy conditions? Should there be 
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differentials, to what extent can be a concern. Would there be a significant differential along the 

rainfall precipitation line, it may be asked. The extent of driver behavioural changes and critical 

gap characteristics under rainy conditions has not been studied, hence the procedure adopted in 

this thesis is novel. There is a consensus among researchers that follow-up time and critical gap 

are two important roundabout performance measures, even though their values vary depending on 

the computation method used. 

 

The best way to describe this stochastic process of vehicle arrivals is by using the time headways 

between vehicles. As the estimation of headways is important to several applications in traffic 

engineering, it has been researched and documented by (Van As, 1993, Akcelik and Chung, 1994a, 

Ashalatha and Chandra, 2011, Jenjiwattanakul and Sano, 2011), among others and will be 

discussed in this thesis. According to May (1990), time headways vary considerably between two 

boundary conditions. Under low traffic flow rate, time headways can be considered random, when 

flow rate is near capacity time headways are constant.  

 

In previous studies, a maximum likelihood Raff (1950), Ashworth (1968), Siegloch (1973), and 

Wu (2012) methods among others were used to estimate critical gap. The Raff model is based on 

cumulative density function of the accepted and rejected headway used at the intercept as the 

critical headway. Rodegerdts (2007) show that critical gap in the US is in the range of 3.7 to 5.5 

seconds, Dahl and Lee (2012) found the critical gap to be between 3.5 to 6.1 seconds in Canada, 

Manage et al. (2003) showed that the critical gap in Japan ranges between 3.26 to 4.90 seconds, 

while Qu et al. (2014)mentioned that the critical gap is in the range of 2.6 to 3.2 seconds in China. 

So it is postulated that time headway has no fixed value. It varies relative to prevailing conditions.  

 

Raff’s model is widely used in many countries owing to its simplicity and practicality. Wu (2012) 

mentions that the critical headway based on the Raff model does not consider the average critical 

headway. The Raff method of estimating the critical gap uses the cumulative probability of the 

rejected and accepted gap (Fr and Fa). Raff’s threshold method is one of the earliest methods of 

gap acceptance estimation and is adopted in many studies for its simplicity. It can be expressed 

as: 
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1 – Fr (t) = Fa (t)          [2.57] 

 

Raff’s consideration that the number of rejected gaps larger than the critical gap is equal to the 

number of accepted gaps smaller than critical gap which can be expressed as; 

 

𝑁𝑎𝐹𝑎(𝑡̂𝑐) = 𝑁𝑟[1 − 𝐹𝑟(𝑡̂𝑐)]         [2.58] 

Then;  

𝐹𝑎(𝑡̂𝑐) =
𝛾𝑟

𝛾𝑎
[1 − 𝐹𝑟(𝑡̂𝑐)]         [2.59] 

 

The proportion of rejected gaps larger than the critical gap is equal to the proportion of accepted 

gaps smaller than the critical gap because N is fixed. Two proportions can be counteracted, so that 

the total accepted coefficient is equal to the accumulated probability of the headway (t) larger than 

the critical gap as illustrated below; 

 

𝛾𝑎 = 𝑃(𝑇 ≥ 𝑡̂𝑐) + 𝛾𝑎𝐹𝑎(𝑡̂𝑐) −  𝛾𝑟[1 − 𝐹𝑟(𝑡̂𝑐)]       [2.60] 

 

 = 𝑃(𝑇 ≥ 𝑡̂𝑐) = ∫ 𝑓(𝑡)
∞

𝑡̂𝑐
𝑑𝑡 = 1 − 𝐹𝑟(𝑡̂𝑐) =  𝛼𝑒−𝜆(𝑡̂𝑐−𝑡𝑚)     [2.61] 

Then, 

𝑡̂𝑐 = 𝑡𝑚 −
1

𝜆
𝑙𝑛 (

𝛾𝑎

𝛼
)          [2.62] 

Where,  

t denotes headway; Fr (t) is cumulative probability of the rejected gap: Fa (t) is the cumulative 

probability of the accepted gap; P (.) denotes the probability of gap interval; f(t) denotes the 

probability function of headway in a major stream; F (t) denotes the cumulative probability 

function of headway in a major stream; λ denotes decay constant, = αq/(1-qtm); tm is the minimum 

headway, and α denotes the proportion of free vehicles.  
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Ashworth (1968) assumes that the headway of a major stream follows the negative exponential 

distribution and critical gap and the accepted gap follows normal distribution, Ashworth gives the 

calculation formula of critical gap as follows: 

𝑡𝑐̅ = 𝑡𝑎̅ − 𝑞𝑎
𝜎2

          [2.63] 

 

Where;  q is the flow rate rate of the major stream (veh/s),  𝑡𝑐̅ is the average critical gap (s), 𝑡𝑎̅ is 

the average accepted gap (s), 𝑎𝑛𝑑 𝑎
𝜎2

 is the variance of accepted gaps (s2). The standard deviation 

of the accepted gaps (s) is shown below in equation 2.64 where s is the standard deviation of the 

accepted gap (s), x is the accepted gap (s), 𝑥̅ is th mean of the accepted gap (s) and n is the total 

number of accepted gap. 

 

           [2.64] 

 

Ashworth (1970) estimates critical gap using standard deviation of the accepted gaps within the 

circulating traffic stream, the circulating traffic flow rate and the mean accepted gap. However, 

Miller (1974) modified Ashworth’s equation on the hypothesis that critical gap follows 

distribution.  

𝑡𝑐̅ = 𝑡𝑎̅ − 𝑣𝑝𝑐
𝜎2

           [2.65] 

𝜎𝑐 =  𝜎𝑎
𝑡̅𝑐

𝑡̅𝑎
          [2.66] 

Where,   𝑐
𝜎2

is the variance of critical gap (s2). 

 

Wu (2012) did not require any assumptions concerning the distribution function of critical gaps 

and the driver behaviour, rather probability density function was used to estimate critical 

headways as illustrated below in equation 2.67. 

 

   Ftc(t) =
Fa(t)

Fa(t)+1−Fr(t)
         [2.67] 

                                      

Where: Ftc(t) = PDF of the critical headway;  Fta(t) = PDF of an accepted gap t, and 

 Fr(t) = PDF of a maximum rejected gap t.  







1

)( 2

n

xx
s
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If a time gap is sorted in ascending order, critical headway is estimated with the equation 2.68. 

 

𝑡𝑐 = ∑ [𝑃𝑡𝑐(𝑡𝑗).
𝑡𝑗+𝑡𝑗−1

2
]𝑁

𝑗=1          [2.68]  

                                  

Where 𝑃𝑡𝑐(𝑡𝑗) is the frequency of the calculated critical headways between j and j-1. 

 

Logit’s method is a weighted regression model to estimate the critical gap as shown in equation 

2.69. 

 
        [2.69] 

Where: 

= Probability of gap acceptance by the entry vehicle; x = gap duration.  

= Regression coefficient; = Regression coefficient 

Solving for x by assuming that the probability of accepting a gap is 50 percent, then substitute 0.5 

for P to obtain the critical gap. This method is adopted for critical gap estimation in many studies 

(Gattis and Low, 1999, Ashalatha and Chandra, 2011, Vasconcelos et al., 2013). Brilon et al. 

(1999) and Vasconcelos et al. (2013) discovered that this method underestimates critical gap when 

compared to other methods of estimating critical gap. The Logit method was not recommended 

for critical gap estimation by Brilon et al. (1999) because it was found to be dependent on 

conflicting traffic volume. The Probit method of critical gap estimation uses a best-line fit to a 

weighted linear regression of gap data. The interval is divided into suitable portions, and the 

proportion of accepted gap is determined. The process of gap acceptance is a binomial response 

and is dependent on the size of the gap. On the assumption that the critical gap is normally 

distributed, the probit of the proportion accepting a gap is shown in equation 2.70. 

𝑌 = 5 +  
(𝑥− µ)

σ
            [2.70] 

Where: x = Accepted gaps proportion; and  = normal distribution parameters. 

Y = Probit of x; 5 is added to the equation to keep the probit value. 
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Plotting probit versus gap size logarithm with a best-fit line, the critical gap can be obtained from 

the best-fit line as the x corresponding value of probit is 5. Siegloch (1973) uses the average 

number of entry vehicles and the accepted gaps to determine the critical gap and follow-up 

headway. He developed a linear relationship with the number of vehicles that accept gaps. He 

determined the accepted gap by plotting the number of vehicles accepting the gap as the dependent 

variable, and average accepted gap as the independent variable.   The reciprocal of the gradient of 

the positive linear relationship gives the follow-up headway. He used the x-intercept and the 

estimated follow-up time to estimate the critical gap as: 

𝑡𝑐 =  𝑡0 + 0.5𝑡𝑓          [2.71] 

Where:  

tc= Critical gap (s);  

t0= X-axis intercept (s) = 2.51s (HCM 2000) 

tf = Estimated follow-up headway (s). 

 

According to HCM (2010) follow-up time (tf) and critical gap (tc) can be estimated with the 

following equations:  

𝑄𝐸 = 𝐴𝑒(−𝐵𝑞𝑐)          [2.72]                      

Where;   

A = 1130 =  
3600

𝑡𝑓
    →       tf = 3.19s                      [2.73]                          

 𝐵 = 0.0007 =
𝑡𝑜

3600
=

𝑡𝑐−0.5𝑡𝑓

3600
         →       tc = 4.11s               [2.74]   

          

Note that in equations 2.73 and 2.74, the parameters have fixed values for A and B. By implication, 

if the values of A and B can be computed by any valid method, follow-up time and critical gap 

can be estimated along the HCM (2010) line, it can be argued. If Kimber’s equation is modified 

to include a dummy variable as shown in equation 2.75, and simple substitution of F for A and fc 

for B, then the prevailing follow-up time and critical gap can be computed thus; 
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  𝑄𝐸 = 𝑘 {(𝐹 − 𝑓𝑐𝑄𝑐)+ ∈}     → fcQc ≤ F       [2.75]             

QE = 0 when fcQc > F 

𝑘  = 1 − 0.00347(∅ − 30) − 0.978( 
1

r
− 0.05)      [2.76] 

Where;  

Qe = entry flow rate (pcu/h) and  

Qc = circulating flow rate (pcu/h) 

 

Consider equation 2.75 again, when it rains, a dummy variable (ε) is introduced to depict that 

condition, hence one (1), otherwise zero (0) for dry weather.  

           

                     

𝑡 = 𝑌 𝑒−𝛽𝑄                                                    [2.77] 

             t(s) 

                             Dry      Rainfall 

∫  (𝑌𝐷 𝑒−𝛽𝑄𝑐)
𝑒

𝑎
𝜕𝑥 −  ∫  (𝑌𝑅 𝑒−𝛽𝑄𝑐)

𝑒

𝑎
𝜕𝑥                   [2.78] 

                                                                                                  

 

                

                                                                                                                 

               tc                                                                                                         

 

 

                

               a                b           c                 d                                       e =1.0                                        

x               

a is the volume capacity ratio of 0, b, c and d are the volume capacity ratio increase 

towards 1.                               

            Figure 2.11: Hypothetical time headway changes caused by rainfall 

 

The key parameter F allows the influence of geometrical parameters like entry width, flare length 

and approach width to be determined. By adjusting F, the slope of the linear equation that also 
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contains the major capacity geometrical relationships is preserved. Average time headway for 

vehicles circulating the roundabout can be estimated and adjusted to critical gap by considering 

the average vehicle length given that the difference between headway and gap is the lead vehicle 

length. When converting time headway to gap, the average circulating vehicle speed is also 

needed. For example, assuming F is 1000 veh/h, the average follow-up time headway will be 

3600/1000 = 3.6 seconds. Assuming the average travel speed is 10m/s and the average vehicle 

length is 5m then the average gap time = 3.6 – [5/10] = 3.1seconds. So, there is no need to build a 

new model. What is needed is a modification of the relevant existing methods to accommodate 

rainy conditions. Shown below in figure 2.11 is a hypotheical time headway (t) relationship with 

degree of saturation. It is postulated that once the optimum flow rate is reached, the influence of 

rainfall is nullified. Thereafter, the peak traffic conditions set in and control time headway (t). 

 

 

2.9 Summary 

 

The main objective of roundabout design is to minimise delay whilst maintaining the safety for all 

road users. Entry width and sharpness of flare are the most important determinants of capacity, 

whereas entry deflection is the most important factor for safety as it governs the speed of vehicles 

through the roundabout. A conventional roundabout has a kerbed central island at least four metres 

in diameter. Usually, it has flared entries and exits to allow two or three vehicles to enter or leave 

the roundabout on a given arm at the same time. A roundabout is unique because of the yield rule.  

 

In this chapter eight important issue were raised and discussed namely; roundabout characteristics, 

rainfall intensity, traffic flow rate, passenger car equivalency, service delivery, delay, follow-up 

time and critical gap characteristics. The influence of rainfall on functional service delivery at 

multilane roundabouts and their implications for driver behaviour and critical gap characteristics 

was the principal issue. As mentioned in the chapter, service delivery can either be functional or 

structural. Structural service delivery at roundabouts deals with infrastructure performance, 

whereas functional service delivery deals with traffic operations. Functional service delivery was 

combined with quality of service and renamed functional quality of service in this thesis. 

Functional quality of service uses grade classifications of class A to F to describe the effectiveness 

of traffic operations.  
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In South Africa there are no guidelines on roundabout quantitative and qualitative assessment 

approaches. Consequently, an empirical model is used to describe the relationship between entry 

and circulating flow rate rates under dry and rainy weather conditions. The empirical multiple 

regression model was employed in the estimate entry capacity because of the suitability for dry 

and rainy conditions. The ensuing model functions were modified with appropriate correction 

factors relative to their entry angles and entry widths.  The influence of rainfall on passenger car 

equivalent values is significant to entry capacity estimation. Passenger car equivalent values are 

measures of vehicle performance relative to various types of terrain, usually level, rolling and 

mountainous, under prevailing conditions. Many scholars have attempted to provide realistic 

values, but the issues have yet to be resolved. In this chapter, a simplistic headway method was 

used to at least point passenger car equivalency for multilane roundabouts.  

 

The implications of rainfall at roundabouts on driver behaviour and critical gap characteristics will 

be investigated. Follow-up time and critical gap are the proxies for driver behaviour in this study. 

As for delay, there is a consensus among scholars that modified (HCM, 2010) delay would be 

adequate. Gap acceptance and empirical estimation methods’ appropriateness are still debated by 

researchers all over the world. One thing is clear though, there are no fixed values for roundabout 

capacity, delays, follow-up time and critical gap. Those discussed in this chapter are effective 

approximations since there are no fixed values for these parameters. Now whether the values are 

fixed or dynamic, one thing is obvious, functional quality of service deterioration at multilane 

roundabouts would result from rainfall irrespective of the intensity. 
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CHAPTER 3 

 

RESEARCH METHODOLOGY 

  

3.1 Overview 

 

This study is centered on how rainfall influences roundabout quality of service delivery. 

Roundabout service delivery has been discussed in the preceding chapter to be two dimensional 

(structural and functional). The functional quality of service is the main consideration of this study. 

The parameters for the assessment of functional quality of service are multi-dimensional and 

consider both user and provider’s perspective. The parameters for the assessment of functional 

quality of service are the volume capacity ratio (v/c) and reserve capacity (QR) for the provider’s 

perspective, and the control delay and queue length for the user’s perspective. To determine any 

of these parameters, the entry capacity must be determined. Hence, a model was developed for the 

prediction of roundabout entry capacity under rainy and dry conditions; entry capacity is an 

essential parameter in determining any of the parameters for assessing the roundabout functional 

quality of service. There are different methods of estimating the entry capacity, which includes 

the gap acceptance and the empirical method. The empirical method will be adopted in this study 

because the study is an empirical study where gap acceptance might not be appropriate because of 

its theoretical approach. The empirical method also considers the roundabout geometry, which is 

one of the major factors that contributes to roundabout performance (Kimberly, 1990). The volume 

capacity ratio and reserve capacity were estimated.  

 

The HCM delay model does not take into consideration the roundabout geometry, despite the fact 

that geometry contributes to the control delay. The empirical capacity model takes into 

consideration the geometry; hence, was used in the modification of the HCM control delay model. 

The queue length and the delay were determined under dry and rainy conditions. The volume 

capacity ratio and the reserved capacity was used for the providers’ perspectives while the control 

delay and queue length were used for the users’ perspectives of roundabout performance. These 

parameters were estimated at peak period for the development of functional quality of service 
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criteria, as discussed earlier in chapter 2. These parameters were used in the assessment of the 

functional quality of service under dry and rainy conditions. In addition to these, the passenger car 

equivalent, critical gap, and follow-up headway were investigated under dry and rainy conditions. 

 

The roundabouts considered for the study met some key selection requirements. The site selection 

criteria and traffic data collection methods were discussed in this chapter. The methodology for the 

study and the procedure for entry and circulating traffic data collection with the use of automatic 

traffic counters (ATC), which includes the setup of the device, uploading of traffic data with the 

reconnaissance survey, and precautionary measures taken during the device installation, were 

explained. The pilot data assessment has been assessed analytically. This is important because it 

forms the prerequisite for the survey that are presented in subsequent chapters.  

 

This chapter is arranged as follows: methodology adopted for the study is discussed Section 3.2; the 

roundabout selection criteria is discussed in section 3.3; followed by coding of the selected 

roundabouts for the survey in section 3.4; the assessment of the selected roundabout is presented in 

section 3.5; the survey method used in the study is discussed in section 3.6; and the sample data for 

the pilot study are appraised analytically in section 3.7. The chapter summary is presented in section 

3.8. 

 

3.2 Research Methodology 

 

The traffic data and rain intensity survey samples were taken from various sites in Durban city, 

South Africa. Empirical and analytical methods were used in this thesis. The functional quality of 

service considers the roundabout providers’ and users’ perspective, unlike the level of service that 

considers only one of either the user or providers’ perspectives in the assessment of roundabout 

service delivery. The volume capacity ratio and the reserved capacity were two parameters used 

for the roundabout providers’ perspectives of roundabout performance assessment while the 

control delay and queue length are the parameters used in the users’ assessments of roundabout 

performance. Capacity estimation is an important parameter for determination of any of the 

parameters assessing the functional for quality of service. There are many empirical methods of 

predicting the entry capacity, but the method that could estimate the entry capacity at the free flow 
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rate and peak period was be adopted because off-peak traffic under rainy conditions is always free 

flow rate, except where rain falls at peak period. The rainy conditions were categorized into light, 

moderate, and heavy rain according to rainfall intensity in accordance with the World 

Meteorological Organization (WMO) rain classification. Very heavy rain with rain intensity more 

than 50mm per hour was not considered in this study because of the drag force effect, aquaplaning, 

and reduction in visibility due to splash that may occur from other vehicles in the traffic stream 

which might induce aggression and anger on drivers and further affects the drivers’ behaviour. 

 

A predictive model was developed for the entry capacity for rainy and dry weather conditions. In 

previous research by Kimberly (1980), he modeled the roundabout capacity under dry conditions. 

However, he did not consider the influence of weather change like rainfall in the empirical model. 

In this research, the effect of rainfall was considered in the entry capacity model. The capacity 

model will be tested statistically at a 95 percent level of confidence.  The developed capacity 

model was used in estimating the volume capacity ratio.  

 

Empirical data for entry and circulating traffic flow rates were collected continuously for six 

weeks at four selected multilane roundabouts using automatic traffic counters (ATC). The 

roundabouts were selected based on the proximity to surface rain gauges. Geometric data were 

collected by way of direct roundabout measurement and this was checked against design drawings 

for authentication.  

 

The collected traffic data corresponding to the time of every rainfall was selected for each of the 

rain classes. The collected traffic volume data were converted to traffic flow rate with the 

application of passenger car equivalent (PCE) values. The South Africa National Road Agency 

Limited (SANRAL) geometric design guidelines provided for roundabout PCE, but the PCE was 

estimated under dry weather conditions. The application of the SANRAL PCE values in this study 

might affect the roundabout functional quality of service under rainy conditions. The effect of 

PCE value on vehicles at both the entry and circulatory roadway is investigated by estimating the 

PCE values under different categories of rainfall, based on the rain intensity and compared to the 

SANRAL PCE values. The framework of the functional quality of service assessment method is 

in Figure 3.1. 
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Figure 3.1: Framework of Functional Quality of Service assessment method. 
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3.3 Conditions for Site Selection 

 

Proximity to a rain gauge was an important factor considered in the selection of the roundabout 

location since information on rainfall intensity was germane to the study. Since rain gauges have 

different capacities in terms of the time in which they record the amount of rainfall, those that 

belong to eThekwini municipality were used in this study. The rain gauges are modern-day types 

that can record the amount of rainfall over a period of five-minute intervals daily. The five-minute 

intervals were considered adequate for this study due to the rain intensity fluctuation. If a time of 

more than five minute is considered, the rain fluctuation might affect the rain data.  

 

The roundabouts within the catchment area of the rain gauges were considered for the study. The 

geometry of each roundabout was checked to make sure that it conformed to the required 

roundabout geometry specifications of SANRAL. The roundabouts were examined to be free from 

all factors that may influence traffic, like closeness to tourist centers, commercial places, and other 

intersections. The roundabouts’ pavements were assessed and found to be free of any functional 

and structural defects because the presence of these defects is another factor that could affect 

drivers’ behaviour, which might be difficult to separate from the rainfall effect. The roundabout 

with very low pedestrian volume was considered because high pedestrian volume has an effect on 

the traffic flow rate and drivers’ behaviour, which might be difficult to separate from rainfall 

effect. Road markings and signs were properly checked to make sure they were adequate at the 

selected roundabouts. Roundabouts with very low traffic were not considered because there might 

be no delay other than the geometric delay. The double lane roundabout was considered suitable 

for the study because the traffic volume would be sufficient to give vehicles queuing on the 

approaches. Properly drained roundabouts were considered for the study. The typical geometric 

selection criteria parameters considered in this study are shown in Table 3.1. 
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    Table 3.1: Conditions for Site Selection 

Geometry  Selection criterial 

Entry lane number  3 

Entry lane width 3.7 to 4.6m 

Entry width  7.3 to 9.1m 

Entry angle 20 - 60deg 

Entry radius 20 - 60m 

Effective flare length On all approaches 

Number circulating 

roadway lane 
2 

Circulating roadway 

width 
8.5-9.8m 

Central Island Circular in shape 

Inscribed circle 

diameter 
30 - 80m 

Road signs and 

marking 

Adequate road marking and 

signs. 

Traffic condition  Moderate 

Splitter Island  
 Presence of deflection Island 

in all the approaches 

 

3.4  Coding of the Surveyed Site 

 

The surveyed sites were coded for easy data presentation and description of each surveyed site. 

The coding was in the form of SS “###” and PST “###”. The SS, PST, and ### represent the 

surveyed site, pilot surveyed site, and the serial number respectively. As an example, SS01 means 
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survey site with serial number 01. Five roundabouts were selected for the study, one for pilot site, 

and others for the study sites. The code for each site is presented in Table 3.2. The assessment of 

these roundabouts is discussed in section 3.5. 

 

Table 3.2: Site Code for the Surveyed Sites 

Site number Site name Site code 

Site 01 Armstrong – Umhlanga rock drive 

roundabout SS001 

SS01 

Site 02 Umhlanga Rock – Douglas Saunders 

roundabout 

SS02 

Site 03 Millennium – Jubilee roundabout SS03 

Site 04 Gateway roundabout SS04 

Site 05  Torsvale roundabout PST01 

 

3.5 Assessment of Selected Roundabout Sites 

3.5.1 Site 01 - Armstrong Roundabout  

 

The roundabout is located in the Umhlanga area of Durban. It is a multilane roundabout, the 

circulating and entry roads are double lanes, and there are four approaches to the roundabout. The 

design speed is 50km/h. The central Island is raised and circular in shape. The entry and circulating 

roadway pavement is an asphaltic concrete with a design life of 20 years. The roundabout links 

Armstrong, La Lucia, Umhlanga rocks, and Durban North roads, which are municipality roads. 

Drivers’ visibility is not impaired, adequate road marking and signs were also well placed. The 

pavement is free from any functional and structural defects. The geometry meets the geometry 

requirement for double lane roundabouts in SANRAL geometric guidelines. The geometry 

features of the roundabout are shown in Table 3.3. The two approaching roads on Umhlanga Rocks 

and Durban North roads are separated by a median while the approach roads on Armstrong and 
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La Lucia roads are separated with road markings. This separation does not affect drivers’ 

behaviours. The four approaches have Splitter Island, and they are provided with a flare at the 

entry. The roundabout is properly drained. The distance to the closest rain gauge is 0.95km, as 

shown in Figure 3.2, the roundabout is within the catchment area of this rain gauge which belongs 

to the EThekwini Municipality. The rain gauge station ID is Crawford (see Appendix C), and the 

rain gauge catchment area is Crawford school-Armstrong and La-Lucia (EThekwini Municipality, 

2016). The rain gauge is within a 10km radius of the site at 50m above or below ordnance datum 

(AOD), this is considered for the study (Jarraud, 2008). Rain data were supplemented with manual 

rain gauge data and were compared with the rain data from the website of the eThekwini 

Municipality. The automatic traffic counter was set up to collect traffic data at the entry and 

circulating roadway continuously for six weeks. The traffic data for the period between 07:00 and 

17:00 was considered for this site, the time was selected to remove the effect of darkness and/or 

road lighting from the study. The site layout at Armstrong roundabout is shown in Figure 3.3. Two 

hours manual counting was carried out under dry weather condition daily to authenticate the traffic 

volume recorded by the automatic traffic counter. The rainfall between 07:00 and 17:00 was used 

as the control time for the traffic volume. 
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Table 3.3: Summary of the Geometric Data of the Surveyed Roundabouts 

Roundabout 

features 
Site 01 Site 02 Site 03 Site 04 

Name of 

roundabout 
Armstrong  Millennium Douglas Gateway  

Class of 

roundabout 

Double lane 

roundabout 

Double 

lane 

roundabout 

Double 

lane 

roundabout 

Double 

lane 

roundabout 

Entry pavement 

surface type 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Circulating 

pavement 

surface type 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Number of 

entry lanes 
 2  2  2  2 

Number of 

circulatory 

roadway lanes 

 2  2  2  2 

Entry width (m) 8.5  7.90  8.20  8.40 

Entry angle (0) 50  45  45  50 

Entry radius 

(m) 
40  50  50  45 

Effective flare 

length (m) 
 16  18  15  13 

Inscribed circle 

diameter (m) 
 50.00   58.10  49.50  48.00 

Approach road 

half width (m) 
 7.30  6.80  6.90  6.80 

Circulating road 

width (m) 
 9.40  9.30  9.10  8.80 

Central Island 

shape 
 Circular   Circular   Circular   Circular 

Road signs and 

marking 
 OK  OK  OK  OK 

Distance from 

rain gauge 
0.95km  1.18km  0.82km  0.75km 
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Rain gauge location     Armstrong Roundabout location 

 

Figure 3.2: Distance of rain gauge from Armstrong roundabout 

 

 

Figure 3.3: Site set-up for data collection at Armstrong roundabout. 
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3.5.2 Site 02: Millennium Roundabout 

 

The Millennium roundabout is a multilane roundabout with four approaches. The approaches and 

the circulating roads are double lanes. The roundabout is maintained by the eThekiwini 

Municipality. The central island is circular, and all the entries are flared. The geometry of the 

roundabout is shown in Table 3.3 (subsection 3.5.1). The rain gauge that covers the location of the 

roundabout is 1.18km away from the roundabout as shown in Figure 3.4. The rain gauge station 

ID is Umhnth (see Appendix C), located at coordinates -29.730142 latitude and 31.077661 

longitude. The time of rainfall, and traffic data, between the period of 07:00 and 17:00 is used as 

the control for traffic volume. The data collection method and the site layout at millennium 

roundabout is shown in Figure 3.5. 

 

 

Rain gauge location     Millennium Roundabout location 

    Figure 3.4: Distance of rain gauge from millennium roundabout 
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Figure 3.5: Site set-up for data collection millennium roundabout 

 

3.5.3 Site 03: Douglas Roundabout 

 

This roundabout has four approaches; each of the approaches and the circulating roads are double 

lanes. This means the roundabout is a multilane roundabout. The geometry of this site is shown in 

Table 3.3 (subsection 3.5.1). The circulating and entry roads’ pavements are asphaltic concrete. 

The design life of the pavement is 20 years. The four roads connected by the roundabout are 

municipal roads. The eThekwini Municipality maintains the roundabout. The pavement is free of 

both functional and structural defects. The closest rain gauge, whose catchment area covers the 

roundabout, is located 0.82km away from the roundabout with station ID Umhnth (see Appendix 

C) as shown in figure 3.6. Pneumatic tube laying process at the circulating roadway at this site is 

shown in Figure 3.7.  
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Rain gauge location     Douglas Roundabout location 

Figure 3.6: Distance of rain gauge from Douglas roundabout 

 

 

Figure 3.7: Pneumatic tube laying process at the circulating roadway at Douglas roundabout 
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3.5.4 Site 04: Gateway Roundabout 

 

The roundabout is in the Gateway area of Durban and it is a standard double lane roundabout that 

connects four municipalities’ double lane roads; the circulating roadway is a double lane road. 

The distance of the roundabout from the rain gauge that has the catchment area that covers the 

roundabout is 0.75km. The rain gauge station ID is Umhnth (see Appendix C) and it is located at 

coordinates 29.730142 latitude and 31.077661 longitude. The road markings and signs are 

adequate and the entry and circulating pavement are free of structural and functional distress. The 

central island is circular. The geometry of the roundabout is shown in Table 3.3 (subsection 3.5.1). 

The driver visibility at the roundabout is acceptable. The entry and circulating roadways have 

asphaltic pavements. The location of the roundabout and the distance from rain gauge is shown in 

Figure 3.8.  The survey was carried out at 07:00 to 17:00. The rainfall within this period was used 

as a control for the traffic data. All the entries were flared, and the design speed is 50km/h. The 

site set up process is shown in Figure 3.9. 

 

 

Rain gauge location    Gateway roundabout location 

Figure 3.8:  Distance of rain gauge from site 004 
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       Figure 3.9: Site set-up for data collection at gateway roundabout 

 

3.6  The Survey Method Adopted in the Study 

 

Traffic data is germane to this study. The data were collected after the approval by the eThekwini 

Transportation Authority (ETA) for installation of automatic traffic counters (ATC) to collect 

traffic data at the selected roundabouts (see Appendix B). The approval was communicated to the 

metro police division for traffic control during the installation of the devices. The ATC were set-

up according to the manufacturer's procedure. This included the pneumatic tube installation, 

connection of the pneumatic tube to the automatic traffic detector and setting up of the traffic 

detector for data logging. Manual counting of vehicles was carried out at a selected time and 

compared to the ATC traffic data to check the accuracy of the ATC. The department of engineering 

services and records of eThekwini municipality generated a username and password to access the 

website for downloading the rain precipitation data. The manual rain gauge was also used to 

collect rain data which was compared to the eThekwini municipality website rain data. 
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3.6.1  Sampling 

 

Durban has an estimated yearly average rainfall precipitation amount of 828mm which is the 

highest in South Africa (Climtemp, 2009). Despite the variation in annual rainfall across South 

Africa, Durban has the highest average annual rainfall precipitation of 860mm compare to South 

Africa Average annual rainfall of 480mm amount. This shows that rainfall in Durban can represent 

South Africa’s rainfall. The history of rainfall in Durban, South Africa is considered to know the 

rainy months, which is used in deciding the appropriate time for traffic data collection. The 

roundabout’s usage is also taken into consideration. South Africa is a subtropical region; the 

climate is warm and temperate. The rainy weather occurs throughout the year. The season with 

frequent rainfall and high intensity is between the months of September and January. Although 

the rain precipitation is high in the months of February and March, the frequency is lower than ten 

rainy days in a month during February and March (Climtemp, 2009).  

 

The traffic data collected during national public holidays, which included the reconciliation, 

heritage, Christmas, good will, and New Year days were not considered for the study. The traffic 

data on Monday following a public holiday that falls on Sunday was as well not considered 

because such holidays were observed on Monday following the public holiday. This data was not 

considered because of associated traffic from schools, governmental and private organizations 

during public holidays. Only daylight traffic data was considered for the study to remove the effect 

of darkness and road lighting from the rainfall effect. The pilot study was carried out in the months 

of July and August. South Africa National Road Agency (SANRAL) geometric design guidelines 

stated that roundabouts could be considered when the cumulative traffic flow rate is about 

4000pce/h with four approaches to the roundabout. This is considering single lane roundabouts, 

which implies that the double lane roundabouts should be in the range of 2000pce/h per approach 

road. the assumption of 2000veh/h was assumed for the entry flow rate. 

 

The level of confidence adopted for this research is 95 percent with 5 percent error margin. Using 

the inferential statistical Equation 3.1, to estimate the sample size. 
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S =
X2NP(1−P)

d2(N−1)+X2P(1−P) 
         [3.1] 

 

Where: 

S = Sample size required 

N = Size of sample population 

P = Sample proportion, 

X = Z value which is constant as 1.69 for 95% level of confidence.  

 d = margin of error (5%). 

 

Without going through calculations, with sample size of 2000veh/h, the required minimum sample 

size required at each of entry and circulating roadways per site is determined to be ≥ 322veh/h, 

using the Krejcie and Morgan (1970) table (see Appendix F). Irrespective of the rain intensity, this 

value is applicable to dry and rainy weather conditions. Irrespective of the minimum sample size, 

the automatic traffic counter was installed at the entry and circulating roadway of the surveyed 

sites to record traffic data continuously for the period of six weeks at each selected site. This was 

considered as enough sample size for the study as it covers rainy periods at the selected roundabout 

sites. 

 

3.6.2 Automatic Traffic Counter and Survey Team 

 

The study was carried out under rainfall, the use of manual counting was considered unsuitable 

because no one could predict the exact time of rainfall. The rainfall time, on most internet weather 

sites, is approximate and depends on probability. In addition to this, the manual counting method 

would be good for short duration surveys and single traffic data collection. The video camera was 

not used for the traffic data collection because rainfall might impair video visibility as well damage 

the camera. The Automatic Traffic Counter (ATC) which is one of the modern devices for the 

collection of traffic data was used to collect traffic data at the selected roundabouts with the use 

of a pneumatic air sensor device. This device was used to record the traffic volume, vehicle type, 
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axle number, headway, speed, gap, the date and time the vehicle moved to the observed points, 

the device has a capacity of collecting traffic data under dry and rainy weather effectively and can 

collect data continuously for a long period.  

 

The survey team was made up of six people. Four persons were controlling traffic at the 

roundabout approaches and the circulating roadways for safety reasons. The other two persons 

carried out the setup of the device at the entry and circulating roadways of the selected 

roundabouts. The components and the installation of the device are described in sections 3.6.2.1 

to 3.6.2.3. 

 

3.6.2.1 Components of Automatic Traffic Counter 

 

The ATC used in collecting traffic data for the research work is a MC5600 vehicle classifier 

system. The device is a dual air-sensor data logging unit powered by an alkaline battery which 

gives 290 days continuous use when fully charged. The device collects the traffic volume, speed, 

headway, gap, vehicle type, and axle number. The component of the device consists: 

 

 Pneumatic tubes: This is a black durable and hard wearing pneumatic tube usually 

installed perpendicular to traffic flow rate direction. Whenever any vehicle struck or hit 

the tube, it senses the axle by emitting an air pulse and transfers the emitted air pulse to 

the air sensor device. This tube is shown in Figure 3.10. 

 

 Air sensor device: This is the device that senses the air pulse from the pneumatic tube 

axle sensor and records the details of the individuals’ vehicles. This device is shown in 

Figure 3.11. 

 

 Steel case: This case houses the air sensor device, is made of steel, and it provides 

mechanical protection for the air sensor.  
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 USB communication cable: This cable allows communication regarding the setup of the 

device and the downloading of traffic data from the air sensor device to a computer 

system. 

 Road nails: This is a super strength nail. It is less prone to bending when used on the 

road surface, is 70mm in length. It is used to nail the cleat and center lane flap to the 

road surface. 

 

 Cleats: These are made of steel and are used for tensioning the road tube. 

 

 Flap: The flap is nailed with the road nail to protect the pneumatic tube from shifting 

from the observed point, hence providing lateral stability and serving to reduce the tube 

slap. 

 

 Heavy duty bitumen: This is a super adhesive bituminous surface used in securing the 

pneumatic tube to the bituminous road surface effectively for the further protection of 

the pneumatic tube from shifting from the observed point. 

 

 

 

Figure 3.10: Axle sensor Pneumatic Tube          Figure 3.11: Air sensor device 

 

3.6.3 Precautionary Measures during Installation 

 

Precautionary measures were taken to avoid damage of the ATC and to ensure accurate data 

collection. The precautionary measures are: 
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 The choosing of the observed point for the laying of the pneumatic tube was done in 

such a way that vehicles could not stop on the tube to avoid tube damage. This 

precaution was taken at the roundabout entry because vehicles are not expected to stop 

within the circulatory roadway. 

 

 The tubes were laid where no U-turn could be made on the tube to avoid the effect of a 

tyre turning on the tube. This measure was taken by laying the tubes at the entry yield 

line and not at the approach roadway.  

 

 The tubes were laid perpendicular to the traffic flow rate direction to avoid errors in data 

collection. 

 

 The roadside unit (air sensor device) was placed in plastic to avoid water damaging the 

device; further it was placed in a wooden box as shown in Figures 3.12 and 3.13. This is 

to avoid device theft because the manufactured mechanical protection is made of steel. 

Unofficial information tells that steel is a common interest to thieves in Durban city. 

This made the steel case not appropriate for protecting the air sensor.  

 

 The roadside unit was placed at 600mm above the ground surface to avoid water 

penetrating and damaging the device during very heavy rainfall. 

 

 The tube and the roadside unit were not placed across the pedestrian pathways to avoid a 

potential hazard to pedestrians. 
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  Figure 3.12: Alternative mechanical protection for ATC 

 

 

  Figure 3.13: Alternative mechanical protection for ATC. 

 

3.6.4 Device Installation 

 

The device installation includes the tube installation and the automatic counter set up. The 

installation is discussed in sections 3.6.4.1 and 3.6.4.2 
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3.6.4.1 Tube installation 

 

Two sets of pneumatic tubes each were laid for traffic data collection at the entry and circulating 

roadway. The first pneumatic tube was laid perpendicular to traffic flow rate; this was achieved 

by making sure that the tube was laid perpendicular to the side kerb of the entry and circulating 

roadway. End plugs were fixed on the end of the tubes and they were further tightly tied in two 

knots to avoid the leakage of air pulse emissions from the tube, which could give an error in the 

traffic data collected by the roadside unit. The end of the tube was tightened with a flap and nailed 

with a road nail into the road pavement surface, at the two edges of the road, with the use of heavy 

duty hammer. The tube was stretched at about 10 to 15% of the road width covered, to minimise 

lateral movement as recommended by the ATC provider. The 1m calibrated wooden rod was 

placed at the two ends and at the middle of the tubes to separate the tubes at the 1m interval to 

achieve parallel tubes. After tensioning, the tube was tested by pulling the tube from the road’s 

surface, the tubes pulled back the hand which showed that it was properly tensioned. The 1m 

interval was checked after tensioning to make sure that the tension did not shift the position of the 

tubes. The length of the tubes was checked to make sure they were the same length, to avoid errors 

in speed accuracy and wheelbase results. 

 

Centerline flips were fixed with road nails at two more points each on the tube to further secure 

the tubes lateraly. These points were at the center of each lane of the double lanes, at the entry and 

circulating roadway, to avoid the flap being in vehicle tire path. Heavy duty bitumen tape was cut 

at about 200mm by 200mm and fixed on the tube at the interval to further secure tubes against 

lateral movement. The tubes were connected to the automatic counter device. The first tube to be 

hit by a vehicle was connected to terminal A of the device while the second tube was connected 

to the terminal B of the device. The devices were set at the selected roundabout, one at the entry 

and the other at circulating roadway. The typical sensor configuration is shown in Figure 3.14. 

There is a little warning that the use of one logger on multi-lane uni-directional may result in an 

error in the traffic data collection. This may not be so, it can be argued that the first vehicle in the 

first lane will send the air pulse to the sensor before the vehicle in the second lane due to the air 

pulse distance travel. The air pressure at the first lane will be stronger and travel faster than the air 

pressure from a vehicle in the second lane. The speed at the entry and circulating roadways are 

low, if the vehicle hit the tube simultaneously, the traffic data will be very good. Though, it can 
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be argued as well that frequent occurrence of simultaneous hits on the pneumatic tubes can reduce 

the data quality. This can be checked by assessing the single unit convenience for the data, 

acceptable for the survey site. 

 

 

Figure 3.14: Typical sensor configuration 

 

The air sensor device was placed in plastic and, further, in a wooden box and tied to a permanent 

structure like a signpost or a street light pole. The device was further configured with a laptop to 

record data as shown in Figure 3.15. 

 

Figure 3.15:  Automatic Traffic Counter set-up and configuration. 
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3.6.4.2 Automatic Traffic counter setup  

 

It is very important to know the status of the ATC before setting up the device for traffic data 

collection. The status of the battery was checked. Firstly, the continuous blinking light which 

comes up at every 8 seconds, when the device is in an idle state, shows that the battery is active.  

The tubes were connected to the air sensor device in the automatic counter. Care was taken to 

connect the first tube to be hit by a vehicle to the terminal A and the second to terminal B of the 

sensor device. After the two tubes had been plugged into the terminals, the USB communication 

cable was used to connect the air sensor device to the laptop. The setup software was activated 

and the status icon was opened. In the status box, the level of energy and the lifetime of the energy 

in the battery were checked. The battery status was checked to avoid a shortage in power supply 

to the device during data collection. The second most important checking carried out was the 

memory status of the device in order avoid memory shortage during the traffic survey, which 

might lead to the device cutting off during data collection. The next step was the activation of the 

setup icon and filling in the site description, which included the site name, the site number, and 

the direction of traffic flow rate as the vehicle hits the tube as ‘ÁB’. The spacing between the tube, 

the data collection starting time, and sensor configuration were inputted into the setup dialog box. 

The setup dialog box is shown in Figure 3.16.  

 

Figure 3.16: Roadside unit dialog box. 
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Data collection started during the fixed time after the setup box was closed. The measure taken to 

make sure the device was functional was checking the display of vehicles that hit the tube on the 

laptop by the selection of the view icon on the setup software. Whenever a vehicle hits the tube, 

rolling time mode will be displayed on the laptop screen. The device was set to start counting 

immediately from the date of setup but the data for the first two days was not used in the study to 

allow drivers on the roundabout to get familiar with the installed tubes, on both the entry and 

circulating roadway to aviod driver reactions to the tubes. Individual vehicle data was recorded in 

the air sensor memory unit. The memory status was continually checked at intervals of five days 

to avoid full usage of the memory, which might make the device stop data collection until 

unloading the data. 

 

3.6.5 Data Unloading from the Air Sensor 

 

Data unloading is the process of transferring data from the air sensor device to the computer. The 

traffic data was uploaded from the device through the connection of the air sensor device to the 

laptop with the use of a USB communicating cable. The data unloading was carried out at the site. 

The battery blinking light and memory level were always checked before each unloading. The 

memory of the device was 2 megabytes which could take traffic data for seven to ten days on 

either the circulating or entry road, depending on the traffic flow rate. The data upload was carried 

out weekly to know the data quality, avoid full usage of the device memory, and to check the 

device status. 

 

The process of unloading involved the connection of a laptop to the device with the 

communication cable. The ATC setup toolbar was selected after the connection; device status was 

checked as described in section 3.6.4.2. The data upload dialog was selected from the ATC setup 

page. There were two options for unloading from the device, which included either to unload the 

data and stop the device, then make another setup to continue with data logging, or to unload the 

data while the device continues taking the data without stopping. The weekly data unloading was 

carried out with the option of stopping the device and setting the device up to continue with the 

data logging. The weekly upload was carried out in order to check the data quality, the device 

status, and to avoid losing data. 
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The storage file location was selected, and file names were allocated to each file for easy 

assessment of the file, before proceeding with the unloading. The proceed button was clicked to 

continue the uploading of the data. The process of unloading the data was displayed on the 

computer ATC setup page by showing the plot of each hit on tube A and B. The blue profile line 

shows there is a good match between A and B, while red or red and blue shows a poor match, and 

hence poor data quality. Whenever this occurrs, there was a need to check the setup, tube leakage, 

and make a necessary correction if need be. 

 

The individual vehicle data logging information was accessed with ATC report. The logging 

information of the individual vehicles is displayed with the characteristics as: 

 

 Axle Num: Data file index 

 Ht: The Axle hit number in the vehicle 

 YYYY-MM-DD: Year, month and day of vehicle axle hit 

 hh: mm: ss: Hour, minutes and second of vehicle axle hit 

 Dr: Direction of travel on the pneumatic tube (e.g. from tube A to tube B will be shown 

as AB) 

 Speed: Speed of the vehicle 

 Wb: Vehicle wheelbase 

 Hdwy: Headway 

 Gap: Gap between the two successive vehicles 

 Rho: Correlation factor of the sensor 

 Cl: Vehicle class 

 Nm: Not defined 

 Vehicle: Name of the class and picture of the vehicle wheel 

 

 

3.6.6 Problems Encountered During Setup and Data Collection 

 

The installation of the device was unfamiliar to the author; therefore a study of the installation 

process on the software had to take place. On completion of the study, a trial set up was carried 
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out within the university campus. The trial set up was used for collecting campus traffic data for 

five weeks. 

 

The authority to give the approval for the installation on the roundabouts within South Africa 

could not be easily reached, which led to a delay in getting the approval for the installation. The 

authority in charge of the approval of installation (eThekwini Transport Authority) requested a 

demonstration of the setup of the device before approval, because the use of ATC for data 

collection is not a common practice in South Africa. The demonstration set up was carried out 

before the final approval. 

 

The other problem that was encountered was the securing of the device at the site because of the 

unofficial information that steel material attracts theft in Durban city. The manufactured 

mechanical protection for the device is made of steel, hence it could be a target to the thieves. The 

device was secured in a plastic box and further secured in a self-made wooden box. The wooden 

box was padlocked and chained to the nearest permanent structure as shown in Figure 3.12 and 

3.13 (subsection 3.6.3). Each time a set-up was to be carried out, the Metro and Crime-stop police 

were always adequately informed. 

 

The traffic volume was moderate at the selected roundabouts, this meant that traffic control was 

not an easy task during the device installation, without affecting the flow rate of traffic. After the 

first installation at the pilot site, the setup in other sites was carried on at very early hours of the 

morning and on Sundays when the traffic was low to avoid the disturbance of the flow rate of 

traffic. 

 

The heavy bitumen tape was stolen after the trial test within the campus. It was difficult to replace 

the bitumen tape on time because of unforeseen logistic delays. Getting the survey assistance was 

not easy because all efforts to get people employed for the period did not yield any useful results. 

The undergraduate students in the civil engineering department within the university were used as 

survey assistants, this was helpful because they needed little training as they already had an idea 

of traffic data collection. 
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The washer to hold the flap was out of place after the first usage; a bottled drink metal cover was 

flattened and used as a washer to hold the nail in place on the flap. The bitumen tape was wearing 

out within a short period of time due to a frictional effect between tyres and the bitumen tube; the 

bitumen tape was checked regularly and replaced whenever it was worn. At one of the sites, data 

logging was not set up after uploading. An additional week’s data was collected to cover for the 

week lost in data collection. 

 

3.6.7  Typical Site Layout 

 

The pneumatic tubes were laid and connected to the air sensor device of the automatic traffic 

counter (ATC) at the entry and the circulating roadway as shown in Figure 3.17. 

 

Figure 3.17: Typical site layout. 

 

 3.6.8 Traffic volume survey 

 

Traffic volume is the total number of vehicles that passes through an observed point at any given 

period. This parameter is one of the useful parameters of the study. It was collected at both the 

entries and circulating roadways of the selected roundabouts. Whenever a vehicle hit the installed 

pneumatic tubes air pulse was created which were sensed by the ATC and the vehicle was counted. 

The device assigns the vehicles to each vehicle class, taking into consideration the wheelbase of 

the vehicle. The surveyed traffic vehicles were converted to traffic flow rate with the use of 

passenger car equivalent values. 
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3.6.9 Headway Survey 

 

The headway is the difference in time it takes the front axle of the preceding vehicle and the front 

axle of the vehicle following in the same direction to hit the pneumatic tube. The sensor measures 

it by the difference in the time between the first axle hit on the first pneumatic tube A of a leading 

vehicle and the immediately following vehicle. This was processed by the ATC and recorded by 

the device until it was unloaded into the computer. 

 

3.6.10 Vehicle Classification survey 

 

There are many types of vehicle classifications around the world. The vehicle classifications in 

the automatic traffic count software are ten in number. South Africa classify vehicles into 

passenger cars, trucks, and buses. Passenger cars include light vehicles, utility vehicles for 

recreation, subcompact and compact vehicles, and light delivery vehicles. The truck includes the 

single unit trucks, trucks, tractors with trailers attached, and trucks or tractors with semi-trailer 

combined. The buses classification includes single unit buses and intercity buses. South African 

vehicle classifications are not among the enlisted vehicle classification schemes in the device 

software.  However, the main aim of classifying vehicles for this research work is to classify 

vehicles into the light, medium, and heavy vehicles for the estimation of PCE for the conversion 

of heterogeneous traffic volume to homogeneous traffic flow rate. Irrespective of the type of 

classification used, the vehicles can still be classified as light, medium, and heavy vehicles. Where 

light vehicles are passenger cars and motor vehicles with or without a trailer but this excludes 

heavy vehicles. Medium vehicles are a heavy vehicle with a minimum of one heavy axle which is 

designed for the conveyance of minimum of 16 passengers or freight by the design of adaptation 

and with a maximum of 3 axles. Heavy vehicles are large or extra-large vehicles with three to five 

axles or more. Typical vehicle classification that was adopted in this research work was the AXL 

as shown in Table 3.4. 
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Table 3.4: AXL Vehicle Classification. 

Axles Description Class Aggregate 

2 Very Short - Bicycle or Motorcycle MC 1 

1 (Light) 
2 

Short - Sedan, Wagon, 4WD, 

Utility, Light Van 
SV 2 

3, 4 or 5 
Short Towing - Trailer, Caravan, 

Boat, etc. 
SVT 3 

2 Two axle truck or Bus TB2 4 

2 (Medium) 3 Three axle truck or Bus TB3 5 

>3 Four axle trucks T4 6 

3 

Three axles articulated vehicle or 

Rigid vehicle and trailer 
ART3 7 

3 (Heavy) 

4 

Four axles articulated vehicle or 

Rigid vehicle and trailer 
ART4 8 

5 

Five axles articulated vehicle or 

Rigid vehicle and trailer ART5 9 

>=6 

Six (or more) axle articulated 

vehicle or Rigid vehicle and trailer 
ART6 10 

>6 
B-Double or Heavy truck and 

trailer 
BD 11 

>6 

Double or triple road train or 

Heavy truck and two (or more) 

trailers 

DRT 12 

Source: Metro count software, 2013. 

 

 



93 
 

3.6.11 Rainfall Survey 

 

The rainfall data was collected from the eThekwini website (MCSystem, 2009) which belongs to 

the eThekwini Municipality. This governmental agency has 43 rain gauges in Durban city and its 

environment (see appendix C). The rain gauges were internet-connected and upload the amount 

of precipitation on the website for easy accessibility. The department generated a username and a 

password to the researcher for access to the website. 

 

The coordinates of the roundabout were determined with the use of Google Maps. The rain gauges’ 

locations were visited, and the coordinates were recorded with Google Maps. These coordinates 

were used in determining the distance of the rain gauges from the roundabouts with the use of 

Google Earth.  The roundabouts within the catchment area of the closest rain gauge were 

considered for the survey. The amount of rainfall for each of the investigated roundabouts was 

collected from the nearest rain gauge that has a catchment area that covers the surveyed 

roundabouts. The amount of precipitation was measured in mm for every five minutes to take care 

of fluctuation in rainfall amount during a specific rainfall period. The amount of rainfall collected 

was converted to intensity by dividing the rainfall amount with the period covered. This rain data 

was synchronized with the traffic data to obtain the rain-traffic data. The distance of the rain 

gauges from the surveyed roundabouts is shown in Table 3.5. 

 

Table 3.5: Rain gauge distance from roundabout sites 

Site Site name 
Distance from rain gauge 

(km) 

01 Armstrong roundabout 0.95 

02 Millennium Roundabout 1.18 

03 Douglas Roundabout 0.82 

04 Gateway roundabout 0.75 
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3.6.11.1  Rainfall Classification for the Study 

 

The rainfall intensity data collected was classified into light rainfall (LR), with rain intensity < 

2.5mm/h; moderate rainfall (MR), with intensity 2.5 – 10mm/h; and heavy rainfall (HR), with the 

intensity of 10 – 50mm/h, in accordance with the World Meteorological Organisation (WMO). 

Very heavy rainfall with intensity > 50mm/h was not considered in this research work because of 

drag force effect on tires, aqua planning, and splash on windscreen which might induce anger and 

anxiety into drivers. Hence, influencing drivers’ behaviour and this effect would be difficult to 

separate from the rainfall effect.  

 

3.6.12 Geometric Data Survey 

 

Geometry is one of the factors that contribute to the performance of a roundabout and is one the 

factors that can influence the roundabout functional quality of service. It has to conform to the 

SANRAL geometric design guideline for acceptability in the study. The geometry of the surveyed 

roundabouts were collected on the surveyed sites by direct measurement. The collected geometry 

was the entry width (m), entry lane width (m), approach road width (m), entry radius (m), entry 

angle (0), effective flare length (m), inscribe circle diameter (m), the number of the entry lanes, 

and the number of the circulating lanes.  

 

These parameters were collected at each of the surveyed roundabouts. The collected geometric 

data was cross-checked with the design drawing provided by the eThekwini municipality planning 

department and a further check was carried out with Google Maps measurements. The geometry 

of the surveyed roundabouts is shown in Table 3.3 (subsection 3.5.1). 

 

3.7 Sample Data Appraisal and Analytical Method 

 

It is important to carry out a pre-study, which is known as a pilot study, before proceeding to the 

large-scale study. This is important to test the model statistically, which may give an insight into 

the model behaviour. It will help in making an adjustment to the model if need be and assist in 
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giving approaches and ideas that might not have been known before conducting the pilot study. If 

any of these ideas occur, it will assist in getting a clearer outcome in the main study and serve as 

an opportunity to check the statistical and the analytical procedure that would be used in the study. 

The pilot study will also assist in judging the effectiveness of the statistical and analytical 

procedure for the data, which makes the data analysis in the main study more efficient. It will help 

in reducing unforeseen problems because, during the pilot study, there is an opportunity to adjust 

the approach to the study. It allows room to test as many alternative measures before concluding 

on the measure to be used in the study. It serves as a medium of knowing if there is any problem 

with the ATC’s functionality and the site layout before proceeding to the main study. 

 

One pilot study was carried out. The geometric, traffic, and rain data was collected as described 

in section 3.6. Motorcycles were not considered for traffic in the study because hardly any 

motorcycle would be captured under heavy rainfall conditions. Motorcycles have little or no effect 

on vehicle headway under the traffic free flow rate condition. In addition, the study considered the 

off-peak period where there will be free flow rate to avoid the additional influence of peak period, 

which might be difficult to separate from rainfall.  

 

The traffic data was processed with the use of ATC report and it gives the traffic characteristics 

of each vehicle presented in Table 3.4. The data was unloaded into Microsoft excel for further 

processing. The procedures for processing the data in Microsoft excel are: 

 

 The night traffic data was separated from the daylight traffic. The daylight traffic was 

taken in between 07:00 and 17:00 The traffic data between 17:01 and 06:59 was not 

considered because the darkness has an influence on traffic behaviour which might be 

difficult to separate from rainfall effect. 

 

 

 The rainfall amount of precipitation from the Department of Engineering and Records 

Department of the eThekwini municipality’s website was converted in to rainfall intensity. 

The rainfall intensity was used to group the rainfall into the light, medium, and heavy 

rainfall, in line with the World Meteorological Organization’s (WMO) classification. 
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 The traffic flow rate at the time of each group of rainfall classification was synchronized. 

The traffic flow rate corresponding with the same time and day of rainfall in each week, 

under consideration, were collated. Traffic flow rate, with the corresponding rainfall class 

and dry weather, was separated in different sheets in excel workbook. 

 

 The traffic flow rate for dry weather and rainy conditions was grouped into five-minute 

intervals to match with the rainfall data. The PCE value was applied to each of the vehicles 

as shown in the Figure 3.18.  

 

 The macroscopic traffic flow rate was obtained for both entry and circulating roadways 

under dry and rainy conditions. 

 

 

       Figure 3.18: Excel worksheet sample for data processing. 

 

3.7.2  Sample Appraisal for Pilot Study at Site PST01  

 

The pilot study was carried out at the Torsvale roundabout. Traffic data was collected for a total 

period of six weeks, from July 2016 to August 2016. The survey was carried out on rainfall, where 

the rainfall precipitation amount was collected from the eThekwini website (MCSystem, 2009), 

the rain gauge with station ID umhnth (see appendix C) has the catchment area that covers the 

roundabouts’ locations. The rainfall was classified into light rain (LR), with intensity (i) less than 

2.5mm; moderate rainfall, with an intensity greater than 2.5mm/h and less than or equal 10mm/h; 
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and heavy rainfall, with an intensity greater than 10mm but less or equal 50mm/h; as well as very 

heavy rainfall with an intensity greater than 50mm/h. Though, very heavy rain was not considered 

in the study. Traffic data was surveyed continuously for a total period of six weeks by collectiing 

traffic volume, vehicle type, speed, and headway of individual vehicles. 

 

3.7.3 Analytical Method 

 

The major consideration of this study is centered on functional quality of service. Functional 

quality of service has been shown to be a multi-parameter that considers both the user’s and 

provider’s perspective. The user’s perspective parameters are the delay and queue length while 

the provider's perspective parameters are the degree of saturation and reserve capacity (QR), as 

discussed in chapter 2. 

 

In the estimation of any of these parameters for the assessment of the roundabouts’ functional 

quality of service (FQS), entry capacity needs to be estimated. 

 

It was mentioned in chapter 2 that entry capacity could be estimated using gap acceptance and the 

empirical method. This study is an empirical study; hence the gap acceptance will not be adopted 

because is theoretic approach but rather an empirical method. The stepwise method is followed 

for simplicity. 

 

Step 1: The collected entry and circulating traffic data was converted to traffic flow rate with the 

application of SANRAL PCE values of 1.0 for passenger cars, 2.8 for medium vehicle (MV) and 

2.8 for heavy vehicles (HV). The traffic flow rate was grouped into twelve periods and the highest 

hourly entry flow rate with the corresponding circulating flow rate was considered for the study. 

The hourly peak entry and circulating flow rate data is as shown in table 3.6 for the development 

of a criterial table for functional quality of service assessment. 
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Table 3.6: Peak entry and circulating traffic flow rate 

Flow rate 

(pce/h) 

Period 

1 2 3 4 5 6 7 8 9 10 11 12 

Circulating  712 712 492 501 897 619 679 463 741 969 888 979 

Entry flow 

rate  
1276 1288 1360 1360 1360 984 1300 1301 1397 1276 936 888 

 

Step 2: There are two options that could be used for empirical regression analysis which includes 

the linear and exponential regression. Both options were tested to decide which the best fit for this 

study was. The scatter diagram, and the best fit line graph for the linear and exponential functions 

along with the model equations for the selected data is shown in figure 3.19.  

  

 

Figure 3.19:  Circulating flow rate versus entry flow rate. 

 

The exponential model equation is: 

  R2=0.87      [3.2] 

 

qe = -1.011qc + 1918.7
R² = 0.8829

qe = 2240.3e-9E-04qc
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The linear model equation is: 

  R2=0.88      [3.3]

   

The coefficient of the determinant (R2) for the two model equations is more than 0.5 which shows 

that the two model equations are reliable because more 50% of the data are significant. The R2 for 

the exponential model equation is 0.87 while that of linear model equation is 0.88. 

 

Step 3: The other statistical testing conducted for the linear regression includes the p-value, t-test, 

and f-test. This was carried out at a 95 percent level of confidence; the result is presented in Table 

3.7. 

Table 3.7: Summary of ANOVAL result 

 

The result in table 3.7 shows that the R2 is more than 0.5 which shows that the variability between 

the variables is good and that they are statistically significant. The t-test is more than 2.2 which 

shows that the parameters are significant, and the f-test is greater than 4.84 which shows that the 

model equation did not occur by chance. The p-value is less than 0.05 which shows that the 

variance is equal. The linear model equation is statistically satisfactory and could be used for 

prediction.  

c1.01q9191eq 
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Step 4: The entry capacity occurs when the circulating flow rate (qc) = 0, substituting for this in 

equations 3.2 and 3.3, 

 =   =    2240 pce/h  (from equation 3.2) 

 = 1919 – 1.01 (0)   = 1919 pce/h (from equation 3.3) 

The difference between the entry capacity estimated from the linear and exponential models = 

249pce/h 

In order to test for significant differences between modified, linear and exponential capacity values 

two hypotheses are made between the linear and exponential capacity values. 

The hypotheses are: 

(i) Null hypothesis (H1): The entry capacity values are the same. 

(ii) Alternate hypothesis (H2): The entry capacity values are not the same. 

 

The test is carried out with a chi-square using the chi-square equation 3.4 

X2 = 
(𝑜−𝑒)2

𝑒
          [3.4] 

Where: 

X2 = chi-square, o = observed value, e is the expected value 

The test is carried out at a 95 percent level of confidence, where X2 < 3.84 means there is no 

significant difference between the two variables. 

Assuming the linear capacity value is the expected value = 1919 pce/h, the exponential capacity 

value is the observed = 2240 pce/h  

X2 = 
(2240−1919)2

1919
 = 53.70 > 3.84 

Hence the null hypothesis is rejected, and the alternative hypothesis is accepted whereby the entry 

capacity values are not the same.  

cq49x10
2240eeq




(0)49x10
2240e



c1.01q9191eq 
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Figure 3.19 shows that at a capacity lower than 400 pce/h, the circulating flow rate is discontinuous 

with an exponential relationship which suggests it has become nearly asymptotic to the circulating 

flow rate axis. This makes the exponential relationship unreliable in estimating the entry flow rate 

with high circulating flow rate and it over-estimates the entry capacity by 249 pce/h. Very low 

entry flow rate is a traffic scenario that can occur under rainy conditions, this makes the 

exponential regression unfit for this study. These two models only consider the entry and 

circulating flow rate, but the roundabout geometry is an important factor which has an influence 

on the roundabout entry capacity. 

 

Step 5: The key parameters are estimated using the HCM capacity model in this step for 

comparison of the linear and exponential models to the HCM capacity model. 

The HCM capacity model is: 

𝑄𝑒 =   1130𝑒−0.007𝑞𝑐         [3.5] 

The follow-up time (tf) = 
3600

𝐴
        [3.6] 

Where A is the y-intercept of the exponential equation. 

The intercept in the HCM model equation = 1130 

Hence, the tf = 
3600

1130
 = 3.19s 

Using equation 3.5, the entry capacity occurs when there is no circulating flow rate.  

Substituting 0 for qc in equation 3.6. 

𝑄𝑒 =   1130𝑒−0.007(0) = 1130pce/h/lane 
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Step 6: The empirical exponential model is compared with the HCM model. 

The entry capacity using the empirical exponential model equation = 2240pce/h = 1120pce/h/lane 

< 1130pce/h/lane using the HCM model. 

The follow-up headway (tf) = 
3600

1120
 = 3.21s 

This shows that the tf using the empirical exponential model > 3.19s (the tf using the HCM model). 

Figure 3.19 in step 2 shows that when the entry flow rate is < 400pce/h, the circulating flow rate 

is discontinuous which suggests that the empirical exponential regression is nearly asymptotic to 

the x-axis. As it does not have an x-intercept. This also shows that the model is unreliable for the 

estimation of low entry capacity when the circulating flow rate is high. 

 

Step 7: The empirical linear regression model is compared to the HCM capacity model in this 

step. 

The linear model is corrected with correction factor for geometry effect. The correction factor k 

value was estimated with equation 3.7, Where, r = 35m, 𝜑 = 45deg. 

k     = 1.151 − 0.00347𝜑 −  
0.978

r
        [3.7] 

Substituting for 𝜑 and r, K = 0.93 

The correction factor was applied to the model equation 3.3 and the model equation becomes; 

         [3.8] 

qe = 1785 – 0.94 qc               [3.9] 

The entry capacity is estimated by assuming that the circulating flow rate is zero, though this rarely 

occurs in nature. Substituting for qc = 0 in equation 3.9. 

Then entry capacity, Qe = 1785 – 0.94(0) = 1785pce/h = 893pce/h/lane < 1130pce/h (HCM, 2010). 

The follow-up time headway is estimated using equation 3.6. 

c1.01)q9191(93.0eq 
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tf =
3600

893
 = 4.03s > 3.19s (HCM, 2010)       

  

Step 8: The exponential and linear regression models are compared.  

The follow-up headway using the exponential model = 3.21s > 3.19s   

The follow-up headway using the linear model = 4.03s > 3.19s 

The entry capacity using the exponential model = 1120pce/h < 1130pce/h 

The entry capacity using the linear model = 893pce/h < 1130pce/h 

The linear and exponential models predict the entry capacity lower than the HCM capacity and 

the follow-up time headway is higher than the HCM follow-up time headway. 

The circulating capacity is predicted when there is no entry flow rate. 

Using the empirical linear model equation 3.9. 

0 = 1785 – 0.94 qc 

Qc = 
1784

0.94
 = 1899 pce/h for two lanes = 949 pce/h/lane 

 

Using the exponential model equation 3.2. 

 

When there is no entry flow rate, 

Qc = 
𝑙𝑛(

0

2400
)

0.0009
  = ∞ 

This shows that the exponential model cannot be used to predict the circulating capacity as it 

shows that the circulating capacity has no limit, which is never the case. More so, the scenario of 

very low or no entry vehicles may occur under rainy condition. 

 

The linear model is the preferred model because it can be used in the estimation of very low entry 

capacity, circulating capacity and the geometry effect also makes it suitable for the prediction of 

entry capacity. 

cq49x10
2240eeq



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Step 9: The delay and queue length are estimated for the development of a criterial table and a 

sensitivity test is conducted using the estimated time headway as: 

d =  
3600

k(F−fcQc)
+ 900T [(x − 1) +  √(x − 1)2 + 

(
3600

k(F−fcQc)
)x

450T

   

]+ 5   [3.10] 

 

L= d(
qe

3600
)          [3.11] 

 

Note that: 

3600

𝑘(F−fcQc)
 = 4.03 sec (from step 7), T = 15min = 0.25hr, Hence 900T =225sec, 450T = 112.5sec. 

Substituting for  
3600

𝑘(F−fcQc)
 , 900T and 450T in Equation 3.10 

d =  4.03 + 225 [(x − 1) + √(x − 1)2 + 
4.03x

112.5

   
]+ 5 

 

A sensitivity test is conducted for this model equation by setting the degree of saturation to zero 

and 1.0. Table 3.8 shows that at degree of saturation of zero when there is no entry vehicle, the 

delay under this condition is a purely geometric delay with the value of 9.03s. At capacity, when 

the degree of saturation is 1, the queue length is 13 vehicles and the delay 51.88 s. 

 

Table 3.8: Summary of sensitivity test result for pilot test 

Qe 

(pce/h) 

Qe  

(pce/h/lane) 
x d (s) L (veh)       

1785 893 0.00 9.03 0 

1785 893 1.00 51.88 13 
Note: Qe is entry capacity, x is degree of saturation, d is the delay and L is the queue length. 
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The degree of saturation is divided into ten equal parts of 0.1 each. The delay and corresponding 

queue are estimated. The summary is presented in table 3.9. 

 

Table 3.9: Summary of degree of saturation, and delay 

x d (s) L (veh) 

0 9.03 0 

0.1 9.48 0 

0.2 10.05 1 

0.3 10.76 1 

0.4 11.71 1 

0.5 13.01 2 

0.6 14.92 2 

0.7 17.91 3 

0.8 23.07 5 

0.9 32.93 7 

1.0 51.88 13 

Note: x is degree of saturation, d is the delay and L is the queue length. 

 

The division of degree of saturation into ten divisions might be unrealistic in forming the FQS 

class because of the closeness in delay values and there might be an overlap in values of the delay 

parameter in each class. There is no method of checking the overlapping of parameter values in 

each class if it occurs because of a single unit division. In view of this, the division for the FQS 

table of five equal divisions of degree of saturation of 0.2 each is adopted. 

 

To avoid an overlap of each division, the standard deviation is estimated for each class. The 

standard deviation is applied to determine the extent of the deviation that could be within the lower 

and the upper limit of each class. σ and µ are the mean and standard deviations of each division. 

Taking the data boundary number of 1 for simplicity, then -1σ and 1 σ are the upper and lower 

boundaries of each division.  
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The class of degree of saturation of to 0.2 with the corresponding delay and queue length are 

shown in table 3.10. 

 

Table 3.10: The parameter for class of degree of saturation 0 to 2  

x d (s) L (veh) 

0 9.03 0 

0.1 9.48 0 

0.2 10.05 1 

Note: x is degree of saturation, d is the delay and L is the queue length. 

 

The mean (σ) delay = 
9.03+9.48+10.05

3
  = 9.52 s  

The standard deviation (G) = 0.51s (Estimated with Microsoft excel) 

The lower limit is 9.01s and the upper limit is 10.03s. The upper limit does not overlap the delay 

at a degree of saturation of 0.3, but the same queue length of 1 vehicle occurs at adegree of 

saturation of 2 to 4. which is the second division. Hence these two divisions are merged together 

as one class.  

The class of degree of saturation of 0 to 0.4 with the corresponding delay and queue length are 

shown below in table 3.11. 

 

               Table 3.11: The parameter for class of degree of saturation 0 to 0.4 

x delay (s) L (veh) 

0 9.03 0 

0.1 9.48 0 

0.2 10.05 1 

0.3 10.76 1 

0.4 11.71 1 

Note: x is degree of saturation, d is the delay and L is the queue length. 
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Mean (σ) delay = 
9.03+9.48+10.05+10.76+11.71

5
 = 10.21s 

Standard deviation (G) = 1.06s 

The lower boundary = 10.21 - 1.06 = 9.15 ≈ 9s 

The upper boundary = 10.21 + 1.06 = 11.27 ≈ 11 s  

This division is taken as FQS A class 

 

The next division is the class of degree of saturation of 0.5 and 0.6 where the corresponding delays 

are 13.01s and 14.92s. 

Mean (σ) delay = 
13.01+14.92

2
 = 13.97s 

Standard deviation (G) = 1.35s 

The lower boundary = 13.97 - 1.35 = 12.61 ≈ 13s 

The upper boundary = 13.97 + 1.35 = 15.32 ≈ 15s 

The lower boundary does not overlap with the upper boundary of class FQS A and the upper 

boundary does not overlap with the delay at the degree of saturation of 0.7. The queue length is 

two vehicles (from table 3.9). This division is taken as FQS B. 

 

The next division is volume capacity ratio of 0.7 and 0.8 with the delay values of 17.91s and 

23.07s. The mean value = 20.49s and the standard deviation = 3.65s.  

The lower boundary = 20.49 – 3.65 = 16.84s ≈ 17s 

The upper boundary = 20.49 + 3.65 = 24.14s ≈ 24s 

The lower limit is more than 15s which is the upper limit of FQS B and the upper limit is less than 

32.93s with a degree of saturation of 0.9. The queue length does not overlap. This class is taken 

as FQS C. 
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The threshold is set at the degree of saturation of 0.9. This class is to alert that the roundabout is 

operating close to the capacity and the delay is 32.93s ≈ 33s with a corresponding queue length of 

seven vehicles (from table 3.9). This class is taken as FQS D. 

 

When the roundabout is operating at capacity, the degree of saturation is one and the delay is 

51.88s ≈ 52s with a queue length of 13 vehicles. This division is taken as FQS E. 

When the roundabout is operating above the capacity, then the delay is more than 52s and the 

degree of saturation is > 1. This is set as a class of FQS F. 

The reserve capacity for the lower and upper limit is estimated using equation 3.12. 

QR = 
  𝑄𝑒− 𝑞𝑒

𝑄𝑒
          [3.12] 

The corresponding delay, degree of saturation, reserve capacity, and queue length of the lower and 

upper boundary of each division are used in the development of a functional quality of service 

criterial table in table 3.12. 

 

Table 3.12: The functional quality of service criterial table 

FQS d (s) QR x L (veh) 

A     d ≤ 11     QR ≥ 0.6      x ≤ 0.4 1 

B 11< d ≤ 15 0.4 ≤ QR <0.6 0.4< x ≤ 0.6 2 

C 15< d ≤ 23 0.2 ≤ QR< 0.4 0.6< x ≤ 0.8 2< L ≤ 5 

D 23< d ≤ 33 0.1 ≤ QR<0.2 0.8< x ≤ 0.9     5< L ≤ 7 

E 33< d ≤ 52 0.1 ≤ QR <0 0.9< x ≤ 1   7< L ≤ 13 

F d > 52          QR <0       x > 1 L > 13 

Note: d = delay, x is degree of saturation, QR denotes normalized reserve capacity, and L is the queue length 

 

Step 10: The criterial table is compared to other methods of service delivery assessment as shown 

in table 3.13. The table shows that the SIDRAL delay at capacity is 70s, The HCM delay at 
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capacity is 50s which has a close value to the empirical delay at capacity (52s). The empirical 

delay is in-between the SIDRAL and HCM delay at capacity. At the other classes the upper limit 

of the empirical delay is in-between the HCM and the SIDRAL delay. This shows delays values 

estimated using different models are different from each other 

 

Using the degree of saturation, the class A of SIDRA is divided into two classes in the empirical 

method (Class A and B). The threshold class in SIDRA is class C with a degree of saturation of 

0.85 and the empirical method is class D with a degree of saturation of 0.9. There is no basis for 

a reserve capacity comparison because of its novelty. 

 

Table 3.13: Criteria of roundabout quality of service compared 

Note: d is delay, QR is normalized reserve capacity, x is degree of saturation or volume capacity ratio 

 

Step 11: The degree of saturation or volume to capacity ratio (x), the reserve capacity (QR) and 

delay at the roundabout are estimated as illustrated in step 7, the values are: 

 

Class 

  d (s)   
Reserve 

Capacity (QR) 
x 

Empirical HCM 2010 SIDRA Empirical Empirical SIDRAL  

A d ≤ 11 d ≤ 10 d ≤ 10          QR ≥ 0.6 0 < x ≤ 0.4 0 < x ≤ 0.6 

B 11< d ≤ 15 10 ≥ d ≤ 15 10 ≥ d ≤ 20 0.6 > QR ≥ 0.4 0.4< x ≤ 0.6 0.6 < x ≤ 0.7 

C 15< d ≤ 23 15 ≥ d ≤ 25 20 ≥ d ≤ 35 0.4 > QR ≥ 0.2 0.6< x ≤ 0.8 0.7 < x ≤ 0.85 

D 23< d ≤ 33 25 ≥ d ≤ 35 35 ≥ d ≤ 50    0.2 > QR ≥ 0.1 0.8< x ≤ 0.9 0.85 < x ≤ 0.95 

E 33< d ≤ 52 35 ≥ d ≤ 50 50 ≥ d ≤ 70    0.1 > QR ≥0 0.9 < x ≤ 1.0 0.95 < x ≤ 1.0 

F d > 52 d > 50 d > 70               QR <0 1< x 1 < x 
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 = 
1552

1785
  = 0.86, QR = 

1785−1552

1785
 = 0.13 and delay = 28.06s ≈ 28s, queue length = 6veh. This 

roundabout is operating at FQS D at the peak period under dry weather conditions. 

 

Step 12: To test the hypothesis set in chapter 2, the off-peak traffic data for dry, light, moderate, 

and heavy rain is used for this purpose. 

The entry capacity is calculated as described in step 2 to 4. The rainy and dry weather traffic data 

were combined to see the effect of rainfall on capacity. The linear multiple regression is used to 

develop the model equations in the form of: 

 

𝑞𝑒 = 𝑘(𝐹 − 𝑓𝑐𝑞𝑐 − 𝜖)         [3.13] 

Where; k, F, fc, qc are as defined in equation 2.44 and 2.50 in chapter 2 and ϵ is the dummy variable, 

ϵ =1 under the rainy conditions and otherwise. The rain and dry traffic data were combined with 

dummy variable as, dry and light rain, dry and moderate rain, and dry and heavy rain.   

The developed model equations are: 

 

𝑞𝑒𝐿 = 1983.5 − 0.99𝑞𝑐 − 110𝜖   R2=0.88    [3.14] 

𝑞𝑒𝑀 = 2038 − 1.04𝑞𝑐 − 270𝜖   R2=0.84    [3.15] 

𝑞𝑒𝐻 = 1900 − 0.92𝑞𝑐 − 379𝜖   R2=0.85    [3.16] 

 

L, M, and H denote the light, moderate, and heavy rain conditions. 

The model equations were tested statistically at a 95% level of confidence. The R2 is more than 

0.5, the t-test is more than 2.2, the F-test is more than 4.84 for all the model equations. This shows 

that the equation is statistically satisfactory, and it can be used for predictions.  

The model equations after the application of K = 0.93 as estimated in step 4 is presented in equation 

3.17 for dry and light rain conditions. 

 

Qe

qe
x 
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𝑞𝑒𝐿 = 1846 − 0.92𝑞𝑐 − 102𝜖        [3.17] 

 

The entry capacity is estimated by setting qc =0, as an example for dry and light rain conditions. 

For dry weather, Qedry = 1846-0.92(0) – 102(0) = 1846pce/h. 

For light rain, QeL = 1846-0.92(0) – 102(1) = 1744pce/h. 

The circulating capacity, Qcdry is estimated by setting qe = 0 in equation 3.17. 

0 = 1846 – 0.92qc – 102(0), Qcdry = 1744pce/h. 

This same procedure was used for the estimation of capacity for dry, light, moderate and heavy 

rain. The summary of the results is shown in table 3.14. 

 

 Table 3.14: Summary of entry and circulating capacity 

Model equation without 

modification 

Entry capacity 

(Qe) pce/h ∆Qe 

Circulating 

capacity  

(Qc) pce/h ∆Qc 
 

Dry Rain 
 

Dry Rain 
 

QE = 1985-0.99Qc-110ϵL 1846 1744 102 2005 1894 111 

QE = 2038-1.04Qc-270ϵM 1895 1644 251 1960 1700 260 

QE = 1900-0.92Qc-379ϵH 1767 1414 353 2065 1653 412 

          Note: Qe is entry capacity, QC is circulating capacity. 

  

There are three values for entry and circulating capacity under dry weather condition. There is 

need to test if there is a significant difference in these values. To test this, two hypotheses are made 

between the capacity under dry weather conditions. 

The hypotheses for capacity are: 

(iii) Null hypothesis (H1):  The values of the capacity are the same. 

(iv) Alternate hypothesis (H2):  The capacity values are not the same. 
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X2 = 
(o−e)2

e
         

Where: 

X2 = chi-square, o = observed value, e is the expected value 

The test is carried out at a 95% level of confidence, where X2 < 3.84 means there is no significant 

difference between the two variables. 

The sample calculation using entry capacity under dry/ light rain, and dry/ heavy rain models, 

taking the capacity under dry/light rain as the expected entry capacity and the capacity under 

dry/heavy rain as the observed capacity, then:  

O = 1767pce/h, e1 = 1846pce/h  

Substituting for O and e, the chi-square is: 

X2 = 
(1767−1846)2

1846
 = 3.38 < 3.84 

 

The null hypothesis (H1) is accepted and the alternate hypothesis (H2) is rejected, these show there 

is no significant difference between the estimated entry capacity under dry condition in the models. 

The test was carried out for circulating capacity and the chi-square shows that there is no 

significant difference in the circulating capacity values. 

Since there is no significant difference between the values, then the capacity value under each 

condition will be used. 

Table 3.14 shows that both entry and circulating capacity reduces with an increase in rain intensity. 

To have a clear understanding, the plot of the Qe and Qc for dry and rainy conditions are shown in 

figures 3.20 to 3.22. 
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   Figure 3.20: Effect of light rain on entry and circulating capacity 

 

Figure 3.21: Effect of moderate rain on entry and circulating capacity 
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Figure 3.22: Effect of heavy rain on entry and circulating capacity 

Figure 3.20 to 3.22 shows that there is a negative differential shift in both entry and circulating 

capacity under light, moderate and heavy rain conditions respectively. 

 

Step 13: In this step, the effect of PCE value is investigated to see if there will be a need for 

modification of the PCE value. 

The Segium PCE model is adopted in this study using the headway method as: 

         [3.18] 

PCE estimation under light rain weather conditions at the entry is used as working example as 

follows: 

H = 
3600

𝑞
         [3.19] 

The capacity = 1744pce/h, this capacity is for two lanes, on the assumption that the two lanes have 

the same capacity, the capacity of a single lane = 872pce/h, then the headway (H) is calculated as: 

H= 
3600

872
 = 4.13s 

Estimate the spacing using the average speed of all the vehicles: 
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H=
S

U
      [3.20] 

Where: S = spacing (m), H = Headway (s), U = speed (m/s) 

Then, S =HU 

The spacing is estimated using the average speed of all vehicles as: 

S = 𝐻(
1

𝑁
∑ 𝑈)𝑁

𝑖=1                 [3.21] 

Since all vehicles are assumed to be performing as passenger cars when the PCE values were 

applied in estimation of capacity then: 

1

𝑁
∑ 𝑈𝑁

𝑖=1  = the average speed of all vehicles (m/s)  

The average speed for all entry vehicles (passenger cars) under light rain = 18.26km/h = 5.07m/s 

(from ATC data). 

Hence, spacing = 4.13 x 5.07 = 20.94m 

Next is to determine the spacing of individual vehicles using: 

Si = Spc + (
1

N
 ∑ LiN

i=1  -  
1

N
 ∑ LpcN

i=1 )                  [3.22] 

Where: 

Si = Spacing of class i vehicles (m) 

Spc = spacing of passenger cars (m) 

1

N
 ∑ LiN

i=1  = The average length of class i vehicles 

1

N
 ∑ LpcN

i=1  = The average length of passenger cars 

The length of a vehicle = WB + OF + OR 

Where: WB = wheel base; OF = front overhanging; OR = rear overhanging 
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Average wheel base of a passenger car = 2.63m (from ATC data).  

The front and rear overhanging of a passenger car are 1.03 and 1.53m respectively (SANRAL). 

The length of passenger car = 1.05 + 2.63 + 1.53 = 5.21m 

Average wheel base of medium vehicles = 4.21m (from ATC data) 

The front and rear overhanging of medium vehicles are 2.10 and 2.10m respectively (SANRAL). 

Length of medium vehicles = 2.1 + 4.21 + 2.1 = 8.41m 

Average wheel base of heavy vehicles = 8.89m (from ATC data) 

The front and rear overhanging of heavy vehicles are 0.9 and 0.6m respectively (SANRAL). 

Length of heavy vehicle = 0.9 + 8.89 + 0.6 = 10.39m 

The spacing for an individual vehicle is estimated using equation 3.22 as: 

Spacing for passenger cars  = 20.94 + (5.21-5.21) = 20.94m 

Spacing for medium vehicles  = 20.94 + (8.41 -5.21) = 24.14m 

Spacing for heavy vehicles  = 20.94 + (10.39 – 5.21) = 26.12m 

 

The headway for class i vehicles is estimated as: 

Hij = 
Si

Ui
 

Where: 

Hij is the headway of vehicle class i under condition j. 

Sij is the spacing of vehicle class i under condition j. 

Uij is the speed of vehicle class i under condition j. 



117 
 

Average speed for a passenger car = 18.79km/h = 5.22m/s (from ATC data). 

Average speed for a medium vehicle = 17.93km/h = 4.85m/s (from ATC data). 

Average speed for a heavy vehicle = 15.05.km/h = 4.18m/s (from ATC data). 

Headway for passenger cars = 20.94/5.22 = 4.01s 

Headway for medium vehicles = 24.14/4.85 = 4.98s 

Headway for heavy vehicles = 26.12/4.18 = 6.25s 

Then the PCE can be estimated under light rain using equation 3.18. 

PCE for a passenger car (PC)  = 4.01/4.01 = 1 

PCE for a medium vehicle (MV)  = 4.98/4.01 = 1.2 

PCE for a heavy vehicle (HV)   = 6.25/4.01 = 1.6 

The same procedure is used in estimation of PCE value for each vehicle category under moderate 

and heavy rain conditions within the entry and circulating traffic. The results summary is presented 

and compared to SANRAL PCE values in tables 3.15 and 3.16. 

  

Table 3.15: Modified entry and SANRAL PCE values 

Vehicle 

class 

Weather condition 

 

SANRAL 

LR MR HR 

PC 1.00 1.00 1.00 1.00 

MV 1.24 1.18 1.24 2.88 

HV 1.56 1.45 1.46 2.88 
       Note: PC is passenger car, MV is medium vehicle, HV is heavy vehicle,  

       LR is light rain, MR is moderate rain, HR is heavy rain. 
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Table 3.16:  Modified circulating and SANRAL PCE values 

Vehicle 

class 

Weather condition 

 

SANRAL 

LR MR HR 

PC 1.00 1.00 1.00 1.00 

MV 1.32 1.17 1.16 2.88 

HV 1.66 1.41 1.41 2.88 
        Note: PC is passenger car, MV is medium vehicle, HV is heavy vehicle,  

       LR is light rain, MR is moderate rain, HR is heavy rain. 

 

Table 3.15 and 3.16 shows that the modified PCE values for medium vehicle and heavy vehicles 

are less than the prescribed SANRAL PCE values under the light, moderate and heavy rain 

conditions. It must be noted that SANRAL pce values were estimated under daylight and dry 

weather conditions, consequently, it not surprising that the PCE values under rainy conditions are 

different.  

 

Step 14: Test for significant difference between modified and SANRAL PCE values. To test this, 

two hypotheses are made between the modified PCE and SANRAL PCE values. 

The hypotheses for MV are: 

(v) Null hypothesis (H1):  The values of the PCE are the same. 

(vi) Alternate hypothesis (H2):  The PCE values are not the same. 

 

The test is carried out with a chi-square using the chi-square equation in 3.23. 

X2 = 
(o−e)2

e
          [3.23] 

Where: 

X2 = chi-square, o = observed value, e is the expected value 

The test is carried out at a 95% level of confidence, where X2 < 3.84 means there is no significant 

difference between the two variables. 
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The sample calculation using modified and SANRAL entry medium vehicle PCE values under 

light rain conditions is:  

O = 1.18, e1 = 2.88 (these values are from table 3.15). 

For modified and SANRAL PCE values: 

X2 = 
(1.18−2.88)2

2.88
 = 1.00 < 3.84 

 

The null hypothesis (H1) is accepted and the alternate hypothesis (H2) is rejected, these show there 

is no significant difference between the modified entry MV PCE and SANRAL PCE values. The 

test was carried out for modified entry and circulating medium and heavy vehicles’ PCE values in 

dry and rainy conditions. All showed that there is no statistical difference between the modified 

and SANRAL PCE values at a 5 level of significance. Since there is no significant difference, it 

implies that any of the PCE values could be adopted in the study. Therefore the SANRAL PCE 

value will be adopted in this study. 

Step 15:  The estimation of the degree of saturation (x) and the reserved capacity (QR) are 

estimated in this step using equation 3.24 and 3.25. 

x = 
𝑞𝑒

𝑄𝑒
           [3.24] 

QR = 
  𝑄𝑒− 𝑞𝑒

𝑄𝑒
          [3.25] 

The degree of saturation under dry and light rain conditions: 

The maximum entry flow rate (qe) under dry conditions = 1087 pce/h 

The maximum entry flow rate (qe) under light rain conditions = 1183 pce/h 

Entry capacity (Qe) under dry weather = 1846 pce/h 

Entry capacity (Qe) under light rain = 1744 pce/h 

Substitute for qe and Qe in equation 3.24 and 3.25, Then x under dry weather = 0.58, QR = 0.42 

The x under light rain = 0.69, QR = 0.31 
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The same procedure is used in estimating the degree of saturation and reserved capacity under 

moderate and heavy rainy conditions. The summary of the results is presented in table 3.17. 

 

Table 3.17 Summary of the degree of saturation and reserved capacity for site PSTS005 

Weather 

condition 

x Δx 

 

QR ΔQR 

 Rain Dry Rain Dry 

Light  0.68 0.58 0.10 0.31 0.42 0.11 

Moderate  0.72 0.57 0.15 0.28 0.43 0.15 

heavy  0.71 0.59 0.12 0.63 0.41 0.22 

Note: x is the degree of saturation, QR is the reserved capacity. 

 

Table 3.17 shows that degree of saturation increases, and the reserved capacity reduces 

irrespective of the rain intensity. 

Step16: The delay is estimated as explained in step 7. 

d =  
3600

k(F−fcqc−D)
+ 900T [(𝑥 − 1) + √(x − 1)2 +  

(
3600

k(F−fcqc−D)
)𝑥

450T

   

]+ 5   [3.26] 

As an example, for the light rain condition, 

Entry capacity = 1744 pce/h (from table 3.14) = 872 pce/h/lane, x= 0.68, T = 0.25hr. Substitute 

these into equation 3.26, 

d =  
3600

872
+ 900(0.25) [(0.68 − 1) + √(0.68 − 1)2 + 

(
3600

872
)0.68

450(0.25)

   

]+ 5 = 17.42s 

The queue length is estimated as: 

L = 
d∗qe

3600
          [3.27]
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Substituting for a delay of 17.42s, the entry flow rate at the degree of saturation of 0.68 = 872 x 

0.68 = 593pce/h/lane in equation 3.27. 

 L = 
17.42∗593

3600
  = 2.9 ≈ 3veh 

The same procedure is used in the estimation of delay and queue length for dry, moderate and 

heavy rain weather conditions, the result shows that delay increases with an increase in rain 

intensity as the delay increases by 3.28s, 6.07s and 6.77s under light, moderate, and heavy rain 

respectively, while the queue length increases from two to three irrespective of the rain intensity. 

The summary is in table 3.18. 

 

Table 3.18: Summary of delay and queue length site PST005 

Weather condition 

d (s) 

∆dy (s) 

L (veh) ∆L(veh) 

Dry Rain Dry Rain 

Light rain 14.14 17.42 3.28 2 3 1 

Moderate rain 13.71 19.78 6.07 2 3 1 

Heavy rain 14.76  21.53 6.77 2 3 1 

 Note: d is the delay and L is the queue length. 

 

Step 17: The functional quality of service is determined in this step. There is no need to estimate 

all the parameters for the assessment of functional quality of service. Once the degree of saturation, 

reserved capacity or the delay is estimated, other parameters can be read from the FQS criterial 

table by interpolation. For the pilot study, the delay will be used for the assessment of the 

functional quality of service with the developed FQS criterial table 3.12 for this site. The 

assessment of the functional quality of service under dry and rainy conditions are presented in 

table 3.19.  
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Table 3.19: Summary of functional quality of service for site PST005 

Weather Condition Delay (s) FQS 

Dry 14.14 B 

Light rain 

Moderate rain 

Heavy rain 

17.42 

19.78 

21.53 

C 

C 

C 

Note: FQS is functional quality of service 

 

 

Table 3.19 shows that light, moderate and heavy rain changes the service delivery from FQS B to 

FQS C. This shows that irrespective of rain intensity, rainfall influences the roundabout functional 

quality of service. 

 

Step 18: The follow-up time is estimated to determine rainfall implications on time headway with 

the use of equation 3.28. 

tf =
3600

F
          [3.28] 

Where: 

tf = follow-up time. 

F =entry capacity (pce/h) 

This is like the follow-up time using the HCM (2010) as 

As an example, when the entry capacity = 1846pce/h = 923pce/h/lane 

At capacity, 𝑡𝑓 =
3600

923
= 3.90𝑠  

The follow-up time headway is estimated at 0.1 to 0.9 degree of saturation to eliminate the effect 

of peak period on the follow-up time. 
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At 0.9 degree of saturation, the entry traffic flow rate = 0.9 x 923 = 831pce/h 

𝑡𝑓 =
3600

831
= 4.33𝑠  

The same procedure is used in estimating the follow-up time at 0.1 to 1.0 degree of saturation 

under dry and rainy conditions.  

 

The result shows that light rain causes an increase in the follow-up time, for example when the 

degree of saturation is 0.5 the follow-up time increases from 7.8s to 8.26s with an increase of 

0.46s, at the degree of saturation of 0.9, it increases from 4.33s to 4.59s with an increase of 0.26s, 

and at capacity it increases from 3.90s to 4.13s with an increase of 0.23s. This shows that the effect 

of rainfall decreases as the entry flow rate increases. The estimated follow-up result summary is 

presented in tables 3.20 to 3.22. To determine the pattern of the effects of rainfall, the plotting of 

follow-up time against degree of saturation is presented in figure 3.23.  

 

Table 3.20: Summary of follow-up headway under dry and light rain 

x 
tf (s) 

Dry Light rain 

0.1 39.00 41.28 

0.2 19.50 20.64 

0.3 13.00 13.76 

0.4 9.75 10.32 

0.5 7.80 8.26 

0.6 6.50 6.88 

0.7 5.57 5.90 

0.8 4.88 5.16 

0.9 4.33 4.59 

1.0 3.90 4.13 

Note: x is the degree of saturation and tf is follow-up time. 
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   Figure 3.23: Follow-up headway under dry and light rain conditions 

 

Figure 3.23 shows that at free flow rate there is a noticeable effect of light rain, but as the degree 

of saturation increases the light rain effect reduces, and at capacity the effect is almost nullified 

by the traffic effect. 

 

The follow-up time under dry and moderate rain shows that as the degree of saturation increases, 

the follow-up time decreases under dry and moderate rain conditions, the moderate rain has an 

increasing effect on the follow-up time, for example when the degree of saturation is 0.5, the 

follow-up time increases from 7.68s to 8.76s with an increase of 1.08s, at 0.9 degree of saturation 

it increases from 4.22s to 4.87s with an increase of 0.65s, and at entry capacity with a degree of 

saturation of 1.0, it increases from 3.80s to 4.38s with an increase of 0.58s. This shows that a 

moderate rain effect reduces as the degree of saturation increases.  The summary of the follow-up 

time under dry and moderate rain is presented in table 3.21. The pattern of the moderate rain effect 

is shown in figure 3.24.  
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Table 3.21: Summary of follow-up headway under dry and moderate rain 

x 

tf (s) 

Dry 

Moderate 

rain 

0.1 37.99 43.80 

0.2 19.00 21.90 

0.3 12.66 14.60 

0.4 9.50 10.95 

0.5 7.60 8.76 

0.6 6.33 7.30 

0.7 5.43 6.26 

0.8 4.75 5.47 

0.9 4.22 4.87 

1.0 3.80 4.38 

Note: x is the degree of saturation and tf is follow-up time. 

 

Figure 3.24: Follow-up headway under dry and moderate rain conditions 
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Figure 3.24 shows that as the flow rate increases towards the capacity with the degree of saturation 

of 1.0, the effect of the moderate rainfall decreases. At capacity, the moderate rain effect is 

minimal which shows that the traffic at capacity has more control on the follow-up time. 

 

The follow-up time under dry and heavy rain shows that the heavy rain effect on follow-up time 

follows the same pattern as with the light and moderate rain effect on follow-up time, as the follow-

up time increases from 8.15s to 10.18s with an increase of 2.03s at a 0.5 degree of saturation, 4.53s 

to 5.66s with an increase of 1.13s at a 0.9 degree of saturation, and 4.07s to 5.09s with an increase 

of 1.02s at capacity. The effect of heavy rain reduces as the degree of saturation increases. The 

summary of the follow-up time under dry and heavy rain condition at varying degree of saturation 

is presented in Table 3.22.  The trend of a heavy rain effect is shown in the plotting of follow-up 

time against the degree of saturation in figure 3.25. 

 

 

Table 3.22: Summary of follow-up headway under dry and heavy rain 

x 

tf (s) 

Dry 

Heavy          

rain 

0.1 40.75 50.92 

0.2 20.37 25.46 

0.3 13.58 16.97 

0.4 10.19 12.73 

0.5 8.15 10.18 

0.6 6.79 8.46 

0.7 5.82 7.27 

0.8 5.09 6.36 

0.9 4.53 5.66 

1.0 4.07 5.09 

Note: x is the degree of saturation and tf is follow-up time. 
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Figure 3.25: Follow-up headway under dry and heavy rain conditions. 

Figure 3.25 shows that the heavy rain effect on follow-up decreases with the increases in degree 

of saturation, and the effect is at a minimum at capacity.  

Step 19: The critical gap is estimated to determine rainfall implications. The critical gap is 

estimated using the empirical method in this step. 

The circulating headway is estimated using equation 3.29. 

Hc =
3600

Qc
           [3.29] 

Where: 

Hc = circulating headway 

Qc = circulating capacity 

As an example, under light rain when Qc = 1894 pce/h, then Qc = 947 pce/h/lane. 

 Hc =
3600

947
= 3.80𝑠 

Critical gap can be estimated using equation 3.30. 

Gap = Hc − travel time to cover vehicle length              [3.30] 

Travel time to cover vehicle length is estimated with equation 3.31.  
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T =  
1

𝑁
 ∑ 𝑑𝑖

𝑁
𝑖=1  

1

𝑁
 ∑ 𝑢𝑖

𝑁
𝑖=1  

                  [3.31] 

Where:  

T = Time taken to drive through the length of the vehicle (s) 

1

𝑁
 ∑ 𝑑𝑁

𝑖=1  = Average length of all the vehicles under weather condition I (m) 

1

𝑁
 ∑ 𝑢𝑖

𝑁
𝑖=1  = Average speed of all vehicles under weather condition I (m/s) 

 

The circulating vehicles’ length are estimated using the procedure in step 12 as: 

Passenger cars   = 5.21m (from ATC data) 

Medium vehicles  = 8.3m (from ATC data) 

Heavy vehicles   = 10.4m (from ATC data) 

The average length of all the vehicles are estimated based on the traffic vehicle composition. 

The vehicle composition from the data collected are: 

Passenger cars   - 96.04% 

Medium vehicles  -  2.13% 

Heavy vehicles   -  1.31% 

Motorcycles   –  0.52% 

 

The average length of the vehicles is estimated as the average of the sum of products of vehicles’ 

length and composition proportion. (Motorcycle is not considered in this study). 

The average length =   
(5.21 x 0.9604) + (8.3 x 0.0213) + (10.4 x 0.0131)

0.9604 + 0.0213 + 0.0131
 = 5.3m 

 

The average speed of all the vehicles is 25.38km/h = 7.05m/s (from ATC data) 

Then, T = 
5.3

7.05
= 0.75s 
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The critical gap is estimated using equation 3.32. 

tc =  Hc −  T          [3.32] 

Substituting for Hc and T in equation 3.32, 

tc = 3.80 – 0.75 = 3.05s  

 

Using the HCM method, 

Where:  

𝑄𝑒=𝐴𝑒(−𝐵𝑞𝑐 )  = 1130e-0.0007qc 

A = 
3600

𝑡𝑓
, then  𝑡𝑓 =  

3600

1130
  3.19s 

Then B = 
𝑡𝑐−0.5𝑡𝑓

3600
 = 0.0007, If tf is substituted then tc = 4.11s 

 

This shows that the HCM overestimates the critical gap as the empirical method yields 3.05s < 

HCM value of 4.11s (It was stated in the literature review that the critical gap varies from place to 

place). 

 

This procedure is used in estimating the critical gap at a circulating degree of saturation of 0.1 to 

1.0 under dry and rainy conditions.  

 

The result of critical gap under dry and light rain shows that the critical gap reduces as the 

circulating flow rate increases under dry and light rain conditions. The light rain causes an increase 

in the critical gap, for example when the degree of saturation is 0.5, the critical gap increases from 

6.8s to 7.00s causing an increase of 0.22s. At 0.9 degree of saturation, the critical gap increases 

from 3.59s to 3.62s causing an increase of 0.03s. When the roundabout is operating at capacity, 

the degree of saturation is 1.0, the critical gap increases from 3.19s to 3.20s with an increase of 

0.01s, which is insignificant. The summary of the estimated critical gap is presented in table 3.23. 
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Table 3.23: Summary of the critical gap under dry and light rain 

x 
tc (s) 

Dry Light rain 

0.1 35.51 37.41 

0.2 17.56 18.64 

0.3 11.57 12.07 

0.4 8.58 8.90 

0.5 6.78 7.00 

0.6 5.59 5.73 

0.7 4.73 4.83 

0.8 4.09 4.15 

0.9 3.59 3.62 

1.0 3.19 3.20 

Note: x is the degree of saturation and tc is the critical gap. 

The result of critical gap under dry and moderate rain shows that the effect of moderate 

rain reduces as the circulating flow rate increases, for example when the degree of 

saturation is 0.5, the critical gap increases from 6.95s and 7.75s with an increase of 0.80s, 

when the degree of saturation is 0.9, the critical gap increases from 3.68s to 3.98s causing 

an increase of 0.30s, and at capacity, when the degree of saturation is 1.0, it increases from 

3.27s to 3.51s causing an increase of 0.24s. The summary of the estimated critical gap 

under dry and moderate rain at varying degree of saturation is presented in table 3.24. 
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Table 3.24: Summary of the critical gap under dry and moderate rain 

x 
tc (s) 

Dry Moderate rain 

0.1 36.33 41.63 

0.2 17.97 20.45 

0.3 11.84 13.40 

0.4 8.78 9.87 

0.5 6.95 7.75 

0.6 5.72 6.34 

0.7 4.85 5.33 

0.8 4.19 4.57 

0.9 3.68 3.98 

1.0 3.27 3.51 

Note: x is the degree of saturation and tc is the critical gap. 

 

The result of critical gap under dry and heavy rain shows that under heavy rain, at a degree of 

saturation of 0.5, the critical gap increases from 6.57s to 7.74s with an increase of 1.17s. At a 0.9 

degree of saturation, it increases from 3.49s to 3.86s with an increase of 0.30s, and at capacity the 

degree of saturation is 1.0, and the gap increases from 3.09s to 3.38s causing an increase of 0.29s. 

The results show that the critical gap increases with the increase in rain intensity and the effect of 

rainfall diminishes as the degree of saturation increases. The summary of the estimated critical 

gap under dry and heavy rain at varying degree of saturation is presented in table 3.25. 
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Table 3.25: Summary of the critical gap under dry and heavy rain 

x 
tc (s) 

Dry Heavy rain 

0.1 34.47 42.58 

0.2 17.03 20.88 

0.3 11.22 13.51 

0.4 8.32 9.91 

0.5 6.57 7.74 

0.6 5.41 6.28 

0.7 4.58 5.25 

0.8 3.96 4.47 

0.9 3.49 3.86 

1.0 3.09 3.38 

Note: x is the degree of saturation and tc is the critical gap. 

 

 The pattern of the rainfall effect is presented by plotting the critical gap against the degree of 

saturation under dry and rainy weather conditions as shown in figures 3.26 to 3.28. It is shown 

that when the roundabout circulating traffic is operating at capacity, the effect of light, moderate 

and heavy rain is reduced, and the optimum traffic controls the critical gap. The trend of effect or 

rainfall on critical gap follows same pattern under light, moderate and heavy rain.  
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Figure 3.26: Critical gap and degree of saturation under dry and light rain 

 

 

Figure 3.27: Critical gap and degree of saturation under dry and moderate rain 
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Figure 3.28: Critical gap and degree of saturation under dry and heavy rain 

 

3.8 SUMMARY 

 

In this chapter the data required for this study and the methods of collecting and analysing them 

were presented.  This chapter has explained how study sites were selected, how empirical data 

collections were carried out and later how they were analysed. In terms of data collection, it has 

described the sample size of the data, the survey team and equipment, the traffic survey and the 

rainfall survey in order to accomplish the objectives of this study. It presented a typical survey site 

layout. Traffic data were collected using an automatic traffic counter that provided vehicle volume, 

vehicle type, and headway information. While rainfall data was obtained from the nearest rain 

gauge station, it was also supplemented by local survey data. The main survey involved four sites. 

In terms of data analysis, it has described the steps used to assess the quality of service delivery at 

roundabouts. This chapter has also discussed the pilot test that was carried out to test the data 

collection tools and procedures. Sample data from the pilot test were assessed based on traffic 

flow rate performance at the selected roundabout. The validity of the capacity estimation method 

and analytical procedure were also tested. The impact of rainfall on passenger car equivalent 

values was also explored and found to be inconsequential. By the isolated nature of the data on 

which the preliminary investigations were based, the results described in this chapter are broadly 
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suggestive. Consequently, the data in this chapter begs several questions about the influence of 

rainfall on the quality of service at roundabouts. The questions include:  

 

 To what extent has rainfall affected the degree of saturation? 

 To what extent has rainfall affected the reserved capacity? 

 To what extent has rainfall affected delay and queue? 

 What is the relationship between rainfall and quality of service? 

 What is the effect of rainfall on time headway?  

 
In the next chapter, results from the samples surveyed at the four selected sites will be investigated 

and used in chapters 5 and 6 for multilane roundabouts’ quality of service assessment and their 

time headway implications.   
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CHAPTER 4 

 

SURVEY SITES EMPIRICAL RESULTS 

 

4.1 Overview 

 

The empirical data which includes the geometric, rainfall, traffic data and the data collection 

methods are described in chapter 3 of this thesis. This research is focused on how rainfall affects 

the roundabout service delivery. The data needed in achieving the aim of this study includes, rain, 

the entry and circulating traffic data. These data are presented in this chapter. The peak traffic data 

under dry daylight conditions is required for the development of a criterial table for the roundabout 

assessment, and off-peak traffic data under dry and rainy weather conditions are also required for 

the roundabout assessment.  

 

This chapter is organised as follows: The following section (4.2) describes the empirical data for 

the surveyed sites which includes the geometrical data, the rain data, and the empirical entry and 

the circulating traffic data. Data were collected at all the approaches of the roundabouts, but for 

the purpose of this study the approach with the highest traffic flow rate is considered. The chapter 

summary is presented in section 4.3.  

 

4.2 Empirical Data for Surveyed Sites 

 

Four roundabouts were surveyed in Durban city in the KwaZulu-Natal Province of South Africa. 

This study is focussed on how rainfall affects the roundabout service delivery. Based on this, the 

study was carried out during the rainy season in South Africa, which is in the months of August 

to March, as discussed in chapter 3 of this thesis. The traffic data was collected continuously from 

the months of August 2016 to March 2017. However, December to March is the summer period 

with a high rain intensity. All the surveyed roundabouts are standard double lane roundabouts with 

asphaltic pavement on entry and circulating roadways. The geometry is within the South African 

roundabout geometry specifications in SANRAL,2011. They are well marked with adequate road 
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signs and the pavement is free of any defects. The summary of the geometric data of the surveyed 

roundabouts is shown in Table 4.1. The geometric data was compared to the design drawings for 

each roundabout from the eThekwini Municipality’s planning department and was also compared 

to the measurements from Google Maps. 
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Table 4.1 Summary of the geometric data of the surveyed roundabouts 

Roundabout 

features 
Site 01 Site 02 Site 03 Site 04 

Name of 

roundabout 
Armstrong  Millennium Douglas Gateway  

Class of 

roundabout 

Double lane 

roundabout 

Double 

lane 

roundabout 

Double 

lane 

roundabout 

Double 

lane 

roundabout 

Entry pavement 

surface type 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Circulating 

pavement 

surface type 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Asphaltic 

pavement 

Number of 

entry lanes 
 2  2  2  2 

Number of 

circulatory 

roadway lanes 

 2  2  2  2 

Entry width 

(m) 
8.5  7.90  8.20  8.40 

Entry angle (0) 50  45.00  45.00  50.00 

Entry radius 

(m) 
40  50.00  50.00  45.00 

Effective flare 

length (m) 
 16.00  18  15  13 

Inscribed circle 

diameter (m) 
 50.00   58.10  49.50  48.00 

Approach road 

half width (m) 
 7.30  6.80  6.90  6.80 

Circulating 

road width (m) 
 9.40  9.30  9.10  8.80 

Central Island 

shape 
 Circular   Circular   Circular   Circular 

Road signs and 

marking 
 OK  OK  OK  OK 

Distance from 

rain gauge 
0.95km  1.18km  0.82km  0.75km 
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Rainfall data was collected at the surveyed sites. Measurement of rainfall is usually carried out 

with rain gauges which can be either a manual rain gauge or the modern rain gauges which collect 

rain data automatically and transmit the data to the server or email at the defined time intervals 

through a global system for mobile telecommunication or general packet radio service. The 

resolution of the modern rain gauge can be from one to ten minutes, and high-resolution rainfall 

data is needed for traffic flow rate because it varies considerably with time. The rain gauge takes 

a measurement of the rain data at a certain point and it is assumed that the point of measurement 

is uniform over an area, which is the catchment area of the rain gauge. The standard rain gauge is 

made up of a 20cm diameter and 50cm length of cylindrical barrel into which a funnel is placed 

with a graduated 2cm in radius cylinder which empties into the barrel. If the 2cm cylinder overflow 

rates, the outer barrel will be able to catch the overflow rate water. The rain gauge is usually placed 

in an open place and where it is not under any form of cover. The rain gauge is usually placed 

above the ground level; this is to avoid errors in rain data collection, because if placed on the 

ground the water splash might enter the rain gauge thereby increasing the volume of water in the 

rain gauge more than the actual rain data. Figure 4.1 below shows a typical modern rain gauge 

station. 

 

 

Figure 4.1: Typical modern rain gauge station 

 

The rainfall data was collected from the website of the eThekwini Municipality. The municipality 

uses modern rain gauges to collect rain data. Standard rain gauges were also used to collect rainfall 

intensity manually, and the manually collected rain data was compared to the data collected from 

the eThekwini Municipality website to avoid error. 
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Traffic flow rate was collected automatically and continuously at entry and circulating roadways 

for six weeks under dry and rainy conditions, and it was also collected manually at intervals daily 

under dry weather conditions. The manually collected traffic data was compared to the ATC data 

of the same period. Data collected at each of the selected roundabouts will be considered in the 

subsequent subsections.  

 

4.2.1 Site 01: Armstrong Roundabout  

 

Armstrong roundabout description has been presented in section 3.5.1. The site set-up for data 

collection is as shown in Figure 4.2. 

 

 

Figure 4.2: Site 01 Armstrong Roundabout 

 

The Armstrong roundabout entry width is 8.5m, entry angle is 500, entry radius is 40m, effective 

flare length is 16m, the inscribed circle diameter is 50m, approach half width and the circulating 

road width are 7.30m and 9.40m respectively as presented in Table 4.1. The entry and circulating 

roadway are asphaltic concrete pavement and the roundabout is marked with appropriate road 

signs. The distance from the rain gauge is 0.95km.  
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4.2.1.1 Site 01: Armstrong Roundabout Rain Data 

 

The rain data was collected from the eThekwini Municipality rain gauge station. the rain data 

captured within the area of the Armstrong roundabout was used for this site. The manual rain 

gauge was used for the collection of rain data at this site. The collected rain data was compared to 

the rain data collected from the eThekwini Municipality rain gauge station. The closest rain gauge 

to site 01 is the Crawford rain gauge with the station ID Crawford (see appendix C) located at 

Crawford School along Crawford school – Armstrong Avenue – La Lucia road at 0.95km from 

the Armstrong roundabout. The rain data at this site was collected from 31 July 2016 to 15 

September 2016. There was rain during ten days within the surveyed period as shown in the daily 

rainfall precipitation chart in Figure 4.3. Rain precipitation was recorded in 5-minute intervals at 

this site. A typical example of five minutes’ rain precipitation at the Crawford rain gauge is shown 

in Figure 4.4. The collected rain precipitation was converted to intensity by dividing the value of 

rain precipitation with the rain duration. For example, rain precipitation of 0.2mm has an intensity 

of 2.40mm/h as shown below: 

Rain precipitation = 0.2mm: Rain period = 5 minutes = 0.0833hr 

The rain intensity = 
0.2

0.0833
 = 2.40mm/hr.  

 

 

Figure 4.3: Daily rain precipitation at the Crawford rain gauge. 
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Figure 4.4: Typical five minutes’ precipitation at the Crawford rain gauge station 

 

Note that, rainfall is classified into three categories; light rain (LR) with intensity (i) < 2.5mm/h. 

moderate rain (MR) with intensity > 2.5mm/h but ≤10mm/h, heavy rain (HR) with intensity > 

10mm/mm/h but ≤ 50mm/h.  

 

4.2.1.2  Site 01: Armstrong Roundabout Traffic Flow Rate Profile Data 

 

The entry flow rate pattern at this site fluctuates which shows that the entry flow rate is not a 

continuous flow rate because is dependent on the gap in the circulating flow rate to access the 

roundabout. The circulating flow rate is almost uniform which depicts that the circulating flow 

rate is continuous and is independent of the entry flow rate. In addition, the vehicles at entry reduce 

speed to access the roundabout. The rate of speed reduction depends on the existing queue and the 

type of vehicle at the entry roadway awaiting the safe gap in the circulating flow rate. The peak 

traffic flow rate occurs from Monday to Friday, which are the weekdays, while the low traffic flow 

rate occurs during Saturdays and Sundays (weekends) at both the entry and circulating roadways. 

The entry and circulating flow rate profile for the data collection period of 31 July to 15 September 

2016 is shown in Figures 4.5 and 4.6 respectively.    
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Figure 4.5 Entry traffic flow rate profile for site 01 

 

 

        Figure 4.6: Circulating traffic flow rate profile for site 01 

 

4.2.1.3  Site 01: Armstrong Roundabout Traffic Volume Data 

 

The macro traffic data observed at this site was divided into 12 intervals for both the entry and 

circulating roadways. The vehicles were classified into four main categories in accordance with 
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the South Africa National Road Agency Limited (SANRAL) geometric design guide, which were; 

the car and light vans, commercial vehicles, buses and coaches, and motorcycles. These are more 

simply grouped as passenger cars, for cars and light vans, medium vehicles for commercial 

vehicles, and heavy vehicles for buses and coaches, and motorcycles, for this study. 

 

The vehicular traffic data was collected continuously for six weeks under different traffic and 

weather conditions. This ensured that it covered both dry and rainy weather conditions. The entry 

and circulating peak period data under dry weather was collected to ascertain how the roundabout 

functions during peak periods, and for functional quality of service criterial table development. 

 

The total vehicle volume collected at this site was 805,159, of which 377,878 was collected at the 

circulating roadway, while the total vehicle volume of 427,287 was collected at the entry roadway 

for a period of six weeks continuously. The hourly peak entry and circulating traffic volume under 

dry weather condition is shown in Table 4.2. The hourly off-peak entry and circulating traffic flow 

rate under the dry and rainy weather is shown in Tables 4.3 and 4.4 respectively. The traffic 

composition at the peak period for site 01 is made up of 94.30 percent passenger cars, 2.93 per 

cent medium vehicles, 2.93 percent heavy vehicles and 0.65 percent motorcycles. The circulating 

traffic volume composition is 90.82 percent passenger cars, 4.97 percent medium vehicles, 3.19 

percent heavy vehicles and 1.02 percent motorcycles as presented in Table 4.6. The passenger cars 

constitute the highest vehicle volumes for both the entry and circulating traffic at the peak period, 

while motorcycles are the least. 

 

Table 4.2: Site 01 hourly peak traffic flow rate under dry weather 

Flow rate 

(pce/h) 

Period 

1 2 3 4 5 6 7 8 9 10 11 12 

Circulating  828 607 852 1054 1070 787 797 864 1049 1202 607 979 

Entry flow 

rate  
1106 1534 1190 967 967 1018 1282 1258 1150 914 1430 967 
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Table 4.3: Hourly off-peak entry traffic flow rate at site 01 (off-peak) 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 499 1006 924 1052 

2 1044 912 912 768 

3 1006 1265 924 626 

4 1018 1123 1020 789 

5 1255 1325 1054 709 

6 972 972 1128 792 

7 972 982 1161 1063 

8 926 912 1162 796 

9 936 1017 972 811 

10 794 1157 962 663 

11 1017 1114 1017 787 

12 948 1039 1032 818 

 

Table 4.4: Hourly off-peak circulating traffic flow rate at site 01 (off-peak) 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 1459 1039 861 777 

2 1063 1109 871 1094 

3 1137 744 876 1317 

4 1128 938 777 1130 

5 905 670 765 1154 

6 1164 1015 672 1041 

7 1255 1113 624 778 

8 1212 1094 643 1001 

9 1341 998 850 1106 

10 1334 864 744 1164 

11 1123 984 818 999 

12 1190 996 717 934 

 

T test is used to determine the difference in the entry flow rate under dry and rainy conditions. 

Comparing the entry flow rate under dry and light rain conditions. Two hypotheses are set, the 

hypotheses are: 
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i  Null hypothesis (H1): The entry flow rate values are the same under dry and 

rainy        Conditions. 

 

ii Alternate hypothesis (H2): The entry capacity values are not the same

      under dry and rainy conditions. 

 

Hypothesis i holds when the t-test is less than t-critical, otherwise hypothesis ii holds. 

 

The result of the t-test is presented in Table 4.5 

 

              Table 4.5: Summary of t-test result 

  
Entry flow 
rate Dry light rain 

Mean 948.916667 1068.66667 

Variance 31234.2652 17316.7879 

Observations 12 12 
Hypothesized 
Mean 
Difference 0  
df 20  
t Stat -1.882638  
P(T<=t) one-
tail 0.03718974  
t Critical one-
tail 1.72471824  
P(T<=t) two-
tail 0.07437948  
t Critical two-
tail 2.08596345   

 

t-two tail test statistics is used, the t stat is 1.88 which is less than t critical of 2.10, hence, the null 

hypothesis is accepted, and alternate hypothesis is rejected. There is no significant difference 

between the entry flow rate under dry and light rain weather conditions. This test is used for 

determining the difference in dry, light, moderate and heavy rain entry and circulating flow rate. 

It was discovered that there is no significant difference between the traffic flow rate under dry and 

rainy conditions irrespective of the rain intensity. 
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The off-peak traffic composition at the entry under dry and rainy conditions shows that the 

passenger cars increase from 92.14 percent (dry) to 93.44 percent in light rain (LR), and 95.35 

percent in moderate rain (MR) but reduces to 91.57 percent in heavy rain (HR); and the medium 

vehicle reduces from 4.05 percent (dry) to 3.48 percent (LR), 3.07 percent (MR) and increases to 

5.57 percent (HR); and the heavy vehicles reduce from 2.20 percent (dry) to 2.36 percent (LR), 

1.48 percent (MR) and increases to 2.86 percent (HR) as shown in Table 4.7.  

 

At the circulating roadway, the passenger cars increase from 93.36 percent (dry) to 92.76 percent 

(LR) and increases to 93.24 percent (MR) and 96.09 percent (HR); the medium vehicles increase 

from 3.42 percent (dry) to 3.56 percent (LR), 4.32 percent (MR) and reduces to 2.47 percent (HR). 

The heavy vehicles increase from 2.13 percent (dry) to 2.87 percent (LR), and reduces to 1.87 

percent (MR), and 1.44 percent (HR) as presented in Table 4.8. Despite the changes in weather 

conditions, passenger cars are the dominant entry and circulating vehicles at both peak and off-

peak periods in dry and rainy conditions. The dry traffic flow rate was taken as the control. 

 

Table 4.6: Peak traffic composition at site 01 

Type of vehicles 
Composition (%) 

Entry  Circulating 

Passenger cars 94.3  90.82 

Medium vehicles  2.93  4.97 

Heavy vehicles  2.12  3.19 

Motorcycles 0.65 1.02 
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Table 4.7: Off-peak entry traffic composition at site 01 

Type of vehicles Composition under weather conditions (%) 

  Dry Light rain Moderate rain Heavy rain 

Passenger cars  92.14  93.44  95.35 91.57 

Medium vehicles  4.05  3.48 3.06 5.57 

Heavy vehicles  2.20  2.36  1.48 2.86 

Motorcycles 1.62 0.72 0.11 0.00 

 

 

Table 4.8: Off-peak circulating traffic composition at site 01 

Type of vehicles Composition under weather conditions (%) 

  Dry Light rain Moderate rain Heavy rain 

Passenger cars  93.36  92.76 93.24 96.04 

Medium vehicles 3.42 3.56  4.32 2.47 

Heavy vehicles  2.13  2.87  1.87 1.44 

Motorcycles 0.46 0.80 0.58 0.00 

 

4.2.2: Site 02: Millennium Roundabout   

 

The Millennium roundabout features have been described in section 3.5.2. The site set up for data 

collection is shown in Figure 4.7.  
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Figure 4.7. Site 02 Millennium Roundabout 

 

The geometry of the roundabout is: entry width is 7.9m, the entry angle is 450, entry radius is 50m, 

effective flare length is 18m, the inscribed circle diameter is 58.10m, approach half width and the 

circulating road width are 6.80m and 9.30m respectively as presented in Table 4.1.  

 

4.2.2.1 Site 02: Millennium Roundabout Rain Data 

 

The rain gauge that covered site 02 is a rain gauge with the station ID Umhnth (see appendix C) 

located along Umhlanga North Reservoir – Umhlanga Rocks Drive which is 1.18km away from 

site 02. The daily rain precipitation was collected from 15 September 2016 to 8 November 2016. 

The total occurrence of rainy days at this site was 42 days as shown in Figure 4.8. There was light, 

moderate, and heavy rainfall at this location at the time of the survey. The typical five minutes’ 

daily rain precipitation is shown in Figure 4.9.  
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Figure 4.8: The daily rain precipitation at Umhnth rain gauge station  

 

 

Figure 4.9: Typical five minutes’ rain precipitation at Umhnth rain gauge station 
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4.2.2.2 Site 02: Millennium Roundabout Traffic Flow rate Profile Data 

 

The traffic data was collected simultaneously at the entry and circulating roadways from 15 

September 2016 to 08 November 2016. The peak flow rate occurs during the weekdays and the 

flow rate during the weekends are low with the lowest occurring on Sunday at both the entry and 

circulating roadways. There is almost a uniform flow rate at the entry which depicts a 

noncontinuous flow rate because the entry vehicles obey the give way rule of the roundabout 

whereby the entry vehicle has to reduce speed and at times stop at the yield line to look for a safe 

gap within the circulating flow rate before entering the roundabout (see Figure 4.10). The 

circulating flow rate is more uniform because circulating vehicles have a continuous flow rate and 

are independent of the entry traffic flow rate (see Figure 4.11). As at the time of collecting the data 

at entry, the ATC was not set up for data collection for the period from 23 to 30 September 2016 

after downloading on 22 September 2016. An additional one week’s traffic data was collected at 

both the entry and circulating roadways from 01 to 08 November 2016 to make up the lost period 

in the data collection. 

 

 

Figure 4.10: Entry traffic flow rate profile for site 02 
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Figure 4.11: Circulating traffic flow rate profile for site 02 

 

4.2.2.3  Site 02: Millennium Roundabout Traffic Volume Data 

 

The total entry and circulating vehicle data collected at site 02 for the period 15 September 2016 

to 8 November 2016 was 821,264, of which the circulating vehicles were 315,870 and entry 

vehicles were 505,394. This data was collected continuously under different weather and traffic 

conditions for six weeks. 

The morning hourly peak period is generally between 08:00 to 09:00 when people are going to 

work in the morning while the afternoon peak period generally occurs during 13:00 to 14:00, 

which is the general break time in Durban when most people leave their duty post for lunch and 

other activities. The hourly peak circulating, and entry traffic flow rate is shown in Table 4.8 and 

the hourly off-peak entry and circulating traffic flow rate under dry and rainy conditions is shown 

in Tables 4.10 and 4.11 respectively.   

 

Table 4.8 Hourly peak traffic flow rate under dry weather at site 02 

 

Flow rate 

(pce/h) 

Period 

1 2 3 4 5 6 7 8 9 10 11 12 

Circulating  697 655 731 330 353 493 545 561 538 386 413 521 

Entry  1271 1159 1123 1588 1596 1434 1310 1462 1327 1478 1663 1344 
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Table 4.10:  Hourly off-peak entry traffic flow rate at site 02 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 1400 1381 1224 1152 

2 1350 1349 1296 737 

3 1421 1397 1058 1164 

4 1365 1351 1032 1068 

5 1333 1333 1378 998 

6 1305 1305 1224 950 

7 1320 1321 1200 1020 

8 1350 1349 1248 1188 

9 1384 1393 1176 1188 

10 1301 1320 1224 1116 

11 1333 1323 1308 1104 

12 1327 1350 1246 1116 

 

Table 4.11: Hourly off-peak circulating traffic flow rate at site 02  

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 565 568 571 360 

2 606 600 475 734 

3 560 557 658 430 

4 580 580 715 569 

5 615 620 418 588 

6 646 636 547 667 

7 620 600 562 63 

8 579 601 370 427 

9 564 564 598 406 

10 626 621 492 456 

11 635 626 480 523 

12 605 602 516 502 
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The entry and circulating traffic consist of heterogeneous traffic. The peak traffic at the entry 

consists of 93.86 percent passenger cars, 3.54 percent medium vehicles, 2.05 percent heavy 

vehicles, and 0.55 percent motorcycles, while the circulating peak traffic consists of 78.70 percent 

passenger cars, 10.91 percent medium vehicles, 9.09 percent heavy vehicles and 1.30 percent 

motorcycles as presented in Table 4.12.  The off-peak entry vehicle composition shows that the 

passenger cars increase with light and moderate rain but reduce in heavy rain. Medium vehicles 

and motorcycles reduce with the increase in rain intensity while the heavy vehicles increase with 

an increase in rain intensity as presented in Table 4.13. At the circulating roadway, passenger cars 

constitute the dominant circulating vehicles, with passenger cars and motorcycles reducing as the 

rain intensity increases but the medium and heavy vehicles increase with an increase in rain 

intensity as shown in Table 4.14. Despite the changes in the variation in vehicle composition, 

passenger cars constitute the dominant vehicle, and this suggests that it can affect the traffic 

behaviour under rainy condition. 

 

Table 4.12: Peak traffic composition at site 02 

Type of vehicles 
Composition (%) 

Entry Circulating 

Passenger cars 93.86 78.70 

Medium vehicles 3.54 10.91 

Heavy vehicles 2.05 9.09 

Motorcycles 0.55 1.30 

 

Table 4.13: Off-peak entry Traffic composition at the site 02 

 

 

 

 

 

 

 

Type of vehicles 

Composition under weather conditions (%) 

Dry Light rain Moderate rain Heavy rain 

Passenger cars 94.29 95.04 95.05 93.43 

Medium vehicles 3.14 2.24 2.12 2.09 

Heavy vehicles 1.93 2.30 2.39 4.28 

Motorcycles 0.64 0.40 0.44 0.20 
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Table 4.14: Circulating traffic composition at site 02 

 

 

 

 

 

 

 

 

4.2.3: Site 03: Douglas Roundabout 

 

Douglas roundabout features were described in section 3.5.3. The data collection set-up is shown 

in Figure 4.12.  

 

 

Figure 4.12: Site 02 Douglas Roundabout  

 

Type of vehicles Traffic Composition under weather conditions (%) 

 

Dry Light rain Moderate rain Heavy rain 

Passenger cars 90.58 86.09 88.86 87.44 

Medium vehicles 5.00 6.95 6.01 5.53 

Heavy vehicles 3.85 5.93 4.64 6.98 

Motorcycles 0.58 1.02 0.45 0.23 
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The geometry of the roundabout consists of the entry width of 8.2m, the entry angle is 450, entry 

radius is 50m, the effective flare length is 15m, the inscribed circle diameter is 49.50m, approach 

half width and the circulating road width are 6.90m and 9.10m respectively as presented in Table 

4.1. 

 

4.2.3.1: Site 03: Douglas Roundabout Rain Data 

 

The closest rain gauge to site 03 is the rain gauge with station ID Umhnth (see appendix C) at 

0.81km from the Douglas roundabout. The rain data was collected from 08 November 2016 to 07 

December 2016. There was a total of 24 days’ rainfall of varying precipitation within the survey 

period as shown in Figure 4.13. There was light, moderate, and heavy rainfall at this location at 

the time of the survey as shown in the typical five minutes’ daily rain precipitation in Figure 4.14.  

 

 

Figure 4.13: The daily rain precipitation at Umhnth rain gauge station  
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Figure 4.14: Typical five minutes’ rain precipitation at Umhnth rain gauge station 

 

4.2.3.2 Site 03: Douglas Roundabout Traffic Flow Rate Profile Data 

 

The entry and circulating traffic data at this site were collected from 08 November 2016 to 21 

December 2016. The peak traffic flow rate occurrence of entry and circulating traffic was on 

weekdays, which is Monday to Friday, while the low traffic flow rate occurs during the weekend, 

which is Saturday and Sunday, but the lowest occurred on Sunday. The entry flow rate pattern 

fluctuation shows that the flow rate at the entry roadway at site 03 was not continuous because of 

the give way rule of the roundabout operation, whereby entry vehicles yield to the circulating 

vehicles (see Figure 4.15). The circulating flow rate pattern is almost uniform, which depicts that 

the flow rate at the circulating roadway is a continuous flow rate and independent of entry traffic 

flow rate (see Figure 4.16).  

 



158 
 

 

Figure 4.15: Entry traffic flow rate profile for site 03 

 

 

Figure 4.16: Circulating traffic flow rate profile for site 03 

 

4.2.3.3  Site 03: Douglas Roundabout Traffic Volume Data 

 

The traffic volume is made up of different types of vehicles and the data was collected 

continuously for six weeks. The vehicles’ data were collected under dry and rainy conditions as 

well as peak and off-peak traffic conditions because of the continuous collection of data for six 

weeks (24 hours on each day). The total volume of vehicles collected at this site was 695,495, of 

which the entry vehicles were 261,412 and the circulating vehicles were 398,083. The data was 

collected continuously under varying weather and traffic condition for six weeks. 
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The hourly peak circulating flow rate (qc) and entry flow rate (qe) under dry weather condition are 

shown in Table 4.15. The off-peak entry and circulating traffic flow rate under dry and rainy 

conditions are presented in Tables 4.16 and 4.17 respectively. The rainy conditions were classified 

according to the World Meteorological Organisation’s. (WMO) rainfall classification into light 

rain with intensity (i) < 2.5mm/h, moderate rain (2.5< i ≤ 10mm/h) and heavy rain (10mm/h < i ≤ 

50mm/h). 

 

Table 4.15: Site 03 Hourly peak traffic flow rate under dry weather condition. 

 

 

      Table 4.16: Hourly off-peak entry traffic flow rate at site 03 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 1260 1248 1176 1056 

2 1200 1248 1248 684 

3 1284 1308 1008 1080 

4 1188 1308 972 1092 

5 1116 1176 1284 960 

6 1140 1164 1164 900 

7 1188 1308 1152 1008 

8 1140 1200 1176 1104 

9 1212 1224 1128 1092 

10 1224 1236 1188 1092 

11 1128 1224 1224 1128 

12 1152 1236 1140 1056 

 

Flow rate 

(pce/h) 

            

1 2 3 4 5 6 7 8 9 10 11 12 

Circulating  718 712 492 502 897 619 679 463 741 969 888 979 

Entry  1278 1289 1360 1362 984 1300 1310 1397 1278 912 936 888 
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  Table 4.17: Hourly off-peak circulating traffic flow rate at site 03 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 612 588 600 432 

2 600 576 480 684 

3 552 588 684 480 

4 624 648 696 576 

5 576 612 444 588 

6 648 660 600 636 

7 660 612 588 684 

8 576 624 420 408 

9 540 516 636 468 

10 624 624 564 528 

11 636 624 492 516 

12 600 612 564 528 

 

The passenger cars form the dominant entry and circulating flow rate irrespective of the peak or 

off-peak traffic and the weather conditions. The peak traffic composition under dry weather is 

shown in Table 4.18, the off-peak entry and circulating traffic composition is shown in Tables 

4.19 and 4.20.  

 

Table 4.18: Peak traffic composition at site 03 

Type of vehicles 
Composition (%) 

Entry Circulating 

Passenger cars 94.20 86.08 

Medium vehicles 2.21 7.10 

Heavy vehicles 2.08 5.97 

Motorcycles 0.91 0.85 
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Table 4.19: Entry traffic composition at the site 03 

 

 

 

 

 

 

 

 

 

Table 4.20: Circulating traffic composition at site 03 

 

 

 

 

 

 

 

 

4.2.4 Site 04: Gateway Roundabout  

 

Gateway roundabout was described in detail in section 3.5.4. The roundabout set up for traffic 

data collection is shown in Figure 4.17.  

 

Type of vehicles 

  

Composition under weather conditions (%) 

Dry 

Light 

rain 

Moderate 

rain 

Heavy 

rain 

Passenger cars 94.00 94.37 94.00 93.47 

Medium vehicles 3.32     2.28      2.67 2.78 

Heavy vehicles 2.22  2.46  3.05  3.75 

Motorcycles 0.46 0.35 0.29 0.00 

Type of vehicles 

  

Composition under weather conditions (%) 

Dry 

Light 

rain 

Moderate 

rain 

Heavy 

rain 

Passenger cars 87.55 87.43  86.84  86.24 

Medium vehicles  6.22  5.79 6.58  6.65 

Heavy vehicles 5.82  6.19  6.58  7.11 

Motorcycles 0.40 0.60 0.00 0.00 
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Figure 4.17: Site 02 Gateway Roundabout  

 

The geometry is made up of 8.4m entry width, 500 entry angle, 40m entry radius, 13m effective 

flare length, 48m inscribed circle diameter, approach half width and the circulating road width are 

6.80m and 8.80m respectively as presented in Table 4.23. 

 

4.2.3.1  Site 04: Gateway Roundabout Rain Data 

 

The rain station catchment that covers site 04 is the rain gauge with the station ID Umhnth (see 

appendix C) along Umhlanga North Reservoir – Umhlanga Rocks Drive. The rain gauge is 0.75km 

away from the surveyed roundabout. There were 16 rainy days at the surveyed period from 20 

December 2016 to 30 January 2017, as shown in the daily rain precipitation in Figure 4.18. There 

was light, moderate and heavy rainfall during the surveyed period. A typical five minutes’ rain 

precipitation amount is shown in Figure 4.19.  
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Figure 4.18: The daily amount of rain precipitation at Umhnth rain gauge station 

 

 

Figure 4.19: Typical five minutes’ rain precipitation at Umhnth rain gauge station 

 

4.2.3.2   Site 04: Gateway Roundabout Traffic Flow Rate Profile Data 

 

The entry and circulating traffic data were collected for six weeks from 20 December 2016 to 01 

February 2017. The peak entry and circulating traffic flow rate occur at weekdays, which are 

Monday to Friday while the low traffic flow rate occurs during the weekend, which is the Saturday 

and Sunday. 
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The flow rate behaviour at this site follows the same trend as the other surveyed sites as the entry 

flow rate fluctuates, which shows that it is dependent of the circulating flow rate and the circulating 

flow rate is more of a uniform flow rate than the entry flow rate. The entry and circulating flow 

rate profile is presented in Figures 4.20 and 4.21 respectively. 

 

 

          Figure 4.20: Entry traffic flow rate profile for site 04 

 

 

        Figure 4.21: Circulating traffic flow rate profile for site 04 
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4.2.3.3  Site 04: Gateway Roundabout Traffic Volume Data 

 

The total vehicle volume collected at the site 04 was 768,933. The entry vehicles were 247,802 

and circulating vehicles were 516,131. The hourly peak traffic entry and circulating flow rate 

under dry weather conditions are shown in Table 4.21. The off-peak entry and circulating traffic 

flow rate under dry and rainy conditions are shown in Table 4.22 and 4.23 respectively. The rainy 

conditions were classified into light rain, moderate rain, and heavy rain according to the World 

Meteorological Organisation’s rainfall classification. 

 

Table 4.21: Hourly peak traffic flow rate under dry weather condition at site 04 

 

 

Table 4.22: Hourly off-peak entry traffic flow rate at site 04 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 468 888 840 984 

2 984 852 804 672 

3 888 1188 840 552 

4 912 1020 900 744 

5 1104 1176 936 624 

6 888 864 1020 720 

7 876 864 1032 960 

8 876 816 1056 768 

9 840 864 900 720 

10 732 1044 876 636 

11 888 984 948 708 

12 864 960 936 744 

Flow rate 

(pce/h) 

Period 

1 2 3 4 5 6 7 8 9 10 11 12 

Circulating  1190 1128 1099 936 1056 986 802 958 835 1130 1255 1258 

Entry  734 910 897 1005 921 1029 1054 960 1006 746 569 650 
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Figure 4.23: Hourly off-peak circulating traffic flow rate at site 04 

Period 
Dry 

Light 

Rain 

Moderate 

Rain 

Heavy 

Rain 

pce/h pce/h pce/h pce/h 

1 1104 936 732 744 

2 828 1020 852 1008 

3 948 780 792 1140 

4 840 936 684 1068 

5 756 720 636 972 

6 912 900 588 948 

7 948 924 576 708 

8 936 984 600 984 

9 900 804 756 1092 

10 984 816 660 1032 

11 924 864 744 984 

12 852 984 708 900 

 

The entry and circulating traffic volume is made up of different types of vehicles under different 

weather and traffic conditions because the traffic data was collected continuously for six weeks. 

Irrespective of the period and weather conditions passenger cars form the dominant vehicles at 

entry and circulating traffic. The peak traffic composition is presented in Table 4.24, and off-peak 

entry and circulating traffic composition is presented in Tables 4.25 and 4.26 respectively.  

 

Table 4.24: Peak traffic composition at site 04 

Type of vehicles 
Composition (%) 

Entry Circulating 

Passenger cars 93.64 90.02 

Medium vehicles 2.82 5.87 

Heavy vehicles 2.92 3.91 

Motorcycles 0.60 0.20 
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Table 4.25: Entry off-peak Traffic composition at the site 04. 

 

 

    

Figure 4.26:  Circulating traffic composition at site 04 

 

 

 

 

 

 

 

4.3  Summary 

 

The empirical results from the four surveyed roundabouts have been presented in this chapter. The 

geometry of all the roundabouts fall within South Africa’s roundabout specifications and all the 

roundabouts are standard double lane roundabouts. 

 

The rain data was presented, and the number of rainy days varies from site to site. The rainfall 

intensity varied with time and location. The highest number of rainy days was recorded at site 02 

with 42 rainy days, and the lowest was recorded at 01 with 10 rainy days. The light, moderate and 

heavy rainfall were recorded at four surveyed sites. The rain was classified according to the rain 

Type of vehicles Composition under weather conditions (%) 

  Dry Light rain Moderate rain Heavy rain 

Passenger cars 91.10  92.20  92.53  90.48 

Medium vehicles 4.90  4.77  4.90 6.03 

Heavy vehicles  2.19 2.21  2.45  3.49 

Motorcycles 1.81 0.81 0.12 0.00 

Type of vehicles Composition under weather conditions (%) 

  Dry Light rain Moderate rain Heavy rain 

Passenger cars 91.96 91.50  89.15  93.00 

Medium vehicles  4.95 3.81 6.44  3.97 

Heavy vehicles 2.48  3.81  3.73  3.03 

Motorcycles 0.62 0.89 0.68 0.00 
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intensity as light rain (LR) with intensity (i) < 2.5mm/h, moderate rain (MR) with intensity > 

2.5mm/h but ≤10mm/h, heavy rain (HR) with intensity > 10mm/mm/h but ≤ 50mm/h. 

 

The entry and circulating traffic flow rate under the dry and rainy weather of different intensities 

were presented. The highest vehicle volume was recorded at Millennium roundabout with a 

volume of 315,870 circulating vehicles and 505,394 entry vehicles making a total of 821,264 

vehicles, and the lowest at Douglas roundabout with the volume of entry vehicles being 261,412 

and 398,083 circulating vehicles making a total of 695,495 vehicles.  

 

Passenger cars were the dominant vehicles at both the entry and circulating traffic at all the four 

surveyed sites. The average entry traffic composition was 93.34 percent passenger cars, 3.59 

percent medium vehicles, 2.60 percent heavy vehicles, and the average circulating traffic consisted 

of 90.13 percent passenger cars, 5.10 percent medium vehicles, and 4.28 percent heavy vehicles 

at off-peak periods. The average entry and circulating vehicles at peak periods were 94.00 percent 

passenger cars, 2.88 percent medium vehicles, 2.29 percent heavy vehicles at entry roadway. At 

the circulating roadway the average vehicle volume was 86.41 percent passenger cars, 7.19 percent 

medium vehicles and 5.54 percent heavy vehicle. The circulating vehicles had higher speeds than 

the entry vehicles at all the sites. This shows that the circulating vehicles have a continuous flow 

rate while the entry vehicles obey the yield rule. The data presented in this chapter are analysed in 

the next chapter.  
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CHAPTER 5 

 

FUNCTIONAL QUALITY OF SERVICE ASSESSMENT 

 

5.1  Overview 

 

In the previous chapter, empirical survey data were presented. The data were used in this chapter 

to determine the quality of service criterial table, delay and reserve capacity per site under dry and 

rainy weather conditions and is reported in this chapter. The ensuing criterial table was used to 

assess the prevailing multilane roundabout service delivery per site and further discussed. 

Roundabouts are designed to carry traffic loads; therefore, it is appropriate for road providers to 

check from time to time their prevailing reserve capacity. Road users, on the other hand, are more 

interested in prevailing delays and queues. Consequently, it can be argued that the quality of 

service encompasses road providers’ and users' perceptions of roundabout service delivery. Note 

that quality of service in this thesis has an added appellation, ‘functional’; hence a functional 

quality of service as opposed to a structural quality of service. In any case, the remainder of the 

chapter has been divided into five sections. In sections 5.2 to 5.5, the roundabout functional quality 

of service (FQS) is determined for site 01, 02, 03 and 04 respectively. FQS criterial table is 

developed for each site using the peak day-light traffic data, the dry and rainy off-peak traffic data 

is used to determine the operational performance at each roundabout using the users’ and 

providers’ perception of the roundabout’s operational measure. The reserved capacity and volume 

capacity ratio are used as the providers’ perception parameter, while delay and queue length are 

used for the users’ performance perception. The roundabout service delivery is assessed under dry 

and rainy conditions with the FQS criterial table for each site. In section 5.6, the summary of 

functional quality of service under dry and rainy weather conditions at all sites are compared and 

analysed. The chapter summary is in section 5.7. 
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Figure 5.1 Procedure for determining roundabout functional quality of service delivery

i. Estimate the dry daylight peak entry and circulating flow rate and off-peak dry, light, moderate and heavy rain entry and circulating traffic flow rate 

(daylight) with the microscopic data in chapter 4 using the SANRAL roundabout PCE of PC = 1.0, MV = 2.8, HV = 2.8.  

iv. Estimate the degree of saturation by 𝑥 =  
𝑞𝑒

𝑄𝑒
 

v. Estimate the reserve capacity by 𝑄𝑅  =  
 𝑄𝑒−𝑞𝑒

𝑄𝑒
  

                   

vi.  Estimate delay by: 

𝑑 =  
3600

𝑘(𝐹−𝑓𝑐𝑄𝑐)
+ 900𝑇 [(𝑥 − 1) + √(𝑥 − 1)2 +  

(
3600

𝑘(𝐹−𝑓𝑐𝑄𝑐)
)𝑥

450𝑇

   

]+ 5

  

vii. Estimate queue length by L = 
𝑑∗𝑞𝑒

3600
  

      

Develop a criterial table for the functional quality of service 

assessment 

ii. Use peak data. Determine the model relationship between entry and 

circulating flow rate as: 

qe = a – bqc  

Test the model equation statistically at 95% level of confidence 

Estimate and apply correction factor (K) to the model equation: 

 𝑘 = 1.151 − 0.00347𝜑 − (0.978
𝑟⁄ ). Then, qe = K(a – bqc). 

iii. Estimate the entry and circulating capacity. 

ii. Use off-peak data. Determine the model relationship between 

entry and circulating flow rate for dry and rainy conditions with 

application of a dummy variable as: 

qe = a – bqc -ϵ,  

Test the model equation statistically at 95% level of confidence 

Estimate and apply correction factor (K) to the model equation: 

 𝑘 = 1.151 − 0.00347𝜑 − (0.978
𝑟⁄ ). Then, qe = K(a – bqc -ϵ). 

iii. Estimate the entry and circulating capacity 

vi.  Estimate delay by: 

𝑑 =  
3600

𝑘(𝐹−𝑓𝑐𝑄𝑐)
+ 900𝑇 [(𝑥 − 1) + √(𝑥 − 1)2 +  

(
3600

𝑘(𝐹−𝑓𝑐𝑄𝑐)
)𝑥

450𝑇

   

]+ 5 

vii. Estimate queue length by L = 
𝑑∗𝑞𝑒

3600
  

iv. Estimate the volume capacity ratio by 𝑥 =  
𝑞𝑒

𝑄𝑒
,  

v. Estimate the reserve capacity by 𝑄𝑅  =  
𝑄𝑒−𝑞𝑒

𝑄𝑒
 

                    

Assess the functional quality of 

service 



171 
 

5.2 Roundabout Functional Quality of Service (FQS) Determination 

 

As shown above in figure 5.1, the procedure used to determine prevailing roundabout 

functional service delivery is made up of two stages. At stage one, the site criterial table is 

developed from peak traffic and geometric data during dry weather conditions. At stage two 

the prevailing roundabout operational performance is estimated. Note that stage two traffic 

data is based on off-peak traffic performance during dry, and rainy conditions. For ease of 

explanation, a stepwise analytical procedure is used for all sites. Only the analytical procedures 

for site 01 (Armstrong roundabout) are fully explained, in order to minimise repetitive 

explanations, the analysis for the remainder sites are summarised and discussed.  

 

5.2.1 Criterial table development for site 01 (Armstrong Roundabout)  

 

The procedure and the techniques adopted in the development of the functional quality of 

service assessment criterial table is presented in figure 5.1. The peak traffic data are used for 

the criterial table development. The functional quality of service has been shown to be 

multiparameter in chapter 2. These parameters represent the users’ and the roundabout 

providers’ perceptions. The reserved capacity and delay are the main parameters that represent 

the users’ and providers’ perceptions in the criterial table. The volume capacity ratio and queue 

length are also in the criterial table because they were used in the assessment table 

development and are also considered as the providers’ and users’ perceptions. The reserved 

capacity forms the uniqueness of the table because it has not been used for assessment of 

roundabouts before now. These parameters will be estimated using peak period data to develop 

the criterial table of FQS assessment. The criterial table of assessment will be developed for 

each site. The reason is because each site has its traffic and environmental conditions. To have 

a clear understanding of the influence of rainfall on each site the criterial table developed for 

each site will be used for the assessment at the sites.  

 

The stepwise procedure method is used for multilane roundabout functional quality of service 

(FQS) criterial table development for simplicity. Site 01 traffic is used to demonstrate the steps 

and the same procedure is used in the development of the criterial table for the remaining three 

sites.   
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Step 01: The five-minute peak vehicle volume collected at this site is converted to traffic flow 

rate with the use of SANRAL PCE values, which are: passenger cars (1.00), medium vehicles 

(2.80) and heavy vehicles (2.80) for the roundabout. The estimated PCE for each class of 

vehicles are added together to determine the flow rate per five minutes and further multiplied 

by 12 to convert to flow rate per hour.  

 

As an example, for the computation of traffic flow rate: 

The number of collected vehicles in five minutes are: 

Passenger cars = 81 veh. 

Medium vehicles = 2 veh. 

Heavy vehicles = 2 veh. 

 

Convert the heterogeneous traffic volume to homogeneous traffic flow rate by application of 

the SANRAL PCE value of 2.8 for medium and heavy vehicles. 

Passenger cars = 81 pce/5 min 

Medium vehicles = 2 x 2.8 = 5.6 pce/5min 

Heavy vehicles = 2 x 2.8 = 5.6 pce/5min 

Total traffic flow rate in five min = 81 + 5.6 + 5.6 = 92.2 pce/5 min 

Traffic flow rate per hour = 92.2 x 12 = 1106.4 ≈ 1106 pce/h 

 

The computed peak entry and circulating traffic flow rate under dry, light, moderate and heavy 

rain weather conditions for site 01 are presented in tables 5.1 to 5.2. 
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Table 5.1: Computed peak entry flow rate under dry daylight at site 01 

Col. 1 Col. 2 Col. 3 

Col. 4 

Col. 

2*2.8 

Col. 5  

Col.3*2.8 

Col. 6  

∑col. 

1,4,5 

Col. 7  

 Col. 

6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min 

Flow 

rate/h 

81 2 2 5.6 5.6 92.2 1106 

125 1 0 2.8 0 127.8 1534 

88 3 1 8.4 2.8 99.2 1190 

61 5 2 14 5.6 80.6 967 

68 3 3 8.4 8.4 84.8 1018 

90 4 2 11.2 5.6 106.8 1282 

102 1 0 2.8 0 104.8 1258 

79 5 1 14 2.8 95.8 1150 

65 3 1 8.4 2.8 76.2 914 

66 2 2 5.6 5.6 77.2 926 

108 1 3 2.8 8.4 119.2 1430 

61 4 3 11.2 8.4 80.6 967 
Note: Col = Column, 2.8 = South Africa PCE value, MV = Medium vehicle, HV= Heavy vehicle 

Table 5.2: Computed peak circulating flow rate under dry daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 

3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 

6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min 

Flow 

rate/h 

55 3 2 8.4 5.6 69 828 

31 3 4 8.4 11.2 50.6 607 

57 4 1 11.2 2.8 71 852 

85 1 0 2.8 0 87.8 1054 

78 2 2 5.6 5.6 89.2 1070 

46 4 3 11.2 8.4 65.6 787 

44 5 3 14 8.4 66.4 797 

58 4 1 11.2 2.8 72 864 

76 3 1 8.4 2.8 87.2 1046 

89 3 1 8.4 2.8 100.2 1202 

31 3 4 8.4 11.2 50.6 607 

62 4 3 11.2 8.4 81.6 979 
 Note: Col = Column, 2.8 = South Africa PCE value, MV = Medium vehicle, HV= Heavy vehicle 

 

Step 2: The entry and circulating flow rate are analysed with linear regression where the entry 

flow rate is taken as the dependent variable because it depends on the circulating flow rate to 
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enter the roundabout. The entry and circulating flow rate for the analysis is presented in table 

5.3. The peak entry – circulating flow rate relationship is shown in figure 5.2 and with the 

model equation. 

 

Table 5.3: Peak circulating and entry flow rate at site 01. 

Period 1 2 3 4 5 6 7 8 9 10 11 12 

qc 

(pce/h) 
828 607 852 1053 1070 787 796 864 1048 1202 607 979 

qe 

(pce/h) 
1106 1534 1190 967 967 1018 1282 1258 1150 914 1430 967 

 

 

Figure 5.2: Peak entry and circulating traffic empirical relationship for site 01 

 

𝑞𝑒 = 2066 − 1.034 𝑞𝑐        [5.1] 

 

The statistical testing was at a 95% level of confidence, the statistical testing shows that the 

coefficient of the determinant (R2) is 0.89 which is more than 0.5 which shows that the model 

equation is reliable, the t-test is more than 2.2 which shows that variables are significant, the 

F-test is more than 4.84 which shows that the model equation did not occur by chance, and the 

P-value is less than 0.05. The model equation could be used for prediction because it is 

statistically fit. The summary of the ANOVAL analysis output is presented in table 5.4.   

 

qe = -1.0338qc + 2066.4
R² = 0.8931
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Table 5.4: Summary of ANOVA output for peak entry and circulating flow rate relationship 

at site 01. 

 

 

Step 3: Kimberly (1980) specifies an entry angle (𝜑) of 0 - 770 and an entry radius (r) of 3.4m 

- ∞ geometry for roundabouts. Provided the parameters are within the specified range, there is 

no need to have a new correction factor model. The Kimberly equation will be adopted for the 

estimation of the correction factor (k).  

 

𝑘 = 1.151 − 0.00347𝜑 − (0.978
𝑟⁄ )       [5.2] 

 

Where: 

k = the correction factor 

= entry angle (degree) 

r = entry radius (m) 

 

The entry angle at site 01 is 500, and the entry radius is 40m (these two parameters fall within 

Kimberly’s specification).  

Substitute the values of entry angle and radius in equation 5.2,    

k = 0.95. 


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Apply the correction factor k to equation 5.1, then equation 5.1 becomes: 

 

𝑞𝑒 = 0.95(2066 − 1.034 𝑞𝑐) =  1963 − 0.98𝑞𝑐    [5.3] 

 

Step 04: The entry capacity (Qe) occurs when there is no circulating flow rate i.e. when qc = 

0, Substitute for qc = 0 in equation 5.3. Then, Qe = 1963-0.98 (0) = 1963pce/h for two lanes, 

on the assumption that the two lanes have the same capacity, Qe = 0.5 x 1963 = 982pce/h/lane. 

 

Step 05: The sensitivity test is conducted estimating the delay and the queue length by setting 

the volume capacity ratio = 0 and 1 using equations 5.4 and 5.5. 

 

𝑑 =  
3600

𝑘(𝐹−𝑓𝑐𝑄𝑐)
+ 900𝑇 [(𝑥 − 1) + √(𝑥 − 1)2 +  

(
3600

𝑘(𝐹−𝑓𝑐𝑄𝑐)
)𝑥

450𝑇

   

]+ 5  [5.4] 

 

Where: 

d = control delay (s) 

k(F-fcqc-ϵ) = entry capacity (Qe) per/ lane 

x = volume capacity ratio 

T is the time of observation = 0.25hr 

 

Substitute for K (F-fcQc) = 982pce/h for a single lane, T = 0.25hr, and x =0 in equation 5.4. 

Then, d = 8.67s. 

The queue length (L) is estimated using equation 5.5.  

L = 
𝑑∗𝑞𝑒

3600
         [5.5] 
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Where: 

L = queue length (veh) 

d = control delay (s) 

qe = entry flow rate (pce/h) 

 

At d = 8.67s, there is no entry flow rate, x = 0, then qe = 0 

substituting for d and qe in equation 5.5. 

 L = 
8.66 𝑥 0

3600
 = 0, this shows that there is no entry vehicle at the roundabout at x = 0 and depicts 

that the estimated delay is the geometric delay. 

 

When x = 1, k (F-fcQc) = 982pce/h (from step 04), T = 0.25hr, substitute for x, k (F-fcQc), and 

T in equation 5.4, then, d = 49.29s. This shows that the entry vehicle will experience 49.29s 

delay when the roundabout is operating at peak. 

 

The queue length at peak = 
49.29 𝑥 932

3600
= 13 𝑣𝑒ℎ.  At capacity, the total number of vehicles on 

queue is 13 vehicles per lane. 

 

The delay, queue length and the reserve capacity is estimated at a volume capacity ratio of 0 

to 1 which is a division of ten equal parts of the volume capacity ratio. 

 

The functional quality of service deteriorates as the reserve capacity decreases, delay 

increases, the queue length increases, and the volume capacity ratio increases. As the service 

delivery deteriorates, the queue length at the entry increases, these parameters are considered 

in the division of the functional quality of service classes. The results summary is presented in 

table 5.5. 
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Table 5.5: Summary of parameters for development of FQS criterial table at site 01 

x QR d (s) L (veh) 

0 1.0 8.67 0 

0.1 0.9 9.07 0 

0.2 0.8 9.58 1 

0.3 0.7 10.23 1 

0.4 0.6 11.09 1 

0.5 0.5 12.28 2 

0.6 0.4 14.01 2 

0.7 0.3 16.74 3 

0.8 0.2 21.51 5 

0.9 0.1 30.80 8 

1 0.0 49.29 13 

                         Note: x is volume capacity ratio, QR is reserved capacity, d is delay, L is queue length 

 

The division of volume capacity ratio into ten divisions might be unrealistic in forming the 

FQS classes because of the closeness in delay values and there might be an overlap in the 

values of the delay parameter in each class. There is no method for checking the overlapping 

of parameter values in each class if it occurs because of a single unit division. In view of this, 

the division for the FQS table of five equal divisions of volume capacity ratio of 0.2 each is 

adopted. To avoid overlap, the standard deviation is estimated for each class. The standard 

deviation is applied to determine the extent of the deviation that could be within the lower and 

the upper limits of each class. σ and G are mean and standard deviations of each class where  

-1σ and 1 σ are the upper and lower boundaries of each class.  

 

For example, where volume capacity ratio (x) is 0, 0.1 and 0. 2, 

the delay values are 8.67s, 9.07s and 9.58s respectively, the mean value = 9.11s and the 

standard deviation is 0.5s. 

Hence, the lower limit = 9.11 – 0.5 = 8.61s 

The upper limit = 9.11 + 0.5 = 9.61s 



179 
 

The upper limit is above the delay value at a volume capacity ratio of 0.2. Comparing the 

queue length, it is discovered that the queue length at volume capacity ratio of 0.2 to 0.4 is the 

same as with the queue length of one vehicle. Thus, these classes can be grouped together as 

a volume capacity ratio of 0 to 0.4 because of the overlap in queue length. 

 

The same procedure is used for the determination of the upper and lower limits of the class of 

volume to capacity ratio of 0 to 0.4. The delay values from table 5.5 are 8.67s, 9.07s, 9.58s, 

10.23s and 11.09s.  

 

The mean value = 9.73s 

The standard deviation = 0.96s 

Then, the lower limit = 9.73 – 0.96 = 8.77s 

The upper limit = 9.73 + 0.96 = 10.70 ≈ 11s 

 

The upper limit is within the volume capacity ratio of 0.4 and does not overlap with the delay 

value of 12.28s at the volume capacity ratio of 0.5. This class is taken as FQS A. 

 

The next division is a volume capacity ratio of 0.5 and 0.6. 

The delay values are 12.28s and 14.01s 

The mean delay value = 
12.28+14.01

2
= 13.15𝑠 

The standard deviation estimated = 1.42s 

The lower delay limit = 13.15 – 1.42 = 11.73s (this does not overlap the upper boundary of 

class of FQSA which has 11s delay).  

The upper delay boundary = 13.15 + 1.42 = 14.57s ≈ 15s (this does not overlap the volume 

capacity ratio of 0.7 with a delay value of 16.74s). This is taken as class of FQS B. 

 

The next division is at a volume capacity ratio of 0.7 and 0.8. The delay values are 16.74s and 

21.51s. 



180 
 

The mean delay value = = 
16.74+22.50

2
= 19.12𝑠 

The standard deviation = 3.37s (estimated with Microsoft Excel) 

The lower delay limit = 19.12 - 3.37 =15.76s 

The upper delay limit = 19.12 + 3.37 = 22.50s 

 

The lower delay limit does not overlap the upper delay limit of class FQS B with a delay value 

of 14s and does not overlap the delay value of 30.08s for the volume capacity ratio of 0.9. This 

forms a class of FQS C. 

 

The next division is a volume capacity ratio of 0.9 and 1. This is not taken as a class because 

of the wide range in the delay values and there is a need for an alert that the roundabout is 

operating close to the capacity. This is set at a volume capacity ratio of 0.9. This threshold 

class is the class of FQS D. 

 

When the roundabout is operating at capacity, the volume capacity ratio = 1 and the delay = 

49.29s. This is the class FQS E. 

 

Class FQS F is when the roundabout is operating above the capacity, then the volume capacity 

ratio > 1.  

 

The corresponding reserve capacity, delay, queue length and volume capacity ratio for each 

class are put together to form the FQS assessment criterial for site 01. 

The FQS assessment criterial shows FQS A; at this class, the reserve capacity is 0.6, a delay 

of less than or equal to 11s, the volume capacity ratio is less than or the same as 0.4, there is 

only one vehicle in the queue, and this occurs when there is free entry flow rate of traffic into 

the roundabout.  

 

The next class is FQS B where the reserve capacity is 0.4 to 0.6, a delay of 11s – 15s, the 

volume capacity ratio is 0.4 – 0.6 with a queue length increase to two. FQS C is the division 

of a reserve capacity of 0.1 to 0.2, with a delay of 15s to 22s, a volume capacity ratio of 0.6 to 
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0.8 and a queue length of two to five vehicles. FQS D is the threshold that serves as the warning 

that the roundabout is operating close to the capacity with a reserved capacity of 0.1 to 0.2, a 

delay of 22s to 31s, a volume capacity ratio of 0.8 to 0.9, and a queue length of 5 to 7 vehicles. 

FQS E is when the roundabout is operating at capacity with a reserve capacity of 0 to 0.1, a 

delay of 31s to 49s, a volume capacity ratio of 0.9 to 1.0, and a queue length of 7 to 13 vehicles. 

FQS F occurs when the roundabout is operating above the capacity, with a reserve capacity of 

less than 0 (no capacity is reserved), a delay greater than 49s, a volume capacity ratio greater 

than 1.0, and a queue length greater than 13 vehicles. The FQS criterial table for site 01 is 

presented in table 5.6. 

 

  Table 5.6: FQS assessment criterial for site 01 

FQS d (s)  QR x 

 

 (L) (veh) 

A      d ≤ 11        QR ≥ 0.6      x ≤ 0.4          1 

B    11< d ≤ 15 0.4 ≤ QR <0.6  0.4 < x ≤ 0.6          2 

C    15< d ≤ 22 0.2 ≤ QR< 0.4 0.6< x ≤ 0.8        2< L ≤ 5 

D    22< d ≤ 31 0.1 ≤ QR<0.2 0.8< x ≤ 0.9     5< L ≤ 7 

E    31< d ≤ 49 0.1 ≤ QR <0   0.9< x ≤ 1     7< L ≤ 13 

F           d > 49       QR <0       x > 1   L > 13 
       Note: FQS is Functional Quality of Service, QR is reserved capacity, d is delay, x is volume capacity ratio, L is queue length 

 

5.2.2 Prevailing operational performance at site 01 (Armstrong Roundabout)   

 

The roundabout user is more concerned with the time it takes to traverse a roundabout and 

perhaps the queue length, these parameters are the performance measure by users. The 

roundabout providers are concern with the utilisation of the roundabout in which the reserved 

capacity and the volume capacity ratio are the performance measures. The estimation of these 

parameters under dry, light, moderate and heavy rain is carried out in this section to know the 

effect of rainfall on these parameters. The off-peak data presented in chapter 4 for site 01 is 

used for the analysis to eliminate the effect of the peak period which might be difficult to 

separate from the rainfall effect. The stepwise procedure is used for simplicity and clarity.   

 

Site 01 data is used in describing the stepwise procedure for estimation of the operational 

performance which includes the reserved capacity, volume capacity ratio, delay, and queue 

length under dry and rainy conditions. The steps are: 
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Step 1: Convert the vehicle volume to passenger car equivalent (PCE) as described in 

subsection 5.2.1. This is achieved by using the PCE factors of SANRAL which are: passenger 

cars (PC) = 1.00, medium vehicles (MV) = 2.80 and heavy vehicles (HV) = 2.80 for the 

roundabout. It was observed that the percentage difference in vehicle type might give a 

vehicular interaction within the traffic flow rate. The speed and headway measured by the 

ATC for passenger cars, medium and heavy vehicles under rainy conditions suggest that 

passenger cars, medium and heavy vehicles have different performance patterns.  

 

As an example, for the computation of traffic flow rate: 

The number of collected vehicles in five minutes are: 

Passenger cars = 22 veh. 

Medium vehicles = 4 veh. 

Heavy vehicles = 3 veh. 

 

Convert the heterogeneous traffic volume to homogeneous traffic flow rate by application of 

the SANRAL PCE value of 2.8 for medium and heavy vehicles. 

Passenger cars = 22 pce/5min 

Medium vehicles = 4 x 2.8 = 11.2 pce/5min 

Heavy vehicles = 3 x 2.8 = 8.4 pce/5min 

Total traffic flow rate in 5mins = 22 + 11.2 + 8.4 = 41.2 pce/5min 

Traffic flow rate per hour = 41.6 x 12 = 499.2 ≈ 499 pce/h 

 

The computed off-peak entry and circulating traffic flow rate under dry, light, moderate and 

heavy rain weather conditions for site 01 are presented in tables 5.7 to 5.10. 
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Table 5.7a: Computed off-peak entry flow rate during dry daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4 Col. 

2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

22 4 3 11.2 8.4 41.6 499 

73 3 2 8.4 5.6 87.0 1044 

81 1 0 2.8 0.0 83.8 1006 

82 1 0 2.8 0.0 84.8 1018 

85 4 3 11.2 8.4 104.6 1255 

67 4 1 11.2 2.8 81.0 972 

67 3 2 8.4 5.6 81.0 972 

66 2 2 5.6 5.6 77.2 926 

64 3 2 8.4 5.6 78.0 936 

43 5 3 14 8.4 65.4 785 

82 1 0 2.8 0.0 84.8 1018 

65 4 1 11.2 2.8 79.0 948 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car, MV is Medium vehicle, HV is Heavy       

vehicle. 

Table 5.7b: Computed off-peak circulating flow rate during dry daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min 

Flow 

rate/h 

102 5 2 14.0 5.6 121.6 1459 

69 4 3 11.2 8.4 88.6 1063 

92 1 0 2.8 0.0 94.8 1138 

80 3 2 8.4 5.6 94.0 1128 

56 4 3 11.2 8.4 75.6 907 

83 4 1 11.2 2.8 97.0 1164 

85 5 2 14.0 5.6 104.6 1255 

87 2 3 5.6 8.4 101.0 1212 

109 0 1 0.0 2.8 111.8 1342 

100 2 2 5.6 5.6 111.2 1334 

74 4 3 11.2 8.4 93.6 1123 

88 3 1 8.4 2.8 99.2 1190 
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Table 5.8a: Computed off-peak entry flow rate during light rain daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

81 1 0 2.8 0.0 83.8 1006 

62 3 2 8.4 5.6 76.0 912 

83 5 3 14.0 8.4 105.4 1265 

74 4 3 11.2 8.4 93.6 1123 

88 4 4 11.2 11.2 110.4 1325 

67 4 1 11.2 2.8 81.0 972 

82 1 0 2.8 0.0 84.8 1018 

62 3 2 8.4 5.6 76.0 912 

82 1 0 2.8 0.0 84.8 1018 

74 5 3 14.0 8.4 96.4 1157 

90 0 1 0.0 2.8 92.8 1114 

67 3 4 8.4 11.2 86.6 1039 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car, MV is Medium vehicle, HV is Heavy 

vehicle, 

 

      Table 5.8b: Computed off-peak circulating flow rate during light rain daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

67 4 3 11.2 8.4 86.6 1039 

70 6 2 16.8 5.6 92.4 1109 

48 3 2 8.4 5.6 62.0 744 

67 3 1 8.4 2.8 78.2 938 

53 0 1 0.0 2.8 55.8 670 

65 4 3 11.2 8.4 84.6 1015 

90 1 0 2.8 0.0 92.8 1114 

80 2 2 5.6 5.6 91.2 1094 

72 3 1 8.4 2.8 83.2 998 

58 2 3 5.6 8.4 72.0 864 

68 2 3 5.6 8.4 82.0 984 

69 1 4 2.8 11.2 83.0 996 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car, MV is Medium vehicle, HV is Heavy 

vehicle. 
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       Table 5.9a: Computed off-peak entry flow rate during moderate rain daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4 

Col. 2*2.8 

Col. 5 

Col. 3*2.8 

Col. 6 

∑col. 1,4,5 

Col. 7 

Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

63 3 2 8.4 5.6 77.0 924 

62 4 1 11.2 2.8 76.0 912 

63 3 2 8.4 5.6 77.0 924 

71 3 2 8.4 5.6 85.0 1020 

85 1 0 2.8 0.0 87.8 1054 

80 4 1 11.2 2.8 94.0 1128 

94 0 1 0.0 2.8 96.8 1162 

94 0 1 0.0 2.8 96.8 1162 

67 3 2 8.4 5.6 81.0 972 

69 1 3 2.8 8.4 80.2 962 

70 2 3 5.6 8.4 84.0 1008 

72 2 3 5.6 8.4 86.0 1032 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car, MV is Medium vehicle, HV is Heavy 

vehicle. 

   Table 5.9b: Computed off-peak circulating flow rate during moderate rain daylight at site 01 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

69 1 0 2.8 0.0 71.8 862 

53 3 4 8.4 11.2 72.6 871 

59 3 2 8.4 5.6 73.0 876 

62 0 1 0.0 2.8 64.8 778 

61 1 0 2.8 0.0 63.8 766 

42 4 1 11.2 2.8 56.0 672 

38 5 0 14.0 0.0 52.0 624 

34 5 2 14.0 5.6 53.6 643 

68 1 0 2.8 0.0 70.8 850 

48 4 1 11.2 2.8 62.0 744 

57 2 2 5.6 5.6 68.2 818 

57 1 0 2.8 0.0 59.8 718 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car, MV is Medium vehicle, HV is Heavy 

vehicle. 
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     Table 5.10a: Computed off-peak entry flow rate during heavy rain daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

71 4 2 11.2 5.6 87.8 1054 

50 3 2 8.4 5.6 64.0 768 

41 2 2 5.6 5.6 52.2 626 

63 1 0 2.8 0.0 65.8 790 

45 3 2 8.4 5.6 59.0 708 

52 4 1 11.2 2.8 66.0 792 

69 5 2 14.0 5.6 88.6 1063 

55 3 1 8.4 2.8 66.2 794 

48 5 2 14.0 5.6 67.6 811 

44 2 2 5.6 5.6 55.2 662 

46 4 3 11.2 8.4 65.6 787 

57 3 1 8.4 2.8 68.2 818 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car, MV is Medium vehicle, HV is Heavy 

vehicle. 

 

Table 5.10b: Computed off-peak circulating flow rate during heavy rain daylight at site 01. 

Col. 1 Col. 2 Col. 3 

Col. 4  

Col. 2*2.8 

Col. 5  

Col. 3*2.8 

Col. 6  

∑col. 1,4,5 

Col. 7  

 Col. 6*12 

PC MV HV MV*2.8 HV*2.8 

Flow 

rate/5min Flow rate/h 

62 0 1 0.0 2.8 64.8 778 

80 2 2 5.6 5.6 91.2 1094 

107 1 0 2.8 0.0 109.8 1318 

83 3 1 8.4 2.8 94.2 1130 

85 1 3 2.8 8.4 96.2 1154 

84 1 0 2.8 0.0 86.8 1042 

62 1 0 2.8 0.0 64.8 778 

61 5 3 14 8.4 83.4 1001 

81 3 1 8.4 2.8 92.2 1106 

83 3 2 8.4 5.6 97.0 1164 

72 3 1 8.4 2.8 83.2 998 

75 1 0 2.8 0.0 77.8 934 

Note: Col is Column, 2.8 is South Africa PCE value, PC is passenger car MV is Medium vehicle, HV is Heavy 

vehicle. 
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Step 2: The entry capacity (Qe) is determined as explained in chapter 3 by combining the entry 

and circulating flow rate under rainy and dry weather conditions with the introduction of a 

dummy variable (ϵ) to distinguish the capacity under dry and rainy conditions. ϵ = 1 under 

rainy conditions and 0 otherwise. Multiple linear regression is used to develop a model for the 

dry and rainy conditions. The combined off-peak entry and circulating traffic flow rate under 

light rain and dry weather are presented in table 5.11, moderate rain and dry weather in table 

5.12 and heavy rain and dry weather in table 5.13.  

Table 5.11: Entry and circulating flow rate during light rain and dry conditions. 

Weather 

condition 

qe (pce/h) qc (pce/h) ϵ 

Light rain 

1006 1039 1 

912 1109 1 

1265 744 1 

1123 938 1 

1325 670 1 

972 1015 1 

982 1113 1 

912 1094 1 

1017 998 1 

1157 864 1 

1114 984 1 

1039 996 1 

Dry 

499 1459 0 

1044 1063 0 

1006 1137 0 

1018 1128 0 

1255 905 0 

972 1164 0 

972 1255 0 

926 1212 0 

936 1341 0 

794 1334 0 

1017 1123 0 

948 1190 0 
Note: qe is entry flow rate, qc is circulating flow rate, ϵ is dummy variable. 
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Table 5.12: Entry and circulating flow rate during the moderate rain and dry conditions. 

Weather 

condition 

qe (pce/h) qc (pce/h) ϵ 

Moderate 

rain 

924 861 1 

912 871 1 

924 876 1 

1020 777 1 

1054 765 1 

1128 672 1 

1161 624 1 

1162 643 1 

972 850 1 

962 744 1 

1017 818 1 

1032 717 1 

Dry 

499 1459 0 

1044 1063 0 

1006 1137 0 

1018 1128 0 

1255 905 0 

972 1164 0 

972 1255 0 

926 1212 0 

936 1341 0 

794 1334 0 

1017 1123 0 

948 1190 0 

      Note: qe is entry flow rate, qc is circulating flow rate, ϵ is dummy variable. 
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Table 5.13: Entry and circulating flow rate during heavy rain and dry conditions. 

Weather 

condition 

qe (pce/h) qc (pce/h) ϵ 

Heavy rain 

1052 777 1 

768 1094 1 

626 1317 1 

789 1130 1 

709 1154 1 

792 1041 1 

1063 778 1 

796 1001 1 

811 1106 1 

663 1164 1 

787 999 1 

818 934 1 

Dry 

499 1459 0 

1044 1063 0 

1006 1137 0 

1018 1128 0 

1255 905 0 

972 1164 0 

972 1255 0 

926 1212 0 

936 1341 0 

794 1334 0 

1017 1123 0 

948 1190 0 

                                     Note: qe is entry flow rate, qc is circulating flow rate, ϵ is dummy variable. 

 

Using multiple linear regression for the analysis, the model equations during light, moderate 

and heavy rain conditions in combination with dry weather traffic data are shown in equations 

5.6 to 5.8.     

 

𝑞𝑒 = 2157 − 1.014𝑞𝑐 − 112.3𝜖𝐿,  R2 = 0.88    [5.6]  
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𝑞𝑒 = 2215 − 1.06𝑞𝑐 − 337.5𝜖𝑀,  R2 = 0.84    [5.7]  

𝑞𝑒 = 2064 − 0.94𝑞𝑐 − 284.4𝜖𝐻,  R2 = 0.86    [5.8]  

  

Where: L, M, and H stand for light, moderate and heavy rain in the model equations and they 

are the same in subsequent sections. 

 

The output of the analysis of variance (ANOVA) for the light, medium, and heavy rain traffic 

data in combination with dry weather traffic data and the dummy variable shows that all the 

model equations have expected signs of a negative linear regression which shows that entry 

flow rate reduces with an increase in circulating flow rate. This suggests that the entry vehicle 

yields to the circulating vehicles. The coefficient of the determinant (R2) is more than 0.5 for 

all the model equations, this suggests that the relationship between the variables is strong. The 

P-value is less than 0.05 in all the results which shows that the variables are significant. The 

F-stat at a 95% level of confidence is more than the F-critical (4.84) for all the model equations, 

this suggests that the model equations did not occur by chance. The t-test at a 95% level of 

confidence is more than 2.2 for all the model equations, which suggests that the variables are 

significant, and the model equation could be used for prediction. The ANOVAL summary 

report outputs are shown in tables 5.14 to 5.16.  

 

Microsoft Excel was used for the multiple regression. qc is the circulating flow rate, qe is the 

entry flow rate while L, M, and H denote light, moderate and heavy rain, and D is used for the 

dummy variable in the ANOVA summary output. Note that D is used in place of ϵ because 

regression analysis with Microsoft Excel does not accept symbols. 
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Table 5.14: ANOVA report of off-peak circulating and entry flow rate during dry and light rain at site 

01. 

 

 

Table 5.15: ANOVA report of off-peak circulating and entry flow rate during dry and moderate rain at 

site 01. 
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Table 5.16: ANOVA report of off-peak circulating and entry flow rate during dry and heavy rain at site 

01. 

 

 

Step 4: Apply the correction factor (k = 0.95) estimated in subsection 5.2.1 for site 01 to the 

model equations 5.6 to 5.8. The modified model equations after the application of the 

correction factor are shown in equations 5.9 to 5.11.  

 

𝑞𝑒 = 0.95(2157 − 1.014𝑞𝑐 − 112.3𝜖𝐿)       = 2050 − 0.963𝑞𝑐 − 107𝜖𝐿  [5.9] 

𝑞𝑒 = 0.95(2215 − 1.06𝑞𝑐 − 337.5𝜖𝑀)         = 2104 − 1.009𝑞𝑐 − 358𝜖𝑀 [5.10] 

𝑞𝑒 = 0.95(2064 − 0.94𝑞𝑐 − 284.4𝜖𝐻)       = 1962 − 0.889𝑞𝑐 − 270𝜖𝐻      [5.11] 

         

Step 5: In this step, the entry capacity (Qe) and circulating capacity (Qc) under the dry weather 

and raining conditions are estimated. The entry capacity occurs when there is no flow rate at 

the circulating roadway, though this situation is not a common traffic occurrence, setting qc = 

0, and 𝜖 = 1 under rainy conditions and 0 otherwise. The circulating capacity also occurs when 

the entry flow rate (qe) = 0. The entry and circulating capacity under dry and rainy weather 

conditions is estimated with the equations 5.9 to 5.11.  
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Capacity under light rain and dry weather conditions. 

Estimating the Qe and Qc from equation 5.9 setting 𝜖 L = 0, qc = 0 for the estimation of Qe(dry) 

and     𝜖 L = 0 and qe = 0 for estimation of Qc(dry) 

Qe(dry)  = 2050 − 0.963(0) − 107(0) = 2050 pce/h  

Setting Qe(dry) = 0 and 𝜖 L = 0, the Qc(dry) = 
2050

0.963
 = 2129 pce/h.  

 

The capacity under light rain is estimated using equation 5.9 by substituting 𝜖 L =1, qc =0, 

QeL  = 2050 − 0.963(0) − 107(1) =1943 pce/h  

Setting QeL = 0 and 𝜖 L =1, the QcL = 
1943

0.963
 = 2018 pce/h. 

 

Capacity under moderate rain and dry weather conditions. 

Equation 5.10 is used to estimate the capacity under the dry weather and the moderate rain.   

setting 𝜖 M = 0, qc = 0 for estimation of Qe(dry), and 𝜖 M = 0 and qe = 0 for estimation of Qc(dry) 

Qe(dry)  = 2104 − 1.009(0) − 358(0) = 2104 pce/h  

Setting Qe(dry) = 0 and 𝜖 M =0, then Qc(dry) = 
2104

1.009
 = 2085 pce/h. 

 

The capacity under moderate rain is estimated using equation 5.10 by substituting 𝜖 M = 1, qc 

= 0 

QeM  = 2104 − 1.009(0) − 358(1) = 1746 pce/h  

Setting QeM = 0 and 𝜖 M =1, then QcL = 
1746

1.009
 = 1730 pce/h. 

 

Capacity under heavy rain and dry weather conditions. 

Equation 5.11 is used to estimate the capacity under the dry weather and heavy rain. 

Setting 𝜖 H = 0, qc = 0 for estimation of Qe(dry) and 𝜖 H = 0 and qe = 0 for estimation of QcD 

Qe(dry)  = 1962 − 0.889(0) − 270(0)     = 1962 pce/h  

Setting Qe(dry) = 0 and 𝜖 H = 0, then, Qc(dry) = 
1962

0.889
 = 2207 pce/h. 
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The capacity under heavy rain is estimated using equation 5.11 by substituting 𝜖 H = 1, qc = 0 

QeH  = 1962 − 0.889(0) − 270(1)      = 1692 pce/h  

Setting QeH = 0 and 𝜖 H = 1, then. QcH = 
1692

0.889
 = 1903 pce/h. 

The results of the entry and circulating capacity under dry and rainy conditions show that the 

entry capacity reduces from 2050 pce/h to 1943 pce/h with an entry capacity shift of 107 pce/h 

or 5.22% under light rain, from 2104 pce/h to 1746 pce/h with a capacity drop of 358 pce/h or 

16.17% under moderate rain, and from 1962 pce/h to 1691 pce/h with a capacity drop of 268 

pce/h or 13.66%. The lowest entry capacity was under the heavy rainfall, but the highest entry 

capacity shift was 16.17% which occurs under moderate rainy conditions. The circulating 

capacity reduces from 2119 pce/h to 2018 pce/h with a capacity shrinkage of 111pce/h or 

5.21% under light rain, from 2085 pce/h to 1730 pce/h with a shrinkage of 355 pce/h or 17.03% 

under moderate rain, and from 2207 pce/h to 1903 pce/h with a capacity shrinkage of 304 

pce/h or 13.77% under heavy rain. The lowest circulating capacity occurs under moderate rain 

and the influence of rainfall on capacity has the highest reduction of 17.03% under moderate 

rainfall.  

 

Capacity depends on prevailing conditions and as the rainfall intensity varies the prevailing 

condition, which is the rainfall, changes and this is the reason for changes in both the entry 

and circulating capacity under the dry and rainy conditions and is prove that capacity is not 

static but dynamic. The entry and circulating capacity reduce irrespective of the rain intensity 

at site 01. The reduction in the entry capacity is because of the reduction in entry flow rate due 

to the effect of rainfall on visibility which makes entry drivers increase headway from the 

leading vehicles. This reduces the number of vehicles that accept the same gap, and even the 

caution taken in judging the safe gap within the circulating gap may reduce the number of 

vehicles that enter the roundabout, hence a reduction in entry capacity.  

 

The circulating capacity reduces under rain because of the caution the circulating vehicles take 

due to the rain’s effect on visibility and reduction in friction between the vehicle tyres and the 

road pavement. This makes the circulating vehicles reduce speed and maintain a bigger gap 

from the leading vehicles, hence resulting into a reduction in circulating capacity under rainy 

conditions irrespective of the rain intensity. The entry and circulating scenario show that 

neither the entry nor circulating vehicles have undue advantage over the other under rainfall, 
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irrespective of the rain intensity at site 01. The summary of the entry and circulating capacity 

is presented in table 5.17.  

 

Table 5.17: Summary of entry and circulating capacity under dry and rainy conditions at site 01. 

Qe (pce/h) 
∆Qe 

(pce/h) 

Qc 

(pce/h) 
  

∆Qc 

(pce/h) 
Rainfall Dry Rainfall Dry 

Light   1943 2050 107 2018 2129 111 

Moderate  1746 2104 358 1730 2085 355 

Heavy  1691 1962 268 1903 2207 304 

      Note: Qe is entry capacity, Qc is circulating capacity, ∆ is the difference. 

 

In order to have a clear picture of the extent of rain effect on both the entry and circulating 

capacity, and to determine the direct model equation for each weather scenario, the entry 

capacity is plot against the circulating capacity for dry and rainy conditions. The plots show 

that rainfall causes a negative differential shift irrespective of the rain intensity. The plots are 

presented in figures 5.3 to 5.5. 

 

 

Figure 5.3: Entry - circulating capacity plot for dry and light rain conditions for site 01. 
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Figure 5.4: Entry - circulating capacity plot for dry and moderate rain conditions for site 01. 

 

 

Figure 5.5: Entry - circulating capacity plot for dry and heavy rain conditions for site 01. 

 

Step 6: Estimate reserved capacity, the reserved capacity (QR) is a parameter that represents 

the roundabout providers’ perspective in the operational performance of roundabout. The 

reserved capacity (QR) will be estimated with equation 5.12. 

 

𝑄𝑅  =  
𝑄𝑒−𝑞𝑒

𝑄𝑒
       [5.12] 

 

qe(dry) = -1.0085qc(dry) + 2104.2
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The entry capacity (Qe) and maximum entry flow rate (qe) under dry and rainy conditions for 

site 01 are:  

Qe(dry) = 2050 pce/h (from table 5.17) 

qe(dry) = 1255 pce/h (from table 5.11) 

Substituting for Qe and qe in equation 5.12,  

𝑄𝑅(𝑑𝑟𝑦)  =  
2050−1255

2050
 = 0.4 

 

Under light rain: 

QeL = 1943 pce/h (from table 5.17) 

qeL = 1325 pce/h (from table 5.11) 

Substituting for Qe and qe in equation 5.12,  

𝑄𝑅(𝐿)  =  
1943−1325

1943
 = 0.32 

 

Under dry and moderate rain weather conditions: 

Qe(dry) = 2104 pce/h (from table 5.17) 

qe(dry) = 1055 pce/h (from table 5.12) 

Substituting for Qe and qe in equation 5.12,  

𝑄𝑅(𝑑𝑟𝑦)  =  
2104−1255

2104
 = 0.4 

 

Under moderate rain: 

QeM = 1746 pce/h (from table 5.17) 

qeM = 1162 pce/h (from table 5.12) 

Substituting for Qe and qe in equation 5.12,  

𝑄𝑅(𝑀)  =  
1746−1162

1746
 = 0.33 
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Under dry and heavy rain weather conditions: 

Qe(dry) = 1962 pce/h (from table 5.17) 

qe(dry) = 1255 pce/h (from table 5.13) 

Substituting for Qe and qe in equation 5.12,  

𝑄𝑅(𝑑𝑟𝑦)  =  
1962−1255

1962
 = 0.36 

 

Under heavy rain: 

QeM = 1692 pce/h (from table 5.17) 

qeM = 1063 pce/h (from table 5.13) 

Substituting for Qe and qe in equation 5.12,  

𝑄𝑅(𝐻)  =  
1692−1063

1692
 = 0.37 

 

Step 7: The volume capacity ratio is estimated in this step. The maximum entry flow rate is 

used in the estimation of the volume capacity ratio to adequately represent the entry flow rate. 

The use of any other value might be inadequate when the maximum off-peak traffic is to be 

analysed. For example, if the average entry flow rate is used, it will not be applicable when 

the maximum entry flow rate occurs. Moreover, in many traffic analysis studies, the maximum 

traffic flow rate is always used. The volume capacity ratio is estimated using equation 5.13. 

 

𝑥 =  
𝑞𝑒

𝑄𝑒
          [5.13] 

 

The volume capacity ratio (x) in dry and light rain is estimated as: 

The maximum entry flow rate under dry weather = 1255 pce/h (from table 5.11),  

Entry capacity (Qe) =2050 pce/h (from table 5.17) 

The maximum entry flow rate under light rain weather = 1325 pce/h (from table 5.11),  

Qe = 1943 pce/h (from table 5.17) 

Then, 𝑥 𝑑𝑟𝑦 =
1255

2050
= 0.6  𝑥 𝐿 =

1325

1943
= 0.68 
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The volume capacity ratio in dry and moderate rain is estimated as: 

The maximum entry flow rate in dry weather = 1255 pce/h (from table 5.12),   

Qe = 2104 pce/h (from table 5.17) 

The maximum entry flow rate in moderate weather = 1162 pce/h (from table 5.12),   

Qe = 1746 pce/h (from table 5.17) 

Then, 𝑥 𝑑𝑟𝑦 =
1255

2104
= 0.59,  𝑥 𝑀 =

1162

1746
= 0.67 

 

The volume capacity ratio in dry and heavy rain is estimated as: 

The maximum entry flow rate in dry weather = 1255 pce/h (from table 5.13),   

 Qe = 1962 pce/h (from table 5.17) 

The maximum entry flow rate in heavy weather = 1063 pce/h (from table 5.13),    

Qe = 1692 pce/h (from table 5.17) 

Then, 𝑥 𝑑𝑟𝑦 =
1255

1962
= 0.63,  𝑥 𝐻 =

1063

1692
= 0.63 

 

The results of reserved capacity and volume capacity ratio estimated under dry and rainy 

weather conditions at site 01 show that the reserved capacity reduces from 0.40 to 0.32 under 

a light rain with a reduction of 0.08, from 0.4 to 0.33 under moderate rain with a reduction of 

0.07, and from 0.36 to 0.37 under heavy rain with a reduction of 0.01.  Despite the usage of 

the capacity under light rain, the light rain and moderate rain have the highest reserve capacity 

reductions on the reserved capacity and heavy rain has little effect. This shows that under 

heavy rain this roundabout reserve more capacity than under light and moderate rain. The 

volume capacity ratio increases from 0.60 to 0.68 during a light rain with an increase of 0.08, 

from 0.59 to 0.67 during moderate rain with an increase of 0.08 and shows no difference under 

heavy rain. The light and moderate rain has a higher effect than heavy rain on the volume 

capacity ratio. This shows that the capacity usage under light rain and moderate rain is higher 

than under heavy rain at this site. The volume capacity ratio increases, and the reserved 

capacity reduces at this site irrespective of the rain intensity. The results summary for the 

reserved capacity and volume capacity ratio at site 01 is presented in table 5.18. 
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          Table 5.18: Summary of reserved capacity and volume capacity ratio at site 01. 

QR 
Δ QR 

x Δx 

Dry Rainfall Dry Rainfall Rainfall 

Light  0.32 0.40 0.08 0.68 0.60 0.08 

Moderate  0.33 0.40 0.07 0.67 0.59 0.08 

Heavy  0.37 0.36 0.01 0.63 0.63 0.00 

Note: QR is reserve capacity, x is volume capacity ratio, Δ is the differential. 

 

Step 8: The control delay and queue length are estimated using equation 5.14 and 5.15 

respectively. 

 

𝑑 =  
3600

𝑘(𝐹−𝑓𝑐𝑞𝑐−𝜖)
+ 900𝑇 [(𝑥 − 1) + √(𝑥 − 1)2 +  

(
3600

𝑘(𝐹−𝑓𝑐𝑞𝑐−𝜖)
)𝑥

450𝑇

   

]+ 5  [5.14] 

 

L = 
𝑑∗𝑞𝑒

3600
         [5.15] 

 

Where: 

d = control delay (s) 

L = queue length (veh) 

qe = entry flow rate (pce/h) 

k(F-fcqc-ϵ) = entry capacity (Qe) pce/h/lane 

x = volume capacity ratio 

T is the time of observation = 0.25hr 

 

The delay for dry and light rain are: 

Delay (dry) 
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Qe(dry) =2050 pce/h, on the assumption that the two lanes have the same traffic flow rate,  

Qe(dry) for single lane = 0.5 x 2050 = 1025 pce/h, x = 0.60,  

Substituting for Qe(dry) and x(dry) in equation 5.14, ddry = 13.68s 

 

Queue length (dry) 

Entry flow rate (qe) at x of 0.60 = 1255 pce/h for a double lane, 

qe = 0.5 x 1255 = 627 pce/h/ lane 

Substitute for d and qe in equation 5.15, L = 2.3 ≈ 2veh. 

 

Delay (light rain) 

QeL =1943 pce/h,  

QeL for a single lane = 0.5 x 1943 = 972 pce/h, x = 0.68,  

Substituting for QeL and xL in equation 5.14, dL = 16.25s 

 

Queue length (light rain) 

qe = 1325 pce/h for a double lane at a volume capacity ratio of 0.68 (from step 6), 

On assumption that the two lanes have equal traffic flow rate, qe = 0.5 x 1325 = 663 pce/h per 

lane 

Substitute for d and qe in equation 5.15, L = 3 veh. 

 

The delay for dry and moderate rain are: 

Delay (dry) 

Qe(dry) =2104 pce/h,  

Qe(dry) for a single lane = 0.5 x 2104 = 1052 pce/h/lane, x = 0.59,  

Substituting for Qe(dry) and x(dry) in equation 5.14, ddry = 13.22s 
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Queue length (dry) 

qe = 1255 pce/h for a double lane at a volume capacity ratio of 0.59 (from step 6) 

 qe = 0.50 x 1255 = 627 pce/h/lane 

Substitute for d and qe in equation 5.15, L = 2.3 ≈ 2 veh. 

 

Delay (moderate rain) 

QeM =1746 pce/h,  

QeM for single lane = 0.5 x 1746 = 873 pce/h/lane, x = 0.68,  

Substituting for QeM and xM in equation 5.14, dM = 16.93s 

 

Queue length (moderate rain) 

qe = 1162 pce/h for a double lane at a volume capacity ratio of 0.67 (from step 6) 

qe = 0.5 x 1162 = 581 pce/h/lane 

Substitute for d and qe in equation 5.15, L =2.8 ≈ 3 veh. 

 

The delay for dry and heavy rain is: 

Delay (dry) 

Qe(dry) = 1962 pce/h,  

Qe(dry) for a single lane = 0.5 x 1962= 981 pce/h/lane, xdry = 0.63,  

Substituting for Qe(dry) and xD in equation 5.14, ddry = 14.70s 

 

Queue length (dry) 

qe = 1255 pce/h for a double lane, qe = 0.5 x 1255 = 522 pce/h/lane 

Substitute for d and qe in equation 5.15, L = 2.5 ≈ 3 veh. 

 

Delay (heavy rain) 

QeH =1692 pce/h,  
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QeM for a single lane = 0.5 x 1692 = 846 pce/h/lane, x = 0.63,  

Substituting for QeM and xM in equation 5.14, dM = 16.21s 

 

Queue length (heavy rain) 

qe = 1063 pce/h for a double lane, qe = 0.5 x 1063 = 532 pce/h per lane 

Substitute for d and qe in equation 5.15, L = 2.5 ≈ 3veh. 

 

The result of delay under dry and rainy conditions shows that delay increases from 13.68s to 

16.25s with an increase of 2.57s with light rain, 13.22s to 16.93s with an increase of 3.71s 

with moderate rain and 14.70s to 16.17s with an increase of 1.51s with heavy rain.  The delay 

under moderate rain is highest because the medium and heavy vehicles are highest under 

moderate rain and entry drivers take more caution in accepting the available gap within the 

circulating traffic. Irrespective of rain intensity, there is an increase in entry delay. This is 

because under rainfall, the ability to judge the safe gap between the circulating traffic becomes 

more difficult, the car following at entry keeps a bigger gap from the leading vehicles, hence 

increases the waiting time and the follow-up time. The delay increases under rainfall at this 

site irrespective of the rain intensity.  

 

The result of queue length shows that under dry weather conditions, the queue length is 2 

vehicles and it increases to 3 vehicles during light to moderate rainfall with an increase of 

1vehicle. However, the queue length remains unchanged under heavy rain.  The queue length 

at this site increases under of rainfall. The summary of the delay and queue length at site 01 is 

presented in table 5.19. 

 

Table 5.19: Summary of delay and queue length at site 01. 

d (s) 

∆d (s)  

L (veh) 

d (s) 

Rainfall Dry Dry Rainfall 

Light 16.25 13.68 2.36 2  3 1 

Moderate 16.93 13.22 3.71 2 3  1 

Heavy 16.21 14.70 1.51 3 3 0 

    Note: d is delay, L is queue length, ∆ is difference. 
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5.2.3 Functional quality of service delivery at Site 01 (Armstrong Roundabout)   

 

To assess the effect of rainfall intensity on the functional quality of service delivery at a 

roundabout, the estimated provider and user parameters of assessing the FQS in section 5.2.2, 

which are the reserved capacity, delay, volume capacity ratio, and queue length under dry and 

rainy weather of varying intensity are used in the assessment. Any of the parameters can be 

used for the assessment of the FQS while the value of the other parameters can be determined 

from the FQS criterial table by an interpolation method. For the purpose of this study, the 

delay will be used but the value of the other parameters can be determined using interpolation. 

 

The criterial table 5.6 developed in section 5.2.1 for the assessment of the functional quality 

of service for site 01 will be used in the assessment of FQS at this site. The estimated delay 

under dry and light, moderate and heavy rain is used in the assessment of the FQS during dry 

and rainy conditions. The results show that rainfall, irrespective of intensity, influences the 

functional quality of service as the light, moderate and heavy rain shift the FQS from FQS B 

to FQS C. The FQS assessment at site 01 under dry and rainy weather conditions is presented 

in table 5.20.   

                         

                       Table 5.20: FQS assessment under dry and rainy conditions at site 01. 

 Delay (s) FQS 

Dry 13.68 B 

Light Rain 

Moderate Rain 

Heavy rain 

16.25 

16.93 

16.21 

C 

C 

C 

Note that: FQS is Functional quality of service 

 .   

5.3  Functional Quality of Service Delivery at Site 02 (Millennium Roundabout)   

 

5.3.1 Site 02 Criterial table development for site 02 (Millennium Roundabout)   

 

The peak period entry and circulating traffic data for site 02 presented in chapter 4 is used for 

the estimation of the parameters for the criterial table development for site 02. A linear 
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relationship developed for the peak entry and circulating flow rate is presented in figure 5.6 

and the developed model is equation 5.16. 

 

 

                        Figure 5.6:  Peak entry – circulating flow rate relationship for site 02. 

𝑞𝑒 = 2002.1 − 1.168 𝑞𝑐  R2 = 0.81    [5.16] 

 

The statistical testing shows that the R2 is more than 0.5 which shows that the variables are 

significant, the t-test is more than 2.2, the F-test is 42.40 which is more than 4.84 which shows 

that the model equation did not occur by chance, the P-value is 0 which is less than 0.05, this 

shows that the model equation could be used for prediction. At this site, the entry angle is 450, 

and the entry radius is 50m which are within Kimberly’s geometric limits for entry angle and 

radius. These are used for estimation of the correction factor (k) to be 0.98. The correction 

factor is applied to the model equation. The modified model is equation 5.17.  

   

𝑞𝑒 = 1902 − 1.11 𝑞𝑐       [5.17] 

 

The capacity for the single lane is estimated as 951 pce/h/lane. The sensitivity test carried out 

by an estimation of delay and queue length at volume capacity ratio of 0 and 1 shows that 

when the volume capacity ratio = 0, delay is 8.79s and the queue length = 0 vehicle. The delay 

at a volume capacity ratio = 1 is 50.06s and the queue length is 13 vehicles. This is the delay 

and queue length when the roundabout is operating at capacity. The delay, reserved capacity, 

and the queue length are estimated for ten divisions of volume capacity ratio from 0 to 1. The 

summary result is shown in table 5.21. 
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Table 5.21: Summary of parameters for the development of a FQS criterial table at site 02. 

x QR d (s) L (veh) 

0 1.0  8.79 0 

0.1 0.9 9.21 0 

0.2 0.8 9.73 1 

0.2 0.8 9.73 1 

0.3 0.7 10.40 1 

0.4 0.6 11.29 1 

0.5 0.5 12.51 2 

0.6 0.4 14.30 2 

0.7 0.3 17.11 3 

0.8 0.2 21.99 5 

0.9 0.1 31.44 7 

1 0 50.06 13 
                                     Note: x is volume capacity ratio, QR is reserved capacity, d is delay, L is queue length. 

The criterial table is developed as explained in section 5.2.1. The developed FQS criterial table 

for site 02 is in table 5.22. This table will be used for the functional quality of service 

assessment of site 02. 

 

        Table 5.22: The FQS criterial table for site 02. 

FQS d (s)  QR x 

 

 (L) (veh) 

A      d ≤ 11        QR ≥ 0.6      x ≤ 0.4          1 

B    11< d ≤ 14 0.4 ≤ QR <0.6  0.4 < x ≤ 0.6          2 

C    14< d ≤ 22 0.2 ≤ QR< 0.4 0.6< x ≤ 0.8        2< L ≤ 5 

D    22< d ≤ 31 0.1 ≤ QR<0.2 0.8< x ≤ 0.9     5< L ≤ 7 

E    31< d ≤ 50 0.1 ≤ QR <0   0.9< x ≤ 1     7< L ≤ 13 

F           d > 50       QR <0       x > 1   L > 13 
   Note: FQS is Functional Quality of Service, d is delay, QR is reserved capacity, x is volume capacity ratio, L is queue length 

 

The delay values in this table has slight difference from the FQS table at site 01. The reason 

is because the geometry, traffic and other environmental factors are not the same for the sites. 

 

5.3.2 Prevailing operational performance at site 02 (Millennium Roundabout)   

 

The off-peak entry and circulating flow rate under dry condition, and each class of rainy 

conditions at site 02 as presented in chapter 4 were combined with an introduction dummy 

variable to distinguish the capacity under rain from the dry conditions with the procedure in 



207 
 

section 5.2.2. Multiple regression was used for the analysis, the reserved capacity, volume 

capacity ratio, the control delay (d) and queue length (L) are estimated for dry and rainy 

conditions with off-peak data. The developed model equation for dry and each rainy condition 

are presented in equations 5.18 to 5.20. 

 

 𝑞𝑒 = 2019 − 1.116𝑞𝑐 − 3.84𝜖𝐿,   R2 = 0.84      [5.18]     

𝑞𝑒 = 1885 − 0.8969𝑞𝑐 − 190.88𝜖𝑀,   R2 = 0.87   [5.19]      

𝑞𝑒 = 1965.37 − 1.026𝑞𝑐 − 360.19𝜖𝐻,   R2 = 0.95   [5.20]  

        

The statistical testing of the model equations at a 95% level of confidence shows that the P-

value is less than 0.05, the t-test is more than 2.2 and the F-test is more than 4.84 for all the 

model equations. This shows that the model equations are statistically fit and could be used 

for prediction.  

 

The entry angle is 450, and the entry radius is 50m. These are used for estimation of the 

correction factor (k) to be 0.98. The correction factor is applied to equations 5.18 to 5.20 and 

the modified model equations are shown in equations 5.21 to 5.23. 

 

𝑞𝑒 = 1978 − 1.09𝑞𝑐 − 3.77 ∈𝐿       [5.21] 

 𝑞𝑒 = 1848 − 0.88𝑞𝑐 − 187 ∈𝑀      [5.22] 

𝑞𝑒 = 1926 − 1.01𝑞𝑐 − 353 ∈𝐻                  [5.23] 

 

The entry and circulating capacity were estimated under dry and rainy conditions, the results 

show that the entry capacity reduces from 1978 pce/h to 1974 pce/h with a capacity shift of 4 

pce/h or 0.20% under light rain, from 1848 pce/h to 1661 pce/h with a capacity shift of 

187pce/h or 10.12% during moderate rain, and from 1926 pce/h to 1572 pce/h with a capacity 

shift of 400 pce/h or 20.77% during heavy rain. The entry capacity under light rain is almost 

the same as the capacity under dry conditions, the reason being that the light rain might be a 

rain shower of very low intensity since the light rain class is below the intensity of 2.5mm/h. 

Very low rain intensity might not have much effect on the driver’s reaction. Heavy rain has 

the lowest capacity and the highest effect on the entry capacity shift at this site.  
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The circulating capacity reduces from 1810 pce/h to 1806 pce/h with a capacity shrinkage of 

4 pce/h or 0.22% during light rain, from 2110 pce/h to 1896 pce/h with a capacity shift of 214 

pce/h or 10.14% during moderate rain, and 1914 pce/h to 1563 pce/h with a capacity shift of 

351 pce/h or 18.34% during heavy rain. Heavy rain has the lowest circulating capacity with 

the highest reduction effect on the circulating capacity. The light rain has very little effect on 

the circulating capacity, the reason is because of low rain intensity. The moderate and heavy 

rain affects visibility more than light rain and this makes the driver at the circulating road take 

more caution of the leading vehicles. Hence, the reduction in circulating capacity. However, 

the wide range in the entry and circulating capacity shift between the moderate and the heavy 

rain is due to the wide range in the intensity class of heavy rain (10 – 50 mm/h). The heavy 

rain intensity might be close to the upper limits of the heavy rain class which might make the 

rain class closer to the very high rain where the visibility is adversely affected. The entry and 

circulating capacity increases with an increase in rain intensity at site 02 irrespective of rain 

intensity. The summary of the entry and circulating capacity is presented in table 5.32.  

 

Table 5.23: Summary of entry and circulating capacity under dry and rainy conditions at site 02.   

Qe (pce/h) 
∆Qe 

(pce/h) 

Qc 

(pce/h) 
  

∆Qc 

(pce/h) 
Rainfall Dry Rainfall Dry 

Light   1974 1978 4 1806 1810 4 

Moderate  1661 1848 187 1896 2110 214 

Heavy  1573 1926 353 1563 1914 351 

              Note: Qe is entry capacity, Qc is circulating capacity, ∆ is the difference. 

 

The plot of entry against circulating capacity under the dry and rainy conditions for each class 

of rain shows that there is an overlap on the plot of entry and circulating capacity during dry 

and light rain weather conditions. There is an entry and circulating capacity shift because of 

the moderate and heavy rain effect. The pattern for the shift under light, moderate and heavy 

rainfall is the same as they all have a negative capacity differential shift. The light rain effect 

on differential shift is small and insignificant because the rain could be a rain shower. The 

wide range of the effect of moderate rain and heavy rain is because of the wide range in the 
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class of heavy rain (rain intensity of 10 – 50mm). The heavy rain might be close to the upper 

limit of the heavy rain class and this makes drivers’ visibility to be more affected. The three 

rain conditions show that both entry and circulating traffic are affected by rain and no one has 

an undue advantage over the other because there is an entry and circulating capacity loss 

irrespective of the rain intensity. The plot is presented in figures 5.7 to 5.9. 

 

 

Figure 5.7: Entry - circulating capacity plot for dry and light rain conditions for site 02, 

 

 

 

Figure 5.8: Entry - circulating capacity plot for dry and moderate rain conditions for site 02. 
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Figure 5.9: Entry - circulating capacity plot for dry and heavy rain conditions for site 02. 

 

The entry capacity reserved (QR) and volume to capacity under dry weather and each class of 

rain are estimated following the procedures of subsection 5.2.2. The reserved capacity and 

volume capacity ratio results show that light rain has no effect on the reserved capacity and 

volume capacity at this site. This is expected as there is an almost similar value in the entry 

capacity under dry and light rain with values of 1978 pce/h and 1974 pce/h. The moderate and 

heavy rain reduces the reserved capacity from 0.29 to 0.2 and 0.27 to 0.2 respectively. This 

shows that as the capacity usage increases, the capacity reserved reduces under rainfall 

irrespective of the rain intensity at this site.  

 

Moderate rain increases the volume capacity ratio from 0.74 to 0.8 with an increase of 0.06 

and heavy rain from 0.73 to 0.80 with an increase of 0.07. Heavy rain has the highest increasing 

effect on the volume capacity ratio at this site. The reserved capacity reduces and the volume 

to capacity ratio increases with an increase in rain intensity at this site. The summary of the 

reserved capacity and volume to capacity ratio results under dry and rainy conditions is 

presented in table 5.24. 
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         Table 5.24: Summary of the ratio of flow rate to capacity and reserve capacity at site 02. 

QR 
Δ QR 

x 
Δx 

Rainfall Dry Rainfall Dry 

Light  0.29 0.29 0.00 0.71 0.71 0.00 

Moderate  0.20 0.26 0.06 0.80 0.74 0.06 

Heavy  0.20 0.27 0.07 0.80 0.73 0.07 

           Note: QR is reserve capacity, x is volume capacity ratio and Δ is the difference. 

 

The estimated volume capacity ratio under dry and rainy weather conditions are used in the 

estimation of delay and queue length. The results show that light rain increases the delay from 

16.93s to 17.04s with an increase of 0.11s, and moderate rain has an increase effect from 

19.10s to 24.22s with an increase of 5.12s, and heavy rain increases the delay from 17.99s to 

25.18s with an increase of 7.19s. This shows that the delay at this site increases with an 

increase in rain intensity and heavy rain has the highest effect on the delay at this site. The 

reason for the increase in delay under rainfall is that the entry drivers take more caution of the 

leading vehicle and take caution in accepting the available gap within the circulating vehicles 

due to impaired visibility. The results also show that light rain does not influence the queue 

length at this site, while moderate and heavy rain increases the queue length from 4 vehicles 

to 5 vehicles. At this site, the delay and queue length increase with an increase in rain intensity. 

The summary of the delay and queue length results is presented in table 5.25. 

 

Table 5.25: Summary of delay and queue length under dry and rainy conditions at site 02. 

d (s) 

∆d (s) 

L (veh) 

∆L(veh) 

Rainfall Dry Dry Rainfall 

Light  17.04 16.93 0.11 4 4 0 

Moderate  24.22 19.10 5.12 4 5 1 

Heavy  25.18 17.99 7.19 4 5 1 

    Note: d is delay, L is queue length, ∆ is the difference. 
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5.3.3 Functional quality of service delivery at site 02 (Millennium Roundabout)   

 

The developed criterial table 5.40 for assessment of the functional quality of service developed 

in section 5.3.1 for site 02 will be used in the assessment of FQS under the dry and rainy 

weather of varying intensity to determine the effect of rain intensity on the service delivery at 

site 02. The users’ and providers’ parameters for this site have been estimated in section 5.3.2. 

The delay will be used in the assessment of the functional quality of service under dry and 

rainy weather conditions at site 02. Other parameters can be estimated from the criterial table 

using the interpolation method.  

 

The assessment results show that light rain does not influence the roundabout service delivery 

at this site because the FQS under dry weather is FQS C and it remains unchanged during light 

rain, while moderate and heavy rain does influence the functional quality of service as it 

deteriorates from FQS C to D. The service delivery at site 02 deteriorates under rainfall 

irrespective of the rain intensity. The summary of the FQS assessment under light and rainy 

weather conditions is presented in table 5.26. 

Table 5.26: FQS assessment under dry and rainy conditions at site 02??????. 

d (s) FQS 

Rainfall Dry Rainfall Dry 

Light  17.04 16.93 C C 

Moderate 24.22 19.10 D C 

Heavy 25.18 17.99 D C 

 Note: d is delay, FQS is Functional quality of service.  

5.4  Functional Quality of Service Delivery at Site 03 (Douglas Roundabout) 

 

5.4.1 Criterial table development for site 03 (Douglas Roundabout) 

 

The peak entry and circulating traffic data under dry and rainy conditions for site 03 as 

presented in chapter 4 is used for the estimation of the parameters for the development of a 

criterial table of assessment for site 03. A linear relationship is developed for the peak entry 

and circulating flow rate at this site using the procedure in subsection 5.2.1. The relationship 

between the entry and circulating flow rate is shown in figure 5.10 and the model is equation 

5.24.  
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                           Figure 5.10:  Peak entry – circulating flow rate relationship for site 03. 

 

𝑞𝑒 = 1921.8 − 1.013 𝑞𝑐  R2 = 0.88    [5.24] 

 

The model equation is tested statistically at a 95% level of confidence, the R2 is more than 0.5 

which shows that the variables are significant, the t-test is greater than 2.2, the F-test is 71.44 

which is more than 4.84 which shows that the model equation did not occur by chance, the P-

value is 0 which is less than 0.05, this shows that the model equation could be used for 

prediction. The correction factor was estimated with the entry radius (50m) and the entry angle 

(450) to be 0.98 and applied to equations 5.24. The modified model equation is shown in 

equation 5.25.  

 

𝑞𝑒 = 1882 − 0.99 𝑞𝑐       [5.25] 

 

The capacity for the single lane is estimated as 941 pce/h/lane. The sensitivity test carried out 

by estimation of the delay and queue length at a volume capacity ratio of 0 and 1 shows that 

when the volume capacity ratio = 0, delay is 8.82s and the queue length = 0 vehicle. When the 

roundabout is operating at capacity, the volume capacity ratio =1, the estimated delay and 

queue length are 50.30s and 13 vehicles respectively. These values form the upper and lower 

limits. The delay, reserved capacity, and the queue length corresponding to ten divisions of 

volume capacity ratio of 0 to 1 are estimated and the summary is presented in table 5.27. 
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 Table 5.27: Summary of parameters for development of FQS criterial table at site 03. 

x QR d (s) L (veh) 

0 1 8.82 0 

0.1 0.9 9.25 0 

0.2 0.8 9.78 1 

0.3 0.8 10.45 1 

0.4 0.7 11.35 1 

0.5 0.6 12.58 2 

0.6 0.5 14.39 2 

0.7 0.4 17.22 3 

0.8 0.3 22.14 5 

0.9 0.2 31.65 7 

1 0.1 50.30 13 

 Note: x is volume capacity ratio, QR is Reserve Capacity, d is Delay, L is Queue length. 

 

The criterial table of FQS assessment is developed as explained in section 5.2.1. The 

developed criterial table of FQS assessment for site 03 is presented in table 5.28. The criterial 

table 5.28 will be used for the assessment of the functional quality of service for site 03. 

        Table 5.28: The criterial of FQS assessment for site 03. 

FQS d (s)  QR x 

 

 (L) (veh) 

A      d ≤ 11        QR ≥ 0.6      x ≤ 0.4          1 

B    11< d ≤ 14 0.4 ≤ QR <0.6  0.4 < x ≤ 0.6          2 

C    14< d ≤ 22 0.2 ≤ QR< 0.4 0.6< x ≤ 0.8        2< L ≤ 5 

D    22< d ≤ 32 0.1 ≤ QR<0.2 0.8< x ≤ 0.9     5< L ≤ 7 

E    32< d ≤ 50 0.1 ≤ QR <0   0.9< x ≤ 1     7< L ≤ 13 

F           d > 50       QR <0       x > 1   L > 13 
   Note: FQS is Functional Quality of Service, d is delay, QR is reserve capacity, x is volume capacity ratio, L is queue length 

 

5.4.2 Prevailing operational performance at site 03 (Douglas Roundabout) 

 

The procedure in section 5.2.2 is followed to estimate the reserve capacity, volume capacity 

ratio, delay and queue length at this site. The dry and rainy off-peak data presented in chapter 

4 for site 02 is used for determining the operational performance at this site.  Combining the 

off-peak dry and rainy weather together with the introduction of a dummy variable following 

the procedure in section 5.2.2, and the multiple linear regression is adopted in the analysis. 

The models developed for dry and each rainy condition are presented in equations 5.26 to 5.28. 



215 
 

𝑞𝑒 = 1716 − 0.877𝑞𝑐 − 148.78𝜖𝐿,  R2 = 0.67       [5.26]  

𝑞𝑒 = 1902 − 1.186𝑞𝑐 − 61.11𝜖𝑀,  R2 = 0.74    [5.27]  

𝑞𝑒 = 1556 − 0.613𝑞𝑐 − 182.72𝜖𝐻,  R2 = 0.76    [5.28]  

    

The correction factor was estimated with the entry radius (50m) and the entry angle (450) to 

be 0.98 9 (using Kimberly’s model) and applied to equations 5.26 to 5.28. The modified model 

equations are shown in equations 5.29 to 5.31. 

 

𝑞𝑒 = 1682 − 0.86𝑞𝑐 − 149𝜖𝐿        [5.29]  

𝑞𝑒 = 1864 − 1.162𝑞𝑐 − 60𝜖𝑀       [5.30]  

𝑞𝑒 = 1525 − 0.601𝑞𝑐 − 179𝜖𝐻                  [5.31]  

 

The entry and circulating capacity are estimated with the procedure in subsection 5.2.2. The 

results of the estimated entry and circulating capacity under dry and rainy conditions show 

that rainfall reduces the entry capacity, as light rain reduces the entry capacity from 1682 pce/h 

to 1536 pce/h with a reduction of 146 pce/h or 8.68%, moderate rain reduces the capacity from 

1864 pce/h to 1804 pce/h with a reduction of 60 pce/h or 3.22%, and heavy rain reduces the 

entry capacity from 1525 pce/h to 1346 pce/h with a reduction of 179 pce/h or 11.74%. The 

lowest entry capacity of 1346 pce/h and the highest capacity increase of 11.74% occur under 

the heavy rainfall conditions. Moderate rain has the lowest effect, the reason for this is the 

rainfall distribution, because the moderate rain might just be fluctuating within the borderline 

of light and moderate rain.  

 

The circulating capacity also reduces from 1956 pce/h to 1786 pce/h with a capacity drop of 

170pce/h or 8.69% during light rain, 1604 pce/h to 1552 pce/h with a drop of 52 pce/h or 

3.24% under moderate rain, and 2538 pce/h to 2240 pce/h with a capacity drop of 298 pce/h 

or 11.74% during heavy rain. The highest capacity drop occurs during heavy rain. The 

summary of the entry and circulating capacity is presented in table 5.29. 
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Table 5.29: Summary of entry and circulating capacity under dry and rainy condition at site 03. 

 Qe (pce/h) ∆Qe 

(pce/h) 

Qc(pce/h) ∆Qc 

(pce/h) Rainfall Dry Rainfall Dry 

Light 1536 1682 146 1786 1956 170 

Moderate 1804 1864 60 1552 1604 52 

Heavy 1346 1525 179 2240 2358 298 

Note: Qe is entry capacity, Qc is circulating capacity, ∆ is the differential 

 

Plotting entry and circulating capacity under dry and rainy conditions, shows that both entry 

and circulating capacity reduces under rainfall irrespective of the rain intensity at this site. 

Heavy rain has the highest effect on the capacity shift at both the entry and the circulating 

roadways. This capacity shift under dry and rainy conditions has the same trend as site 01 and 

02, because there is a reduction in both the entry and circulating capacity irrespective of the 

rain intensity. Heavy rain has the highest effect on the capacity differential shift. However, 

light, moderate and heavy rain have the same trend of a negative shift effect on the capacity 

differential. This shows that both the entry and circulating capacity are affected by rainfall at 

site 03 irrespective of the intensity. The entry – circulating capacity graph plot under dry and 

rainy conditions are shown in figures 5.11 to 5.13.  

 

 

Figure 5.11: Entry - circulating capacity plot for dry and light rain conditions for site 03. 
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Figure 5.12: Entry - circulating capacity plot for dry and moderate rain conditions for site 03. 

 

 

Figure 5.13: Entry - circulating capacity plot for dry and heavy rain conditions for site 03. 

 

The estimated reserved capacity and volume capacity ratio under dry and rainy conditions is 

estimated using the procedure in step 6 and 7 of section 5.2.2.  The results show that reserved 

capacity is reduced by 0.02 under a light rain, and 0.07 and 0.1 under moderate and heavy rain 

respectively. The reserved capacity reduces with an increase in rain intensity.  The light rain 

increases the volume capacity ratio by 0.02, moderate rain by 0.07 and heavy rain by 0.10. 

The rainfall effect shows that the volume capacity ratio increases with an increase in rain 

intensity. The summary of the estimated reserved capacity and volume capacity ratio under 

dry, light, moderate and heavy rain are presented in table 5.30.  
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Table 5.30: Summary of the reserve capacity and volume capacity ratio and at site 03. 

QR 
Δ QR 

x 
Δx 

Rainfall Dry Rainfall Dry 

Light  0.22 0.24 0.02 0.78 0.76 0.02 

Moderate  0.24 0.31 0.07 0.76 0.69 0.07 

Heavy  0.16 0.26 0.10 0.84 0.74 0.10 

Note: QR is reserved capacity, x is volume capacity ratio, Δ is difference. 

 

The delay and queue length are estimated during dry and rainy weather conditions as described 

in step 8 of section 5.2.2. The results show that there is an increase in the delay at the entry 

from 21.66s to 23.88s with an increase of 2.22s during light rain, from 16.94s to 20.25s with 

an increase of 3.31s during moderate rain, and from 21.86s to 31.72s with an increase of 9.83s 

during heavy rain. Heavy rain has the highest incremental effect on the delay, and light rain 

has the lowest. The delay at this site increases with the increase in rain intensity, this follows 

the same pattern as with site 02. The light rain has no effect on the queue length as the queue 

length of 4 vehicles remains unchanged under dry and light rain. The queue length increases 

from 3 vehicles to 4 vehicles with moderate rain, and it increases from 4 vehicles to 5 vehicles 

with heavy rain. The moderate and heavy rain increases the queue length by one vehicle. The 

queue length increases irrespective of the rain intensity at this site.  The summary of the results 

for delay and queue length is presented in table 5.31. 

 

Table 5.31: Summary of delay and queue length under dry and rainy conditions at site 03. 

d (s) 

∆d (s) 

L (veh) 

∆L(veh) 

Rainfall Dry Dry Rainfall 

Light  23.88 21.66 2.22 4 4 0 

Moderate  20.25 16.94 3.31 3 4 1 

Heavy  31.72 21.89 9.83 4 5 1 

      Note: d is delay, L is queue length, ∆ is the difference. 
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5.4.3 Site 03 Functional quality of service delivery 

      

The developed criterial table 5.28 for the assessment of site 03 functional quality of service in 

section 5.4.1 is used in the assessment of the FQS during dry and rainy conditions. The FQS 

assessment under dry and rainy conditions with the delay estimated in section 5.4.2 for site 03 

shows that the light and heavy rain influences the service delivery by shifting FQS from FQS 

C to FQS D. The moderate rain has no effect on the service delivery as the FQS remain 

unchanged from FQS C. Though the delay during the moderate rain is very close to the upper 

boundary of class C, which implies that the FQS under moderate rain is almost changing to 

FQS D. The reason for this unchanged FQS might be that the moderate rain at this site is at 

the boundary of the light and moderate rain because there is no way a clear boundary could be 

fixed for rainfall because of the fluctuation in the rain intensity during rainfall. The summary 

of the FQS assessment under light and rainy conditions at site 03 is presented in table 5.32. 

 

Table 5.32: FQS assessment under dry and rainy conditions at site 03.??????? 

d (s) FQS 

Rainfall Dry Rainfall Dry 

Light  23.88 21.66 D C 

Moderate 20.55 16.94 C C 

Heavy 31.72 21.89 D C 

 Note: d is delay, FQS is Functional quality of service. 

 

5.5  Functional Quality of Service Delivery at Site 04 (Gateway Roundabout) 

 

5.5.1 Site 04 Criterial table development  

 

The entry and circulating peak period presented in chapter 4 for site 04 is adopted in this 

section. A linear relationship is developed with linear regression between peak entry and 

circulating flow rate as shown in figure 5.22. The model equation is equation 5.32.    
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Figure 5.14:  Peak entry – circulating flow rate relationship for site 04. 

 

𝑞𝑒 = 1874.2 − 0.951 𝑞𝑐  R2 = 0.82    [5.32] 

 

The statistical testing of the model shows that the R2 is 0.82 which is more than 0.5, this shows 

that the variables are significant. The t-test is more than 2.2, the F-test is 43.14 which is more 

than F-critical of 4.84, and this shows that the model equation did not occur by chance. The 

P-value is 0 which is less than 0.05. The model equation is statistically satisfactory, and it can 

be used for predictions. 

 

The correction factor was estimated with an entry angle (500) and entry radius (45 m) to be 

0.96, this is used to modify equation 5.32. The modified model equation is shown in equation 

5.33.   

𝑞𝑒 = 1799 − 0.91 𝑞𝑐       [5.33] 

 

The entry capacity is estimated as 900 pce/h/lane. The sensitivity test carried out by estimation 

of the delay and queue length at a volume capacity ratio (x) of 0 and 1. When volume the 

capacity ratio = 0, delay is 9.00s and the queue length = 0 vehicle. The queue length confirms 

that this delay is the geometric delay because this delay occurs when there is no vehicle at the 

roundabout. When the roundabout is operating at capacity, the volume capacity ratio = 1, the 
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length are estimated for ten equal divisions of the volume capacity ratio from 0 to 1. The 

summary result is shown in table 5.33.  

 

  Table 5.33: Summary of parameters for development of the FQS criterial table at site 04. 

x QR d (s) L (veh) 

0 1 9.00 0 

0.1 0.9  9.45 0 

0.2 0.8 10.00 0 

0.3 0.7 10.71 1 

0.4 0.6 11.64 1 

0.5 0.5 12.93 2 

0.6 0.4 14.82 2 

0.7 0.3 17.77 3 

0.8 0.2 22.87 5 

0.9 0.1 32.62  7 

1 0 51.44 13 
        Note: x is volume capacity ratio, QR is reserved capacity, d is delay, L is queue length 

 

The FQS criterial table is developed as explained in section 5.2.1. The developed FQS criterial 

table will be used in the service delivery assessment at site 04. The developed FQS criterial 

table for site 04 is presented in table 5.34.  

 

            Table 5.34: The criterial table of FQS assessment for site 04. 

FQS d (s)  QR x 

 

 (L) (veh) 

A      d ≤ 11        QR ≥ 0.6      x ≤ 0.4          1 

B    11< d ≤ 15 0.4 ≤ QR <0.6  0.4 < x ≤ 0.6          2 

C    15< d ≤ 23 0.2 ≤ QR< 0.4 0.6< x ≤ 0.8        2< L ≤ 5 

D    23< d ≤ 33 0.1 ≤ QR<0.2 0.8< x ≤ 0.9     5< L ≤ 7 

E    33< d ≤ 51 0.1 ≤ QR <0   0.9< x ≤ 1     7< L ≤ 13 

F           d > 51       QR <0       x > 1   L > 13 
   Note: FQS is Functional Quality of Service, d is delay, QR is reserved capacity, x is volume capacity ratio, L is queue length 
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5.5.2 Prevailing operational performance at site 04 (Gateway Roundabout) 

 

The off-peak entry and circulating flow rate data under dry and rainy conditions presented in 

chapter 4 for site 04 were combined with the introduction of a dummy variable following the 

procedure in section 5.2.2. The combined traffic data was related by multiple linear regression. 

The model generated for dry and rainy conditions was modified with the correction factor (k). 

The entry and circulating capacity, reserved capacity, the volume capacity ratio, delay, and 

queue length were estimated under dry and rainy conditions with the procedure in section 

5.2.2. The developed model equations for entry and circulating flow rate under dry and each 

rainy condition for site 04 are presented in equations 5.34 to 5.36.  

 

𝑞𝑒 = 2008 − 1.260𝑞𝑐 − 72.28𝐷𝐿,  R2 = 0.71       [5.34]  

𝑞𝑒 = 1946 − 1.119𝑞𝑐 − 195𝐷𝑀,  R2 = 0.75    [5.35]  

𝑞𝑒 = 1842 − 1.078𝑞𝑐 − 265𝐷𝐻,  R2 = 0.78    [5.36]  

 

The statistical testing of the models shows that the coefficient of determinant (R2) is more than 

0.05, the t-test is more than 2.2, the F-test is more than 4.84 (F-critical), the P-value is less 

than 0.05 for all the model equations which shows that the model equations are statistically fit 

and could be used for prediction.  

 

The correction factor was estimated with an entry angle (500) and entry radius (45 m) to be 

0.96, this is used in modifying equations 5.34 to 5.36. The modified model equations are 

shown in equations 5.37 to 5.39. 

𝑞𝑒 = 1928 − 1.21𝑞𝑐 − 69𝐷𝐿       [5.37] 

 𝑞𝑒 = 1869 − 1.15𝑞𝑐 − 187𝐷𝑀       [5.38] 

𝑞𝑒 = 1768 − 1.03𝑞𝑐 − 264𝐷𝐻                  [5.39] 

 

The entry and circulating capacity are estimated with step 5 of section 5.2.2 procedure.  The 

result of the estimated entry and circulating capacity under dry and rainy conditions shows 

that light rain reduces entry capacity from 1928 pce/h to 1858 pce/h with a capacity drop of 

70 pce/h or 3.63%, while moderate rain reduces the capacity from 1870 pce/h to 1683 pce/h 
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causing a drop of 187pce/h or 10.00%, and heavy rain causes a reduction from 1768 pce/h to 

1504 pce/h with a capacity reduction of 264 pce/h or 14.93%.  

 

The circulating capacity also reduces from 1594 pce/h to 1536 pce/h with a shift of 58 pce/h 

or 3.64% during light rain, 1626 pce/h to 1464 pce/h with a shift of 162 pce/h or 9.96% during 

moderate rain, and 1717 pce/h to 1460 pce/h with a shift of 257 pce/h or 14.97% during heavy 

rain. The entry and circulating capacity reduce with an increase in rain intensity at this site. 

This also has the same trend as with sites 01 to 03. The summary of the entry and circulating 

capacity is presented in table 5.35. 

 

Table 5.35: Summary of entry and circulating capacity under dry and rainy conditions at site

 04. 

Qe (pce/h) 
∆Qe 

(pce/h) 

Qc 

(pce/h) 
  

∆Qc 

(pce/h) 
Rainfall Dry Rainfall Dry 

Light   1858 1928 70 1536 1594 58 

Moderate  1683 1870 187 1464 1626 162 

Heavy  1504 1768 264 1460 1717 257 

             Note: Qe is entry capacity, Qc is circulating capacity, ∆ is the difference. 

 

To determine the extent to which rainfall intensity affects the entry and circulating capacity, 

the entry – circulating capacity are plot under dry and rainy conditions. The light rain has the 

lowest effect on the capacity differential shift and the highest effect is during heavy rain. 

However, the light, moderate and heavy rain have the same trend of a negative capacity 

differential. This shows that both the entry and circulating capacity are affected by rainfall at 

site 04 irrespective of the intensity. The plotted graphs are shown in figures 5.11 to 5.13. 
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Figure 5.11: Entry - circulating capacity plot for dry and light rain conditions for site 04. 

 

 

Figure 5.12: Entry - circulating capacity plot for dry and moderate rain conditions for site 04. 
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Figure 5.13 Entry - circulating capacity plot for dry and heavy rain conditions for site 04. 

 

The reserved capacity and volume to capacity ratio are estimated with the procedure in section 

5.2.2. The results show that the reserved capacity is reduced from 0.43 to 0.36 with a reduction 

of 0.07 during a light rain, and from 0.41 to 0.37 with a reduction of 0.04 during moderate 

rain, and from 0.41 to 0.35 with a reduction of 0.04 during heavy rain respectively. Light rain 

increases the volume capacity ratio from 0.57 to 0.64 with an increase of 0.07, moderate rain 

causes the capacity ratio to increase from 0.59 to 0.63 with an increase of 0.06, and heavy rain 

from 0.59 to 0.65 with an increase of 0.06. This shows that the reserved capacity reduces and 

the volume to capacity ratio increases irrespective of rain intensity at site 04. The results 

summary for reserved capacity and volume capacity ratio is presented in table 5.36. 

 

Table 5.36: Summary of the degree of saturation and reserve capacity at site 04. 

QR 
Δ QR 

x 
Δx 

      Rainfall Dry Rainfall Dry 

Light 0.36 0.43 0.07 0.64 0.57 0.07 

Moderate 0.37 0.41 0.04 0.63 0.59 0.06 

Heavy 0.35 0.41 0.04 0.65 0.59 0.06 

 Note: QR is Reserve Capacity, x is volume capacity ratio, Δ is the difference. 

 

qe(dry) = -1.035qc(dry) + 1768.5
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The estimated volume capacity ratio is used for estimating the delay and queue length under 

dry and rainy conditions with the procedure in section 5.2.2.  The results show that the delay 

increases from 13.62s to 15.48s with an increase of 1.86s during a light rain, from 14.25s to 

16.22s with an increase of 1.97s during moderate rain, and from 14.76s to 18.14s with an 

increase of 3.38s with heavy rain. The delay at this site increases with an increase in rain 

intensity. The queue length increases from 2 vehicles to 3 vehicles irrespective of the rain 

intensity. The results summary of the delay and queue length are presented in table 5.37. 

 

     Table 5.37: Summary of delay and queue length under dry and rainy conditions at site 04. 

d (s) 

∆d (s) 

L (veh) 

∆L(veh) 

Rainfall Dry Dry Rainfall 

Light  15.48 13.62 1.86 2 3 1 

Moderate  16.22 14.25 1.97 2 3 1 

Heavy  18.14 14.76 3.38 2 3 1 

Note: d is Delay, L is queue length, ∆ is the difference. 

 

5.5.3 Functional quality of service delivery at site 04 (Gateway Roundabout) 

 

The FQS criterial table 5.33 for this site is developed in section 5.5.1. The assessment of the 

FQS during dry and the three rainy conditions with the estimated delay in section 5.5.2 shows 

that service delivery deteriorates under rainfall irrespective of the rain intensity at this site as 

the light, moderate and heavy rain shifts the functional quality of service delivery from FQS 

B to FQS C.  The summary of the FQS assessment under dry and rainy conditions at site 04 is 

presented in table 5.38. 
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                         Table 5.38: FQS assessment under dry and rainy conditions at site 04.??????/ 

d (s) FQS 

Rainfall Dry Rainfall Dry 

Light  16.25 12.10 C B 

Moderate 16.93 11.74 C B 

Heavy 16.17 12.77 C B 

 Note: d is delay, FQS is Functional quality of service. 

 

5.6  Summary of Functional Quality of Service Assessment 

 

The functional quality of service is multi-parameter that combines the users’ and providers’ 

perceptions in the roundabout service delivery. These parameters have been investigated in 

sections 5.2 to 5.5. The provider is concerned about the roundabout utilisation; hence the 

reserved capacity and volume capacity ratio is used as the providers’ perception of roundabout 

service delivery. Although, the reserved capacity indicates the traffic flow rate that can be 

accommodated by the roundabout, the volume capacity ratio is the extent of the roundabout 

capacity usage. The users are concerned about the time value; hence the delay and queue length 

are utilised for users’ perception of roundabout quality delivery.  

   

5.6.1 Summary of Reserve Capacity and Volume Capacity Ratio at all the Sites 

 

The reserve capacity and volume capacity ratio, which are the parameters that are used by the 

roundabout providers have been estimated under dry and rainy weather for the four sites in 

sections 5.2 to 5.5. To have a clear picture of the rainfall effect on these parameters, the results 

summary for reserve capacity and volume capacity ratios at all the sites shows that the effect 

of rainfall on reserve capacity and volume capacity ratio at all the sites follows the same 

pattern, namely that light, moderate and heavy rain reduces the reserve capacity and increases 

the volume capacity ratio at all the sites. Taking an average of the reserve capacity for all the 

sites, the reserve capacity reduces by 0.04 or 12.5% under light rain, from 0.35 to 0.29 with a 

reduction of 0.06 or 17% under moderate rain and from 0.33 to 0.27 with a reduction of 0.06 

or 17% under heavy rain.  
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The volume capacity ratio increases from 0.66 to 0.70 with a reduction of 0.04 or 6.4% under 

light rain, 0.65 to 0.72 with a reduction of 0.06 or 9.5% under moderate rain, 0.67 to 0.73 with 

a reduction of 0.06 or 9.0% under heavy rain. 

 

It is evident that the volume capacity ratio increases with an increase in rain intensity. The 

reason is that as the rainfall intensity increases, the entry capacity reduces, the rate of flow rate 

into the roundabout is increased in proportion to the capacity at off-peak periods during 

rainfall. The increase in entry flow rate proportion to entry capacity under rainy periods at off-

peak periods can lead to the roundabout operating close to the capacity, this is evident as the 

reserved capacity reduces under light, moderate and heavy rain. It shows that the amount of 

capacity reserved is reduced under rainy conditions irrespective of the rain intensity. The 

summary of the reserved capacity and volume capacity ratio for all the sites is shown in table 

5.39. 

 

Table 5.39: Summary of the degree of saturation and reserved capacity under dry and rainy            

      Conditions at all the sites. 

Site 
QR 

∆ QR  
x  ∆x 

Rainfall Dry Rainfall Dry   

01 

Light 

0.32 0.40 0.08 0.68 0.60 0.08 

02 0.29 0.29 0.00 0.71 0.71 0.00 

03 0.22 0.24 0.02 0.78 0.76 0.02 

04 0.36 0.43 0.07 0.64 0.57 0.07 

01 

Moderate 

0.33 0.41 0.07 0.67 0.59 0.08 

02 0.20 0.26 0.06 0.80 0.74 0.06 

03 0.24 0.31 0.07 0.76 0.69 0.07 

04 0.37 0.41 0.04 0.63 0.59 0.04 

01 

Heavy 

0.37 0.36 0.01 0.63 0.63 0.00 

02 0.20 0.27 0.07 0.80 0.73 0.07 

03 0.16 0.26 0.10 0.84 0.74 0.10 

04 0.35 0.41 0.06 0.65 0.59 0.06 
                   Note: QR is Reserve capacity, x is volume capacity ratio, Δ is the difference.  
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5.6.2     Summary of Delay and Queue Length at all the Sites 

 

The summary of the delay and queue length at all the sites under dry and rainy conditions 

shows that delay increases at all the sites irrespective of the rain intensity. The delay behaviour 

at all sites follows the same pattern as the delay increases under light, moderate and heavy rain 

respectively.  

 

Taking the average of the increase in delay, the result shows that light rain increases the 

average delay from 16.47s to 18.16s with an increase of 1.67s or 10.26%, while moderate rain 

increases the delay from 15.88s to 19.48s with an increase of 3.60s or 22.69%, and heavy rain 

increases the delay from 17.35 to 22.80s with an increase of 5.45s or 31.44%. Light rain has 

the least effect on the delay, the reason being that drivers are not adversely affected by the 

light rain because the impaired visibility increases with an increase in rain intensity. Moderate 

rain affects the delay more than light rain while heavy rain causes the highest increase in the 

delay. The effect of heavy rain is greatest because the wide range in the rain class shows that 

heavy rain might be close to the very heavy rain class. In this situation, the visibility is 

adversely impaired, and drivers might even find it difficult to judge correctly the safe gap for 

entry at the yield line. In addition, the time spent in the queue might increase because the entry 

drivers are more cautious of the leading vehicles, hence they may keep a bigger gap and even 

reduce speed. 

 

Light rain increases the queue length by 1 vehicle at sites 01 and 04 but has no effect on the 

queue length at sites 02 and 03. The reason is that the light rain might just be a rain shower at 

02 and 03 where the rain intensity is barely up to 1mm/h and the drivers’ reactions to this type 

of rain are not pronounced. Moderate and heavy rain has an increased effect of 1 vehicle on 

the queue length at all the sites. The reason is that as the delay increases due to a reduction in 

the speed due to driver caution, and the queue length increases. Taking the average of queue 

length, the results show that the queue length increases from 3 vehicles to 4 vehicles with an 

increase of 1vehicle or 33.33% under dry, light, moderate and heavy rain conditions.   

 

There is a discrepancy between the delay values under the same rainy condition at all surveyed 

sites. The reason may be because the estimation assumes that the entry and circulating drivers 

display the same behaviour at all the sites; where the entry vehicles yield to the circulating 



230 
 

vehicles, this may not be so because both the entry and circulating drivers are affected by 

rainfall, none has an undue advantage over the other, and they are both conscious of the 

weather conditions. This is to the detriment of the entry vehicles that must yield to the 

circulating vehicles. The entry drivers might not be able to judge the available gap within the 

circulating traffic for safe entry due to impaired visibility during rainfall. The entry drivers 

decelerate and enter the circulating stream cautiously, they may even force themselves into the 

circulating traffic or the circulating vehicles may slow down to give way to the entry vehicles. 

Secondly, the distribution of rainfall intensity class may contribute to the entry flow rate 

overlaps, this is pronounced during heavy rainfall with the class range of 10 to 50mm/h, the 

rainfall borderline is difficult because of the variation of rain intensity during rainfall. 

Nevertheless, regardless of the reason for the discrepancy, it is evident that the delay increases 

with an increase in rainfall intensity and the queue length increases irrespective of the rain 

intensity. The results summary of delay and queue length under dry and rainy conditions at all 

the sites is presented in Table 5.40. 

 

         Table 5.40: Summary of delay at all the sites. 

Site 
d (s) 

∆d (s) 
 L (veh) 

∆L 

(Veh) 

Rainfall Dry Rainfall Dry   

01 

Light 

16.25 13.68 4.15 3 2 1 

02 17.04 16.93 0.11 4 4 0 

03 23.88 21.66 2.22 4 4 0 

04 15.48 13.62 1.86 3 2 1 

01 

Moderate 

16.93 13.22 5.19 3 2 1 

02 24.22 19.10 5.15 5 4 1 

03 20.55 16.94 3.61 4 3 1 

04 16.22 14.25 1.97 3 2 1 

01 

Heavy 

16.17 14.77 3.4 3 3 0 

02 25.18 17.99 7.19 5 4 1 

03 31.72 21.89 9.83 5 4 1 

04 18.14 14.76 3.38 3 2 1 

     Note: d is Delay, ∆ is the difference, L is queue length 
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5.6.3 Summary of Rain Effect on Functional Quality of Service at all Sites 

 

The functional quality of service delivery by roundabout under dry and rainy conditions for 

the four sites have been assessed in sections 5.2 to 5.5 with the FQS criterial table developed 

for each site. Each category of rainfall class is put together for all the sites to have a clear view 

of how rainfall intensity affects the roundabout service delivery.   

 

The results of the FQS for all sites show that light rain deteriorates the FQS at sites 01 and 04 

from FQS B to FQS C, at site 03 from FQS C to FQS D, but there are no changes at site 02 as 

the FQS remained unchanged from FQS C. The moderate rain downgrades the FQS from FQS 

B to FQS C at sites 01 and 04, FQS C to D at site 02, but no change at site 03 as the FQS 

remained unchanged from FQS C. The heavy rain has a deteriorating effect on the FQS at all 

the sites. At sites 01 and 04, the FQS changes from FQS B to FQS C and at sites 02 and 03 the 

FQS changes from FQS C to D. With this evidence in the FQS for all sites, it is evident that 

the functional service delivery deteriorates irrespective of the rain intensity. The summary of 

the FQS under light and rainy conditions at all the sites is shown in table 5.41.    

      

  Table 5.41: Summary of the FQS assessment under dry and rainy conditions at all the sites. 

Site 
FQS 

Rainfall Dry 

01 

Light 

C B 

02 C C 

03 D C 

04 C B 

01 

Moderate 

C B 

02 D C 

03 C C 

04 C B 

01 

Heavy 

C B 

02 D C 

03 D C 

04 C B 
 Note: FQS = Functional quality of service 
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5.7    Summary 

 

In this chapter, reserve capacity (QR) and volume capacity ratio, delay and queue length at the 

four sites were estimated using the peak period entry and circulating traffic. These parameters 

(at peak period) that represent the users’ and providers’ perspectives were used in the 

development of the criteria for FQS assessment for each site. The FQS criteria are divided into 

six classes of FQS A to FQS F and the functional service delivery deteriorates from FQS A to 

FQS F. FQS A is when there is a free flow rate of entry vehicles into the roundabout and FQS 

F is when the roundabout is operating above the capacity. 

 

The off-peak data was used to model entry and circulation flow rate under dry and rainy 

conditions, and the entry and circulating capacity were estimated under dry and rainy 

conditions. The reserve capacity (QR) and volume capacity ratio are the roundabout provider’ 

parameter of assessing the roundabout’s functional quality of service, the delay (d) and queue 

length (L) are the users’ parameters of functional quality of service assessment.  

 

These parameters were estimated at the off-peak period under dry, light, moderate and heavy 

rain at four sites, and the results were compared. The entry and circulating capacity, volume 

capacity ratio and delay increases with an increase in rain intensity, while the reserve capacity 

decreases with an increase in rain intensity and the queue length increases irrespective of the 

rain intensity.  

 

The functional quality of service delivery was assessed under dry, light, moderate and heavy 

rain at the four sites and the results were compared. The FQS deteriorates irrespective of the 

rain intensity. The roundabout operates on the give-way principle where the entry vehicle 

yields to the circulating vehicles. This shows that the time headway at both the circulating and 

entry vehicles are parameters that can be affected under rainy conditions as the functional 

quality of service deteriorates irrespective of the rain intensity. Will rainfall have effect on the 

time headway at the entry and circulating traffic? If there is an effect, then to what extent? 

Will the headway increase or decrease? This calls for further investigation which is carried out 

in Chapter 6. 
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CHAPTER 6 

 

TIME HEADWAY IMPLICATION 

 

6.1  Overview 

 

In chapter 5, the influence of rainfall on the volume to capacity ratio, reserved capacity, delay 

and queue length were investigated. These parameters are the users’ and providers’ parameters 

in the assessment of the effect of rainfall on the roundabout’s functional quality of service. As 

the user and provider parameters change, there could be an implication on the driver’s 

behaviour in terms of time headway and critical gap. The driver’s behaviour is influenced by 

many factors which include the vehicle type, the road conditions, ambient conditions, and the 

driver’s ability to judge the speed of the circulating vehicles. Critical gap is the minimum gap 

within the circulating traffic that is safe for an entry vehicle to be willing to accept for merging 

with circulating traffic. Critical gap depends on factors like the geometry layout, the driver 

behaviour, vehicle characteristics, circulating traffic and ambient conditions. Follow-up time 

is the minimum time headway between two entry vehicles accepting the same gap within the 

circulating traffic. The functionality of a roundabout depends on these two parameters because 

the roundabout operates on the yield rule, whereby a circulating vehicle has the right of way 

and entry vehicles yield to the circulating vehicle by looking for a safe gap, accepting the gap, 

and merging with the circulating traffic. There are situations where safe gaps are available 

within the circulating traffic, but the entry vehicles may decide not to accept the gap, and at 

times the entry driver accepts gaps smaller than the safe gap. After all the drivers have the 

right to decide on whether to accept the gap or not, which indicates that driver behaviour is 

what the driver does and not what the driver can do. Nevertheless, whether the driver accepts 

the safe gap or a gap that is less than the safe gap, it is evident that gap availability within the 

circulating traffic determines the number of entry vehicles.  

 

This study is centered around the rainfall implication on both the critical gap and follow-up 

time. In this chapter, the interaction between circulating and entry vehicles under rainfall of 

varying intensity will be investigated. This is to determine the implication of rainfall on 

follow-up time and critical gap.  
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This chapter is structured as follows: The immediate section 6.2 deals with the schematic 

diagram of the time headway implication, and in section 6.3 the follow-up time during dry and 

rainy conditions is investigated at the four sites. The critical gap during dry and rainy 

conditions is analysed in section 6.4. The implication of rainfall on time headway is discussed 

in section 6.5 and the summary of the chapter is presented in section 6.6. 

 

6.2 Schematic Diagram of Time Headway Implications 

The procedure for the evaluation and analysis of time headway is presented in figure 6.1. Time 

headway is a parameter that occurs at both the entry and circulating vehicle stream. The 

interaction between entering and circulating vehicles is measured by the follow-up time and 

the critical gap. These two parameters need to be evaluated and analysed under dry and rainy 

weather conditions to determine the extent of the rainfall implication on the vehicle 

interactions at the roundabout.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Figure 6.1: Schematic evaluation procedure for the follow-up time and critical gap. 

i. Estimate the entry and circulating flow rate with the microscopic data in chapter 4 

using the SANRAL roundabout PCE of PC = 1.0, MV = 2.8, HV = 2.8.  

ii. Determine the model relationship between entry and circulating flow rate for dry and 

rainy conditions with the application of a dummy variable as: 

qe = a – bqc -ϵ 

Test the model equation statistically at a 95% level of confidence 

Estimate and apply the correction factor (K) to the model equation: 

 𝑘 = 1.151 − 0.00347𝜑 − (0.978
𝑟⁄ ). Then, qe = K (a – bqc -ϵ) = k(a-ϵ) -kbqc 

iii. Estimate the entry and circulating capacity 

 

iv. Estimate the follow-up time by: 

tf =
3600

𝐹
 where F = k(a-ϵ) = entry capacity 

v. Estimate the critical gap by: 

tc =  Hc − T, where Hc = circulating headway = 
3600

Qc
 ,  

T = time to cover length of vehicle  =  
1

N
 ∑ di

N
i=1  

1

N
 ∑ ui

N
i=1  

 

 

. 
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The follow-up time and the critical gap are postulated to decrease with an increase in flow rate 

under dry and rainy weather conditions, and that they will have a noticeable increase under 

free flow rate, however as the traffic flow rate increases the effect of rainfall will diminish. At 

the optimum traffic flow rate, the critical gap and follow-up time will be controlled by the 

traffic flow rate and rainfall will have little or no effect on the follow-up time and critical gap.  

 

6.3 Follow-up Time Evaluation 

 

6.3.1 Follow-up Time Evaluation at Site 01 (Armstrong Roundabout) 

 

The entry capacity for dry and rainy conditions estimated in chapter 5 for the four sites will be 

used for the follow-up time headway estimation.  

The method of estimation has been demonstrated in chapter 3 where: 

tf = 
3600

𝐹
          [6.1] 

tf = follow-up time headway (s) 

F = Qe = entry capacity (pce/h) 

For site 01, the estimated entry capacity under dry and rainy conditions in chapter 5 are recalled 

and presented in table 6.1. 

 

Table 6.1: Entry capacity at site 01. 

Weather 

condition 

Qe (pce/h) Qe (pce/h/lane) 

Dry Rainfall Dry Rainfall 

Light rain  2050 1943 1025 972 

Moderate rain  2104 1746 1052 873 

Heavy rain 1962 1691 981 845 

          Note: Qe is entry capacity 
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 Next, the follow-up time is estimated using equation 6.1 

As an example, when the F = Qe = 1025pce/h/lane 

tf =
3600

1025
 = 3.51s 

This procedure is repeated in the estimation of the follow-up time under light, moderate and 

heavy rain when the entry flow rate is at capacity. The results show that light rain increases 

the follow-up time headway from 3.15s to 3.7s with an increase of 0.19s, and moderate rain 

increases the follow-up time headway from 3.42s to 4.12s causing an increase of 0.7s, and 

during heavy rain it increases from 3.67s to 4.26s with an increase of 0.59s. The summary of 

the follow-up time at site 01 is presented in table 6.2. 

 

Table 6.2: Summary of the follow-up time at entry capacity at site 01. 

Weather 

condition 

tf (s) 
Δ tf (s) 

Dry Rainfall 

Light rain 3.51 3.7 0.19 

Moderate rain 3.42 4.12 0.70 

Heavy rain 3.67 4.26 0.59 

  Note: tf is follow-up time headway 

 

The results in table 6.2 are insufficient to affirm the response of follow-up headway to rainfall 

because when the roundabout is operating at capacity, the entry driver reacts to 

indistinguishable effects of both the traffic and the rainfall effect. To determine the effect of 

rainfall on the follow-up time, the follow-up time will be estimated at varying traffic flow 

rates. The follow-up time is estimated under varying traffic flow rate at the volume to capacity 

ratio of 0.1 to 1.0. 

 

As an example, the follow-up time headway at 0.9 volume to capacity ratio is estimated as: 

 

For light rain and dry conditions: 

The entry capacity under dry weather conditions = 1025 pce/h 
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The entry flow rate at 0.9 volume to capacity ratio (x) = 0.9 x 1025 = 923 pce/h 

The follow-up time = 
3600

923
 = 3.90s 

The same procedure is used in estimating the follow-up time under dry and rainy weather 

conditions with varying rain intensity at a volume to capacity ratio of 0.1 to 1.0.  

 

The results show that the effect of light rain on follow-up time decreases as the volume to 

capacity ratio increases. Although, the follow-up time also decreases as the volume to capacity 

ratio increases under dry and light rain condition. This is because as the entry flow rate 

increases, the vehicle following takes more caution of the leading vehicle and struggles for the 

safe gap within the circulating traffic to enter the roundabout. The follow-up time increases 

under light rain, for example, at free flow rate, when the volume to capacity ratio is 0.1, it 

increases from 35.12s to 37.06s with an increase of 1.94s, while at a volume to capacity ratio 

of 0.5, it increases from 7.02s to 7.41s with an increase of 0.39s, and at 0.9 volume to capacity 

ratio, it increases from 3.9s to 4.12s with an increase of 0.22s, and at capacity when the volume 

to capacity ratio is 1.0, it increases from 3.51s to 3.71s causing an increase of 0.2s. There is a 

general increase in follow-up time in light rain, the reason being that the entry drivers are more 

cautious during light rain in accepting the gap within the circulating traffic. Though, the 

increase is small but more pronounced at free flow rate, this shows that the drivers react mainly 

to a light rain effect at free flow rate. As the flow rate increases, the drivers gradually become 

more cautious of the traffic and the effect of the light rain gradually decreases.     

 

The results also show that at capacity when the volume to capacity ratio (x) is 1.0, the light 

rain effect is almost nullified and insignificant. The reason is because the entry driver reacts 

to both the light rain and the optimum traffic flow rate, as the effect of the light rain and 

optimum traffic flow rate cannot be separated. The summary of the follow-up time under dry 

and light rain conditions at site 01 is presented in table 6.3.  
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Table 6.3: Summary of the follow-up time under dry and light rain at site 01. 

x 
tf (s) Δtf  

(s) Dry Light rain 

0.1 35.12 37.06 1.94 

0.2 17.56 18.53 0.97 

0.3 11.71 12.35 0.64 

0.4 8.78 9.26 0.48 

0.5 7.02 7.41 0.39 

0.6 5.85 6.18 0.33 

0.7 5.02 5.29 0.27 

0.8 4.39 4.63 0.24 

0.9 3.9 4.12 0.22 

1.0 3.51 3.71 0.20 

         Note: x is volume capacity ratio, tf is follow-up time headway, Δ is difference   

 

The results of follow-up time under dry and moderate rain show that the follow-up time 

increases under moderate rain and the moderate rain effect diminishes as the volume to 

capacity ratio increases.  For example, at free flow rate of 0.1 volume capacity ratio, the 

follow-up time increases from 34.22s to 41.24s with an increase of 7.02s. It also increases 

from 6.84s to 8.25s at a volume to capacity ratio of 0.5 with an increase of 1.45s. At 0.9 volume 

to capacity ratio, it increases from 3.8s to 4.58s causing an increase of 0.78s. At optimum 

traffic flow rate when the volume to capacity ratio is 1.0, it increases from 3.42s to 4.12s 

causing an increase of 0.7s. The moderate rain effect on follow-up time follows the same 

pattern as with a light rain effect. The effect of moderate rain is more pronounced at free flow 

rate. The moderate rain effect diminishes as the volume to capacity ratio increases.  The reason 

is that as the traffic flow rate increases, the entry driver becomes more cautious of the leading 

vehicles and takes time to judge correctly the gap within the circuiting traffic, hence the effect 

of moderate rain diminishes. The summary of the follow-up time under dry and moderate rain 

at site 01 is presented in table 6.4.  
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Table 6.4 Summary of the follow-up time under dry and moderate rain at site 01. 

x 
tf (s) 

Δ tf (s) 

Dry 

Moderate 

rain 

 

0.1 

 

34.22 

 

41.24 

 

7.02 

0.2 17.11 20.62 3.51 

0.3 11.41 13.35 1.94 

0.4 8.56 10.31 1.75 

0.5 6.84 8.25 1.41 

0.6 5.7 6.87 1.17 

0.7 4.89 5.89 1.00 

0.8 4.28 5.15 0.87 

0.9 3.8 4.58 0.78 

1.0 3.42 4.12 0.70 

                                Note: x is volume capacity ratio, tf is follow-up time headway, Δ is difference  

 

The follow-up time under moderate rain is greater than under light rain. The reason is because 

the entry vehicle takes more caution under moderate rain and keeps a bigger gap from the 

leading vehicles. They are also more careful in accepting the gap because as the rain intensity 

increases from light rain to moderate rain, the visibility becomes more impaired, and the 

judgement of the critical gap needs more caution. Hence an increase in follow-up time. The 

results of follow-up time under dry and heavy rain show that the heavy rain effect on follow-

up time follows the same pattern as with light and moderate rain, because the effect of heavy 

rain reduces with an increase in the volume to capacity ratio. The follow-up time increases 

from 36.7s to 42.58s at free flow rate of 0.1 volume to capacity ratio. At 0.5 volume to capacity 

ratio, it increases from 7.34s to 8.52s with an increase of 1.18s. It also increases from 4.08s to 

4.73s at 0.9 volume to capacity ratio with an increase of 0.65s, and from 3.67s to 4.26s at an 

optimum entry flow rate when volume to capacity ratio is 1.0 with an increase of 0.59s. The 

effect of heavy rain on follow-up time is more pronounced at free flow rate and the effect 

reduces as the volume to capacity ratio increases, but the effect is smallest at an optimum entry 

flow rate. The summary of the follow-up time under dry and heavy rain at site 01 is presented 

in table 6.5. 
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Table 6.5: Summary of the follow-up time under dry and heavy rain at site 01. 

x 
tf (s) 

Δtf (s) 
Dry Heavy rain 

0.1 36.70 42.58 5.88 

0.2 18.35 21.29 2.27 

0.3 12.23 14.19 1.87 

0.4 9.17 10.64 1.47 

0.5 7.34 8.52 1.18 

0.6 6.12 7.1 0.98 

0.7 5.24 6.08 0.84 

0.8 4.59 5.32 0.73 

0.9 4.08 4.73 0.65 

1 3.67 4.26 0.59 

           Note: x is volume capacity ratio, tf is follow-up time headway, Δ is difference 

  

Moderate rain has a greater effect on follow-up time than heavy rain at this site, which is 

expected because the percentage composition of both the circulating medium and heavy 

vehicles is 4.32% and 1.87% which is higher than 2.47% and 1.44% of circulating medium 

and heavy vehicles under heavy rain. The entry drivers take more caution in accepting the 

critical gap with the presence of heavy vehicles in the circulating traffic.  

 

6.3.2 Follow-up Time Evaluation at Site 02 (Millennium Roundabout) 

  

The estimated capacity for site 02 in chapter 5 is recalled, and the entry capacity per lane is 

estimated and presented in table 6.6. This is for follow-up estimation. The estimated follow-

up time at capacity will not be considered separately at this site and subsequent sites because 

it will form part of the analysis under varying volume to capacity ratios.  
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   Table 6.6: Entry capacity during dry and rainy conditions at site 02. 

Weather 

condition 

Qe (pce/h) Qe (pce/h/lane) 

Dry Rainfall Dry Rainfall 

Light rain 1978 1974 989 987 

Moderate rain 1848 1661 924 831 

Heavy rain 1926 1572 963 786 

   Note: Qe is entry capacity 

 

To determine the rainfall effect on the follow-up time, the follow-up time is estimated under 

varying traffic flow rate. There is no need to consider all the volume to capacity ratios from 

0.1 to 1.0 as considered in site 01. Only free flow rate of volume to capacity ratio of 0.1, 0.5 

and the warning to alert threshold of 0.9 volume to capacity ratio, and the optimum entry traffic 

flow rate of volume to capacity ratio of 1.0 will be considered in this site and the subsequent 

sites. 

 

 The summary of the estimated follow-up time under dry and rainy conditions shows that the 

follow-up time increases irrespective of rain intensity and the effect diminishes as the volume 

to capacity ratio increases.  At the free flow rate of 0.1 volume to capacity ratio, rainfall has a 

very significant effect on follow-up time because entry drivers react mainly to the rainfall. 

Under light rain, the follow-up time increases from 36.40s to 39.49s with an increase of 3.09s. 

It increases from 38.96s to 43.35s with an increase of 4.39s under moderate rain. The increase 

is from 37.38s to 45.77s with an increase of 8.39s under heavy rain. This shows that at free 

flow rate the heavy rain has the highest increasing effect. This is because the drivers being 

more cautious of driving into the roundabout or accepting a gap under heavy rain. The rainfall 

effects increase through light rain to heavy rain because as the rain intensity increases, the 

drivers’ reactions to rainfall becomes more pronounced.  At the 0.5 volume to capacity ratio, 

the follow-up time increases from 7.29s to 4.04s with an increase of 0.01s under light rain. 

The moderate rain increases the follow-up time from 7.79s to 8.67s with an increase of 0.88s. 

Heavy rain causes an increase of 1.97s by increasing the follow-up time from 7.48s to 9.15s. 

The light rain effect is negligible at 0.5 volume to capacity ratio, the reason is because the light 

rain might have little effect on the entry driver because the light rain intensity at this site might 

be very low. As the roundabout is operating close to capacity at a volume to capacity ratio of 

0.9, the follow-up time increases from 4.04s to 4.05s under light rain with an increase of 0.01s. 
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Under moderate rain, it increases from 4.33s to 4.82s with an increase of 0.49s, and from 4.15s 

to 5.09s with an increase of 0.94s under heavy rain. At optimum flow rate when the volume to 

capacity ratio is 1.0, it increases from 3.64s to 3.65s with an increase of 0.1s under light rain. 

It increases from 3.90s to 4.33s with an increase of 0.43s under moderate rain, and 3.74s to 

4.58s with an increase of 0.84s under heavy rain. 

 

Heavy rain has the highest effect irrespective of the volume to capacity ratio at this site because 

as the rain intensity keeps increasing the drivers become more reactive to the rainfall and they 

take more caution in judging the circulating gap correctly. At this site the follow-up time 

increases with an increase in rain intensity and the rainfall effect decreases with an increase in 

volume to capacity ratio, and at entry capacity the rainfall effect has the lowest effect on 

follow-up time irrespective of rain intensity. The summary of the follow-up time under dry 

and rainy conditions is presented in table 6.7.  

 

Table 6.7: Summary of the follow-up time under dry and rainy conditions at site 02. 

Weather 

condition 

Volume capacity ratio 

0.1 0.5 0.9 1.0 

Follow-up time (s) 

Dry  Rain Dry  Rain Dry  Rain Dry  Rain 

Light rain 36.40 39.49 7.28 7.29 4.04 4.05 3.64 3.65 

Moderate rain 38.96 43.35 7.79 8.67 4.33 4.82 3.90 4.33 

Heavy rain 37.38 45.77 7.48 9.15 4.15 5.09 3.74 4.58 

 

 

6.3.3  Follow-up Time Evaluation at Site 03 (Douglas Roundabout)   

   

The entry capacity estimated during the dry and rainy weather conditions in chapter 5 for site 

03 are recalled. The entry capacity per lane is estimated for follow-up time analysis at site 03 

as shown in table 6.8. 
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             Table 6.8: Entry capacity during dry and rainy conditions at site 03. 

 
Qe (pce/h) Qe (pce/h/lane) 

Dry Rain Dry Rain 

Light rain 1682 1536 841 768 

Moderate 

rain 
1864 1804 932 902 

Heavy rain 1525 1346 763 673 

      Note: Qe is entry capacity. 

 

The follow-up time is estimated under dry and rainy conditions with varying volume to 

capacity ratios, the results show that the follow-up time increases with an increase in rain 

intensity. As an example, at free flow rate of 0.1 volume to capacity ratio, the effect of rainfall 

is pronounced as it increases from 42.81s to 46.88s under light rain with an increase of 4.07s. 

Moderate rain increases the follow-up time from 38.63s to 39.91s with an increase of 1.28s. 

Heavy rain causes an increase from 47.21s to 53.49s with an increase of 6.28s. At the free flow 

rate, the driver reacts mainly to the rainfall effect. At a volume to capacity ratio of 0.5, the 

follow-up time increases from 8.59s to 9.38s with an increase of 0.79s under light rain. It 

increases from 7.73s to 7.98s with an increase of 0.25s under moderate rain. It also increases 

from 9.44s to 10.70s with an increase of 1.26s under heavy rain. This trend is followed at a 

volume to capacity ratio of 0.9. This shows that as the volume to capacity ratio increases, the 

driver starts to combine the effect of traffic with the rainfall effect and the rainfall effects 

gradually decrease. At capacity, when the volume to capacity ratio is 1.0, the follow-up time 

increases from 4.28s to 4.69s with an increase of 0.41s under light rain. It increases from 3.86s 

to 3.99s with an increase of 0.13s under moderate rain. It also increases from 4.72s to 5.33s 

with an increase of 0.61s under heavy rain. This shows that at optimum flow rate the effect of 

rainfall is minimal irrespective of the rain intensity because at this condition, the drivers react 

more to the traffic than the rainfall. Heavy rain has the highest effect on the follow-up time at 

this site and the effect of rainfall reduces as the volume to capacity ratio increases. At entry 

capacity when the volume to capacity ratio is 1.0, the traffic flow rate effect takes control of 

the follow-up time as the effect of rainfall becomes minimal. This follows the same pattern as 

sites 01 and 02. The summary of the estimated follow-up time under dry and rainy conditions 

of varying intensity and volume to capacity ratio is presented in table 6.9. 
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Table 6.9: Summary of the follow-up time under dry and rainy conditions at site 03. 

Weather 

condition 

Volume to capacity ratio 

0.1 0.5 0.9 1.0 

Follow-up time (s) 

Dry  Rain Dry  Rain Dry  Rain Dry  Rain 

Light rain 42.81 46.88 8.56 9.38 4.76 5.21 4.28 4.69 

Moderate rain 38.63 39.91 7.73 7.98 4.29 4.43 3.86 3.99 

Heavy rain 47.21 53.49 9.44 10.70 5.25 5.94 4.72 5.33 

 

 

6.3.4     Follow-up Time Evaluation at Site 04 (Gateway Roundabout) 

 

The entry capacity estimated in chapter 5 under dry and rainy weather conditions at site 04 are 

recalled. The entry capacity per lane is estimated as presented in table 6.10 for follow-up 

estimation at site 04.  

 

                          Table 6.10: Entry capacity during dry and rainy conditions at site 04. 

Weather 

condition 

Qe (pce/h) Qe (pce/h/lane) 

Dry Rain Dry Rain 

Light rain 1928 1858 964 929 

Moderate rain 1870 1683 935 842 

Heavy rain 1769 1514 885 757 

  Note: Qe is entry capacity. 

 

The follow-up time is estimated under dry and rainy weather conditions with varying volume 

to capacity ratios. The results show that follow-up time increases with an increase in rain 

intensity, the effect is more pronounced at free flow rate and it reduces with an increase in 

volume to capacity ratio. As an example, at free flow rate when the volume to capacity ratio 

is 0.1, the light rain increases the follow-up time from 37.34s to 38.75s with an increase of 

1.41s. The increase under moderate rain is 4.28s as it increases from 38.50s to 42.78s. Heavy 

rain causes an increase of 7.60s as the increase is from 40.27s to 47.87s. At a 0.5 volume to 
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capacity ratio, the follow-up time increases from 7.47s to 7.75s during light rain with 0.28s 

increase. It increases from 7.70s to 8.56s with an increase of 0.86s under moderate rain. The 

increase is from 8.14s to 9.57s with an increase of 1.43s under heavy rain. At a volume to 

capacity ratio of 0.9, the increasing effect caused by light rain is 0.16s as the follow-up time 

increases from 4.15s to 4.31s. Under moderate rain, it increases by 0.47s as it increases from 

4.28s to 4.75s. The effect becomes smaller because the drivers’ reactions to the leading 

vehicles and judgment of the gap within the circulating traffic increases.  At a volume to 

capacity ratio of 1.0 the effect of rainfall becomes minimal as the effect of optimum traffic 

flow rate is combined with the rainfall effect. The follow-up time increases by 0.15s under 

light rain as it increases from 3.78s to 3.88s. The increase is 0.43s under moderate rain as it 

increases from 3.85s to 4.28s. Under heavy rain it increases from 4.07s to 4.79s with an 

increase of 0.72s.  At this site, the follow-up time increases with an increase in rain intensity 

and the effect reduces with an increase in the volume to capacity ratio. At an optimum entry 

traffic flow rate, the effect becomes minimal as the traffic conditions become the leading 

controller of the follow-up time. The estimated follow-up time at varying volume to capacity 

ratios under dry and rainy weather is presented in table 6.11. 

 

Table 6.11: Summary of the follow-up time under dry and rainy conditions at site 04. 

Weather 

condition 

Volume to capacity ratio 

0.1 0.5 0.9 1.0 

Follow-up time (s) 

Dry  Rain Dry  Rain Dry  Rain Dry  Rain 

Light rain 37.34 38.75 7.47 7.75 4.15 4.31 3.73 3.88 

Moderate rain 38.50 42.78 7.70 8.56 4.28 4.75 3.85 4.28 

Heavy rain 40.27 47.87 8.14 9.57 4.52 5.32 4.07 4.79 

 

6.4 Critical Gap Evaluation 

 

The critical gap is estimated using the empirical method. The gap is the minimum time 

between the two circulating vehicles for entry drivers to drive safely into the roundabout. This 

is different from headway because it can be taken at the headway less the vehicle length in 

terms of time, as shown in equation 6.2. 
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Gap = 𝐻𝑐 − 𝑇         [6.2] 

Where:   

Hc = circulating headway =
3600

Qc
         [6.3] 

Qc = circulating capacity (pce/h). 

T = vehicle length = 

1

𝑁
 ∑ 𝑑𝑖

𝑁
𝑖=1  

1

𝑁
 ∑ 𝑢𝑖

𝑁
𝑖=1  

       [6.4] 

1

𝑁
 ∑ 𝑑𝑁

𝑖=1  = average length of all the vehicles under weather condition i. 

1

𝑁
 ∑ 𝑢𝑖

𝑁
𝑖=1  = average speed of all vehicles under weather condition i. 

 

By fixing equation 6.4 to 6.2, then: 

 𝑡𝑐 =  𝐻𝑐 −  
1

𝑁
 ∑ 𝑑𝑖

𝑁
𝑖=1  

1

𝑁
 ∑ 𝑢𝑖

𝑁
𝑖=1  

        [6.5] 

Where, 𝑡𝑐 = critical gap. 

 

6.4.1 Critical Gap Evaluation for Site 01 (Armstrong Roundabout) 

 

The circulating capacity under dry and rainy conditions at site 01 are recalled from chapter 5 

for the purpose of estimating the critical gap at site 01. The recalled capacity under dry and 

rainy conditions are shown in table 6.12.  

 

Table 6.12: Circulating capacity during dry and rainy conditions at site 01. 

Weather 

condition 

Qc (pce/h) Qc (pce/h/lane) 

Dry Rain Dry Rain 

Light rain 2129 2018 1065 1009 

Moderate rain 2085 1730 1043 865 

Heavy rain 2207 1903 1104 952 

  Note: Qc is circulating capacity. 
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Site 01 will be used for the sample calculation of critical gap estimation. The dry weather 

conditions in combination with the light weather conditions will be used for the sample 

calculation. 

 

At dry weather, Qc = 2129 pce/h.  

Qc for a single lane = 1065 pce/h/lane. 

The headway is estimated using equation 6.2 

Hc =
3600

1065
 = 3.38s            

The average vehicle length is estimated from the average length of all vehicles under dry 

weather conditions. 

The average wheel (WB) base of passenger cars = 2.65m (from ATC data) 

The average wheel base of medium vehicles = 4.11m (from ATC data)   

The average wheel base of heavy vehicles = 8.9m (from ATC data) 

 

The front overhanging (OF) of passenger cars  = 1.03m (SANRAL) 

The rear overhanging (OR) of passenger cars  = 1.53m (SANRAL) 

The front overhanging of medium vehicles  = 2.1m (SANRAL) 

The rear overhanging of medium vehicles  = 2.1m (SANRAL) 

The front overhanging of heavy vehicles  = 0.9m (SANRAL) 

The rear overhanging of heavy vehicles  = 0.6m (SANRAL) 

 

The length of a vehicle = WB + OF + OR      [6.6] 

Where: WB = wheel base 

 OF = front overhanging 

OR= rear overhanging 

 

Substitute for wheel base, front and rear overhanging in equation 6.6 to determine vehicle 

length. 
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The length of a passenger car = 2.65 + 1.03 + 1.53 = 5.21m 

The length of a medium vehicle = 4.11 + 2.1 + 2.1 = 8.31m 

The length of a heavy vehicle = 8.9 + 0.9 + 0.6 = 10.4m  

 

The average vehicle length can be estimated by finding the average of all the vehicles’ lengths, 

taking into consideration the percentage composition of the vehicles. 

The circulating traffic percentage composition at site 01 under dry weather conditions from 

chapter 4 are recalled as: 

Passenger cars = 94.3% = 0.943 

Medium vehicles = 2.93% = 0.0293 

Heavy vehicles = 2.12% = 0.0212 

 

The average length of the vehicles is estimated as the average of the sum of the products of 

the vehicles’ length and composition proportion. 

The average length =   
(5.21 𝑥 0.943) + (8.31 𝑥 0.0293) + (10.4 𝑥 0.0212)

0.943 + 0.0293 + 0.0212
 = 5.4𝑚 

 

The average speed of all the vehicles = 45.37km/h = 12.60m/s (from ATC data) 

Then using equation 6.4, T is estimated as: 

T = 
5.4

12.60
 = 0.43s 

The gap is estimated using equation 6.5 as: 

tc = 3.38 – 0.43 = 2.95s 

The same procedure is used in estimating the gap under light, moderate and heavy rain. The 

summary of the gap within the circulating traffic at circulating capacity under dry and rainy 

conditions is presented in table 6.13. 
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Table 6.13: Summary of the gap at entry capacity at site 04. 

Weather 

condition 

tc (s) 
Δ tc(s) 

Dry Rain 

Light rain 2.95 3.05 0.10 

Moderate rain 3.05 3.61 0.56 

Heavy rain 2.86 3.14 0.28 

   Note: tc is critigal gap. 

 

The summary results in table 6.13 show that the gap increases from 2.95s to 3.05s with an 

increase of 0.1s under light rain, from 3.05s to 3.61s with an increase of 0.56s under moderate 

rain, and from 2.86s to 3.14s with an increase of 0.28s under heavy rain. The gap at circulating 

capacity cannot be taken as a critical gap because under this situation, the circulating roadway 

is operating at capacity and no entry vehicle is expected to enter the circulating roadway. 

Nevertheless, the results in table 6.13 might not be enough to determine the rainfall effect as 

the circulating drivers react to indistinguishable effects of both the optimum circulating traffic 

flow rate and rainfall at the same time. 

 

To determine the effect of rainfall on the critical gap, it is estimated under free flow rate of 0.1 

to 0.9 volume to capacity ratio. For example, when the circulating volume to capacity ratio is 

0.9 under dry weather conditions, then the traffic flow rate = 0.9 x 1065 = 959 pce/h/lane 

Hc =
3600

959
 = 3.75s. 

Then the critical gap = 3.75 – 0.43 = 3.32s. 

The same procedure is used to estimate the critical gap for a volume to capacity ratio of 0.1 to 

0.9 under dry and rainy conditions.  

 

The results under dry and light rain show that the critical gap increases under light rain 

conditions, for example, the effect is more pronounced at a free flow rate of 0.1 volume to 

capacity ratio where the light rain increases the critical gap from 33.42s to 35.16s with an 

increase of 1.74s. This is because the circulating drivers react mainly to the light rain at free 

flow rate. Also, at circulating free flow rate, the entry traffic is high, and the circulating drivers 

are cautious of merging with the entry vehicles under light rain. When the volume to capacity 



250 
 

ratio is 0.5, the critical gap increases from 6.36s to 6.62s with an increase of 0.26s. At a volume 

to capacity ratio of 0.9, it increases from 3.36s to 3.45s with an increase of 0.09s. At capacity 

when the volume to capacity ratio is 1.0 and there are no entry vehicles, the gap increases from 

2.98 to 3.05s with an increase of 0.1s, which shows that the light rain effect is insignificant 

because the drivers react more to the traffic situation.  The summary of the results under dry 

and light rain is presented in tables 6.14. 

 

Table 6.14: Summary of the critical gap under dry and light rain at site 01. 

x 
tc (s) 

Δ tc(s) 
Dry Light rain 

0.1 33.42 35.16 1.74 

0.2 16.51 17.32 0.81 

0.3 10.87 11.38 0.51 

0.4 8.05 8.40 0.35 

0.5 6.36 6.62 0.26 

0.6 5.24 5.43 0.19 

0.7 4.43 4.58 0.15 

0.8 3.83 3.94 0.11 

0.9 3.35 3.45 0.11 

1.0 2.98 3.05 0.10 

         Note: x is volume capacity ratio, tc is critical gap, Δ is difference 

 

The results of the critical gap under dry and moderate rainfall show that critical gap increases 

under moderate rain. For example, at a free flow rate of 0.1 volume to capacity ratio, the critical 

gap increases from 34.13s to 41.07s with an increase of 6.94s. The effect of moderate rain is 

as noticeable at the free flow rate. The effect decreases as the circulating flow rate increases. 

When the volume to capacity ratio is 0.5, the critical gap increases from 6.51s to 7.77s with 

an increase of 1.26s. Also, at a volume to capacity ratio of 0.9, the critical gap increases from 

3.44s to 4.07s with an increase of 0.63s. At circulating capacity, with a volume to capacity 

ratio of 1.0, the gap increases from 3.10s to 3.60s with an increase of 0.5s. This follows the 

same pattern as with the light rain effect. Although the circulating traffic has a continuous flow 

rate, the car following keeps a bigger gap from the leading vehicles because of the rainy 
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conditions, such as reduction in visibility and friction between tyre and the pavement. 

Moderate rain has a greater effect than the light rain at this site. The summary of the results 

under dry and moderate rain is presented in table 6.15. 

 

Table 6.15: Summary of the critical gap under dry and moderate rainfall at site 01. 

x 
tc 

Δ tc(s) 
Dry Moderate rain 

0.1 34.13 41.07 6.94 

0.2 16.87 20.26 3.39 

0.3 11.11 13.32 2.21 

0.4 8.23 9.85 1.62 

0.5 6.51 7.77 1.26 

0.6 5.36 6.38 1.02 

0.7 4.53 5.39 0.86 

0.8 3.92 4.65 0.73 

0.9 3.44 4.07 0.63 

1.0 3.10 3.60 0.50 

Note: x is volume capacity ratio, tc is critical gap, Δ is difference 

 

The results of the critical gap under dry and heavy rainfall shows that heavy rain has an 

incremental effect on the critical gap. At free flow rate of 0.1 volume to capacity ratio, the 

critical gap increases from 32.22s to 37.19s with an increase of 4.97s, which is a pronounced 

effect. When the volume to capacity ratio is 0.5, the critical gap increases from 6.12s to 6.92s 

with an increase of 0.8s. The result also shows that as the volume to capacity ratio increases, 

the effect of rainfall diminishes, for example when the volume to capacity ratio is 0.9, the 

critical gap increases from 3.22s to 3.56s with an increase of 0.34s. At circulating capacity, 

the volume to capacity ratio is 1.0, the gap increases from 2.90s to 3.10s with an increase of 

0.2s. This shows that at capacity, the gap is greatly influenced by the circulating traffic flow 

rate and rainfall irrespective of the intensity which has very little effect. Though the optimum 

traffic flow rate and rain effect cannot be separated. The summary of the results under dry and 

heavy rain is presented in tables 6.16. 
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Table 6.16: Summary of the critical gap under dry and heavy rainfall at site 01. 

x 
tc 

Δ tc(s) 
Dry Heavy rain 

0.1 32.22 37.19 4.97 

0.2 15.95 18.27 2.32 

0.3 10.47 11.97 1.50 

0.4 7.76 8.82 1.06 

0.5 6.12 6.92 0.8 

0.6 5.04 5.66 0.62 

0.7 4.26 4.76 0.50 

0.8 3.68 4.09 0.41 

0.9 3.22 3.56 0.34 

1.0 2.90 3.10 0.20 

Note: x is volume capacity ratio, tc is critical gap, Δ is difference 

 

The critical gap under heavy rain is less than the moderate rain effect because the number of 

circulating medium and heavy vehicles under moderate rain are higher than under heavy rain. 

The circulating vehicles keep a greater distance from these vehicles under moderate rain, hence 

creating a higher critical gap. At this site, the critical gap increases irrespective of the rain 

intensity and the rainfall effect irrespective of the intensity decreases as the circulating volume 

to capacity ratio increases. 

 

6.4.2 Critical Gap Evaluation for Site 02 (Millennium Roundabout) 

 

The critical gap at this site is estimated using the procedure in subsection 6.4.1. The circulating 

capacity under dry and rainy conditions are recalled from chapter 5 and presented in table 6.17. 

The critical gap estimation at varying circulating volume to capacity ratios will be limited to 

0.1, 0.5, and 0.9 volume to capacity ratios for this site and the subsequent site. The effect of 

rainfall on gap at 1.0 volume capacity ratio will also be considered.  
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 Table 6.17: Circulating capacity during dry and rainy conditions at site 02. 

Weather 

condition 

Qc (pce/h) Qc (pce/h/lane) 

Dry Rain Dry Rain 

Light rain 1810 1806 905 903 

Moderate rain 2110 1896 1055 948 

Heavy rain 1914 1563 957 782 

  Note: Qc is circulating capacity 

 

The results of critical gap under dry and rainy conditions with varying volume to capacity 

ratios show that light rain has no significant effect on critical gap. At free flow rate of 0.1 

volume to capacity ratio, the critical gap increases from 39.25s to 39.28s with an increase of 

0.03s. At 0.5 volume to capacity ratio, the critical gap remains unchanged from 7.40s. At a 0.9 

volume to capacity ratio, it increases from 3.84s to 3.89s with an increase of 0.05s. This shows 

that light rain has no significant effect on the critical gap at this site. The critical gap is mainly 

controlled by the circulating traffic flow rate, the reason is because the light rain at this site 

might be a rain with very low intensity which does not have a noticeable effect on driver 

behaviour. At a volume to capacity ratio of 1.0 the gap increases from 3.40s to 3.44s with an 

increase of 0.1s. The effect of moderate and heavy rain is more pronounced at a free flow rate 

of 0.1 volume to capacity ratio. When the volume to capacity ratio is 0.1, the critical gap 

increases from 33.59s to 37.27s with an increase of 3.65s under moderate rain, heavy rain 

causes an increase of 8.28s by increasing the critical gap from 37.08s to 45.36s. This is because 

drivers react mainly to rainfall at free flow rate. Heavy rain has the highest effect at free flow 

rate because as the rain intensity increases, the circulating drivers become more cautious 

because of the rainfall and try to avoid unnecessary merging of the entry vehicles.  

 

As the circulating volume to capacity ratio increases, the moderate and heavy rain effect keeps 

decreasing. At a volume to capacity ratio of 0.5, the moderate rain increases the critical gap 

from 6.29s to 6.89s with an increase of 0.6s. The heavy rain increases the critical gap from 

6.99s to 8.51s with an increase of 1.51s. At a 0.9 volume to capacity ratio the moderate rain 

increases from 3.26s to 3.52s with an increase of 0.26s. Heavy rain causes an increase of 0.77s 

by increasing the critical gap from 3.65s to 4.42s. This shows that as the circulating traffic 

increases, there is more vehicular interaction and the drivers become cautious of the interacting 

traffic. 
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At capacity the gap increases from 2.88s to 3.09s with an increase of 0.21s under moderate 

rain. Heavy rain increases the gap from 3.23s to 3.91s with an increase of 0.68s. Despite there 

being no entry vehicle, the drivers are still more cautious of the circulating vehicles than the 

rainfall. 

 

At this site the critical gap increases with an increase in rain intensity and the effect of rainfall 

decreases with an increase in the circulating volume to capacity ratio. The summary of the 

estimated critical gap under dry and rainy weather conditions is presented in table 6.18. 

 

Table 6.18: Summary of the critical gap under dry and rainy conditions at site 02. 

Weather 

condition 

Volume to capacity ratio 

0.1 0.5 0.9 1.0 

Critical gap (s) 

Dry  Rain Dry  Rain Dry  Rain Dry  Rain 

Light rain 39.25 39.28 7.40 7.40 3.84 3.89 3.40 3.44 

Moderate rain 33.59 37.27 6.29 6.89 3.26 3.52 2.88 3.09 

Heavy rain 37.08 45.36 6.99 8.51 3.65 4.42 3.23 3.91 

 

 

6.4.3 Critical Gap Evaluation for Site 03 (Douglas Roundabout)  

 

The recalled circulating capacity for site 03 from chapter 5 is presented in table 6.19. This is 

used in estimating the critical gap at varying circulating volume to capacity ratios under dry 

and rainy conditions.  

 

 Table 6.19: Circulating capacity during dry and rainy conditions at site 03. 

Weather 

condition 

Qc (pce/h) Qc (pce/h/lane) 

Dry Rain Dry Rain 

Light rain 1810 1806 905 903 

Moderate rain 2110 1896 1055 948 

Heavy rain 1914 1563 957 782 

  Note: Qc is circulating capacity. 
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The results of the estimated critical gap under dry and rainy weather conditions at this site 

show that the effect of rainfall on the critical gap follows the same pattern with sites 01 and 

02. This is because the critical gap increases under rainfall, but the effect decreases with an 

increase in the circulating volume to capacity ratio. For example, using heavy rain conditions, 

the critical gap increases from 30.03s to 32.14s with an increase of 2.11s at a 0.1 volume to 

capacity ratio. It increases from 5.60s to 5.85s with an increase of 0.25s at a volume to capacity 

ratio of 0.5. It increases from 2.88s to 2.57s with an increase of 0.11s at a volume to capacity 

ratio of 0.9. The effect of heavy rainfall is more pronounced on the critical gap at free flow 

rate of 0.1 volume to capacity ratio, and it decreases with an increase in the circulating volume 

to capacity ratio.  At circulating capacity, the gap increases from 2.57s to 2.63s with an 

increase of 0.06s. Light and moderate rain effect on the critical gap follows the same pattern 

at this site. Light rain has the highest effect at this site, this is because critical gap depends on 

the traffic flow rate, and the circulating capacity under light rain is lower than under moderate 

rainfall which generates a greater headway and gap. At this site, the critical gap increases 

irrespective of rain intensity and the rainfall effect decreases with an increase in the volume to 

capacity ratio irrespective of the rain intensity.  The summary of the estimated critical gap is 

presented in table 6.20. 

 

Table 6.20: Summary of the critical gap under dry and rainy conditions at site 03. 

Weather 

condition 

Volume to capacity ratio 

0.1 0.5 0.9 1.0 

Critical gap (s) 

Dry  Rain Dry  Rain Dry  Rain Dry  Rain 

Light rain 36.30 40.31 6.85 7.59 3.58 4.01 3.21 3.56 

Moderate rain 44.38 46.39 8.47 8.72 4.48 4.59 4.01 4.08 

Heavy rain 30.03 32.14 5.60 5.85 2.88 2.99 2.57 2.63 

 

 

6.4.4 Critical Gap Evaluation for Site 04 (Gateway Roundabout) 

 

The circulating capacity is recalled from chapter 5 and presented in table 6.21 for estimation 

of the critical gap using the procedure in subsection 6.4.1.  
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 Table 6.21: Circulating capacity during dry and rainy conditions at site 04. 

Weather 

condition 

Qc (pce/h) Qc (pce/h/lane) 

Dry Rain Dry Rain 

Light rain 1594 1536 797 798 

Moderate rain 1626 1464 813 732 

Heavy rain 1717 1460 859 730 

  Note: Qc is circulating capacity 

 

The results of the estimated critical gap show that the critical gap increases with an increase 

in rain intensity. At a 0.1 volume to capacity ratio, light rain increases the critical gap from 

44.73s to 46.29s with an increase of 1.56s. Moderate rain increases the critical gap from 43.84s 

to 48.55s with an increase of 4.71s. The increase under heavy rain is from 41.49s to 48.66s 

with an increase of 7.17s. The effect of rainfall irrespective of the rain intensity is significant 

at free flow rate. Heavy rain has the highest effect at this site because as the rain intensity 

increases, the circulating drivers respond to the rainfall effect such as an increase in impaired 

visibility. They also become cautious of merging with entry traffic. Hence, they keep a greater 

distance from the leading vehicle and this increases the critical gap. At a volume to capacity 

ratio of 0.5, the critical gap increases from 8.59s to 8.79s with an increase of 0.2s under light 

rain. The increase is from 8.41s to 9.21s with an increase of 0.8s under moderate rain. Heavy 

rain causes an increase from 7.94s to 9.21s with an increase of 1.27s. As the circulating flow 

rate increases, the effect of rainfall decreases. At a 0.9 volume to capacity ratio, light rain 

increases the critical gap from 4.57s to 4.62s with an increase of 0.05s. Moderate rain causes 

increases from 4.48s to 4.84s with an increase of 0.36s. While heavy rain causes an increase 

from 3.75s to 4.27s with an increase of 0.52s.  At capacity, the volume to capacity ratio is 1.0, 

and the gap increases from 4.07s to 4.10s with an increase of 0.03s under light rain. Under 

moderate rain, it increases from 3.98s to 4.29s with an increase of 0.31s. Heavy rain increases 

the gap from 3.75s to 4.27s with an increase of 0.52s.  At this site the critical gap increases 

with increases in rain intensity and the rain effect diminishes as the circulating flow rate 

increases. The summary results of the estimated critical gap at varying volume to capacity 

ratios under dry and rainy weather conditions is presented in table 6.22.  
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Table 6.22: Summary of the critical gap under dry and rainy conditions at site 04. 

Weather 

condition 

Volume to capacity ratio 

0.1 0.5 0.9 1.0 

Critical gap (s) 

Dry  Rain Dry  Rain Dry  Rain Dry  Rain 

Light rain 44.73 46.29 8.59 8.79 4.57 4.62 4.07 4.10 

Moderate rain 43.84 48.55 8.41 9.21 4.48 4.84 3.98 4.29 

Heavy rain 41.49 48.66 7.94 9.21 4.22 4.82 3.75 4.27 

 

 

6.5  Time Headway Implications 

 

The time headway always occurs at both the entry and circulating traffic stream. The vehicle 

interaction between the entry and circulating traffic flow rate determines the functionality of 

the roundabout. The time headway of concern at the roundabout is the follow-up time at the 

entry roadway which is the time between two successive vehicles that accept the same gap 

within the circulating traffic. The critical gap is the safe gap within the circulating traffic 

stream for the entry vehicle to drive into the roundabout. These time parameters were evaluated 

in sections 6.3 and 6.4. 

 

The summary of the follow-up time at volume to capacity ratios of 0.1, 0.5, 0.9 and 1.0 during 

the dry and three categories of rainy conditions for the four sites as estimated in section 6.3 

are put together and rearranged under each rain category class of light, moderate and heavy 

rain. The results show that the rainfall effect on follow-up time follows the same pattern in all 

the sites, as the follow-up time increases irrespective of rain intensity. The values of the follow-

up time are not the same under the same weather conditions at all the sites because follow-up 

time is not a fixed value but dynamic. Taking an average of the follow-up time during dry and 

rainy conditions, the results show that at a free flow rate of entry volume to capacity ratio of 

1.0, the light rain increases follow-up time from 37.34s to 38.75s with an increase of 2.63s or 

6.93%. Moderate rain increases the follow-up time from 37.58s to 41.82s with an increase of 

4.24s or 11.29%. Heavy rain causes an increase from 40.93s to 47.43s with an increase of 

7.04s or 17.42%. At a volume to capacity ratio of 0.5, light rain increases the follow-up time 

from 7.58s to 7.96s causing an increase of 0.38s or 4.95%. Moderate rain causes an increase 

from 7.52s to 8.37s with an increase of 0.86s or 11.31%. Heavy rain causes an increase of 
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1.38s or 17.01% by increasing the follow-up time from 8.10s to 9.48s.  At a volume to capacity 

ratio of 0.9, the light rain increases the follow-up time from 4.21s to 4.42s with an increase of 

0.21s or 4.99%. Moderate rain increases the follow-up time from 4.18s to 4.65s with an 

increase of 0.47s or 11.26%. Heavy rain causes an increase of 0.77s by increasing the critical 

gap from 4.50s to 5.27s or 17.11%.  

 

The effect of rainfall is pronounced on follow-up time at free flow rate because the entry 

drivers react mainly to the rainfall. The circulating flow rate is always high at a low entry flow 

rate which makes the entry drivers become more cautious of merging with the circulating 

traffic under rainfall. There is a general increase in the follow-up time under rainfall because 

the drivers keep a greater distance from the leading vehicles because of the rainfall. When the 

leading vehicle accepts the critical gap for merging and driving into the roundabout, the 

follow-up vehicle will contend with the leading vehicle and the rainfall. 

 

When the entry roadway is operating at capacity, the volume to capacity ratio is 1.0, the follow-

up time increases from 3.78s to 3.88s with an increase of 0.02s under light rain, 3.85s to 4.28s 

with an increase of 0.42s under moderate rain, and 4.05s to 4.74s with an increase of 0.69s 

under heavy rain.  

 

This summary also shows that the follow-up time increases with an increase in rain intensity, 

but the rain effect diminishes with an increase in rain intensity, and when the entry roadway 

is operating at capacity, the follow-up time difference under rainfall and dry condition are 

insignificant. This is because the optimum entry flow rate at capacity cannot be separated from 

the rainfall effect. Although at a volume to capacity ratio of 0.9, there is a slight improvement 

and the effect increases when the volume to capacity ratio is set to 0.5.  

 

It is therefore correct to state that the follow-up time increases with an increase in rain intensity 

and the effect diminishes with an increase in volume to capacity ratio. At optimum entry flow 

rate, the influence of rainfall on follow-up time is nullified. Thereafter, the optimum entry 

traffic conditions control the follow-up time. The summary is presented in table 6.23.  
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Table 6.23: Summary of the follow-up time during dry and rainy conditions at all the sites. 

Weather 

condition 
Site 

Volume to capacity ratio 

0.1 0.5 0.9 1 

Follow-up time (s) 

Dry Rain Dry  Rain Dry  Rain Dry  Rain 

Light 

rain 

01 35.12 37.06 7.02 7.41 3.90 4.12 3.51 3.71 

02 36.40 39.49 7.28 7.29 4.04 4.05 3.64 3.65 

03 42.81 46.88 8.56 9.38 4.76 5.21 4.28 3.99 

04 37.34 38.75 7.47 7.75 4.15 4.31 3.73 3.88 

Moderate 

rain 

01 34.22 41.24 6.84 8.25 3.80 4.58 3.42 4.12 

02 38.96 43.35 7.79 8.67 4.33 4.82 3.90 4.33 

03 38.63 39.91 7.73 7.98 4.29 4.43 3.86 3.99 

04 38.50 42.78 7.70 8.56 4.28 4.75 3.85 4.28 

Heavy 

rain 

01 36.70 42.58 7.34 8.52 4.08 4.73 3.67 4.26 

02 37.38 45.77 7.48 9.12 4.15 5.09 3.74 4.58 

03 47.21 53.49 9.44 10.70 5.25 5.94 4.72 5.33 

04 40.27 47.87 8.14 9.57 4.52 5.32 4.07 4.79 

 

The summary of the critical gap estimated at volume to capacity ratios of 0.1, 0.5, 0.9 and 1.0 

under dry and rainy conditions at the four sites in section 6.4 are grouped according to the rain 

categories. The summary of the critical gap at all sites shows that the critical gap in dry weather 

conditions at all sites is lower than under rainfall, irrespective of the intensity. The reason is 

because under rainfall, the circulating vehicles keep a greater following distance because of 

the rainfall and are more cautious of merging entry vehicles. Despite there being a continuous 

flow rate, the drivers are still cautious because of the rainfall. Taking the average of the critical 

gap, at a free circulating flow rate of a volume to capacity ratio of 0.1, the critical gap increases 

from 38.43s to 40.26s with an increase of 1.84s or 4.78%. The moderate rain causes an increase 

from 38.99s to 43.32s with an increase of 4.34s of 11.12%. Under heavy rain the increase is 

from 35.21s to 40.82s with an increase of 5.62s or 15.96%. The rainfall effect is more 

pronounced at circulating free flow rate. At a volume to capacity ratio of 0.5, the critical gap 

increases from 7.3s to 7.6s with an increase of 0.3s or 4.11% under light rain. It increases from 

7.42s to 8.15s with an increase of 0.73s or 9.87% under moderate rain, and 6.61s to 7.62s with 

an increase of 1.10s or 15.27% under heavy rain. At a 0.9 volume to capacity ratio, the critical 

gap increases from 3.84s to 4.00s with an increase of 0.16s or 4.17% under light rain. It 

increases from 3.92s to 4.28s with an increase of 0.33s or 8.49% under moderate rain. Under 

heavy rain, it increases from 3.49s to 3.95s with an increase of 0.46s or 13.03%. The critical 

gap increases with an increase in rain intensity 
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At circulating capacity, the volume to capacity ratio is 1.0, the gap decreases from 3.57s to 

3.54s with a difference of 0.03s or 0.77%, this difference is inconsequential, and it shows that 

at peak traffic flow rate, light rain has no effect, but the circulating flow rate takes control of 

the gap. Moderate rain causes an increase from 3.49s to 3.77s with an increase of 0.27s or 

6.85%, and heavy rain causes the increase from 3.11s to 3.48s with an increase of 0.37s or 

11.75%. The summary is presented in table 6.24. 

 

Table 6.24: Summary of the critical gap during dry and rainy conditions at all the sites. 

Weather 

condition 
Site 

Volume to capacity ratio 

0.1 0.5 0.9 1 

Critical gap (s) 

Dry Rain Dry  Rain Dry  Rain Dry  Rain 

Light 

rain 

01 33.42 35.16 6.36 6.62 3.35 3.45 2.98 3.05 

02 39.25 39.29 7.40 7.40 3.84 3.87 3.40 3.44 

03 36.30 40.31 6.85 7.59 3.58 4.01 3.21 3.56 

04 44.73 46.29 8.59 8.79 4.57 4.65 4.67 4.10 

Moderate 

rain 

01 34.13 41.07 6.51 7.77 3.44 4.04 3.10 3.60 

02 33.59 37.27 6.29 6.89 3.26 3.52 2.88 3.09 

03 44.38 46.39 8.47 8.72 4.48 4.59 4.01 4.08 

04 43.84 48.55 8.41 9.21 4.48 4.84 3.98 4.29 

Heavy 

rain 

01 32.22 37.19 6.12 6.92 3.22 3.56 2.90 3.10 

02 37.08 45.36 6.79 8.51 3.65 4.42 3.23 3.91 

03 30.03 32.14 5.60 5.85 2.88 2.99 2.57 2.63 

04 41.49 48.60 7.94 9.21 4.22 4.82 3.75 4.27 

 

With the evidence in the summary of the follow-up time and critical gap, it shows that 

irrespective of the priority rule at the roundabout, the circulating and entry drivers are 

constrained by rainfall. The drivers keep a distance from the leading vehicle and take caution 

when merging. This shows that neither the entry nor the circulating drivers have an undue 

advantage over the other under rainfall. It is also correct to state that the critical gap and follow-

up time increases with an increase in rain intensity. At optimum traffic flow rate, the rainfall 

effect becomes minimal and the traffic flow rate takes over the control of the follow-up time. 
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While the gap at the optimum circulating flow rate cannot be taken as the critical gap because 

there is no entry flow rate when the circulating roadway is operating at capacity. 

 

6.6 Summary   

 

The follow-up and critical gap changes during rainfall were investigated in this chapter. The 

rainy weather conditions were classified into light, moderate and heavy rain. The follow-up 

time headway was estimated using the entry capacity which was estimated using the empirical 

method. The headway at capacity showed a lack of evidence to determine the effect of rainfall 

on the follow-up time because of the peak traffic effect. The follow-up time was estimated at 

varying entry traffic flow rates under dry and rainy conditions using the volume to capacity 

ratio. The follow-up time increased irrespective of the volume capacity ratio and rainfall 

intensity. The rainfall effect was well pronounced at free flow rate and the effect reduced with 

an increase in the volume capacity ratio. At peak flow rate when the roundabout entry is 

operating at capacity, the rainfall effect has an inconsequential effect on the follow-up time. 

At site one, the moderate rain had a higher effect on the follow-up time headway because of 

the high percentage of medium and heavy circulating vehicles. This was evidence that the 

follow-up time reacts to the circulating vehicle composition. The follow-up time increased 

with an increase in rain intensity, but the effect diminished as the entry flow rate increased and 

it became insignificant at peak entry flow rate.  

 

The critical headway was estimated in this chapter using the estimated circulating capacity. 

The critical gap was estimated by subtracting the vehicle length from the headway. The 

estimated gap at capacity was not adequate in determining the rainfall effect on the critical gap 

because at peak circulating flow rate, there is no interaction between the entry and circulating 

flow rate. The critical gap was estimated at varying circulating volume capacity ratios. The 

critical gap increased with increases in rainfall at all the site. Heavy rainfall had the highest 

effect. The effect of rainfall diminished as the circulating flow rate increased, and at peak the 

rainfall effect was insignificant.  
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CHAPTER 7 

 

CONCLUSION 

 

7.1 Overview 

 

The study reports the investigation of the impact of rainfall on the quality of service delivery 

at multilane roundabouts and their implications for time headway in South Africa. It was based 

on the hypothesis that rainfall, irrespective of intensity, will have an adverse effect on the 

quality of service delivery and time headway. The aim behind this exercise was to establish 

whether the quality of road service can be sustained in the presence of rainfall and the 

relationship between the two variables. The objectives were to: 

 

i. develop a quality of service criterial table for multilane roundabouts that would be 

used to assess roundabout performance under dry daylight and rainy conditions, 

 

ii. estimate the entry delay for multilane roundabouts under dry daylight and rainy 

conditions, 

  

iii. determine the quality of service for dry and rainy conditions from the criterial table 

developed in subsection i and to compare the outcomes,  

 

iv.  evaluate time headways under dry daylight and rainy weather conditions and to 

compare the outcomes. 

 

Within the purview of the study objectives, rainfall was classified into three categories; light 

rainfall with an intensity of less than 2.5mm/h, moderate rainfall with an intensity of between 

2.5mm/h and 10mm/hr, and heavy rainfall with an intensity of between 10mm/h and 50mm/h. 

It portrayed the amount of rain that has occurred at locations during observation periods. The 

study postulated that the quality of service can be divided into two classes (structural and 

functional). Structural quality of service deals with the generalised fixed roundabouts’ 

infrastructure like the pavement, drainage, road furniture, markings and signs among others. 

Whereas the functional quality of service deals with the flow rate entities and control system. 
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The study focused on the functional quality of service (FQS). Unlike the HCM level of service 

approach, where a single parameter (delay) is employed to determine service delivery, FQS 

has two key parameters, delay and reserve capacity, among others. FQS is premised on the 

concept that quality of service assessment has to take cognisance of road users’ and providers’ 

perceptions of quality.  

 

Rainy conditions affect traffic flow rate in a variety of ways that include poor visibility, 

aquaplaning, poor road surface friction, flooding, and pavement structural damage among 

others. Rainfall at roundabouts may cause drivers to reduce their vehicle speed, maintain the 

same carriageway lane, reserve capacity and affect time headway (Cools, M. et. al, 2010, 

Alhassan, H. & Ben-Edigbe, J. 2011, Ben-Edigbe, J., et. al. 2013). These in turn could promote 

poor road service and heighten the probability of accident risk. Both South African passenger 

car equivalent values and modified passenger car equivalent values based on empirical 

findings were used in turn. Statistical tests confirmed that no significant difference exists 

between the two values hence the standard South African values were used. A two-stage 

(assessment criteria and performance measurement) quality of service procedural framework 

was developed. Guided by the study objectives, roundabouts were surveyed, and their 

empirical results investigated considering the evidence obtained from the examination of the 

survey data. The analytical findings for dry and rainfall weather conditions were compared. In 

passing, it was observed that rainfall affected drivers’ visibility irrespective of vehicle type, 

and it is reasonable to suggest that rainy conditions have an adverse effect on driving 

conditions irrespective of vehicle type. Based on the synthesis of evidence obtained from the 

relationship between quality of service and rainfall, it is correct to conclude that there is a 

significant change in the quality of service delivery and time headways. In summary the study 

showed that: 

 

i. a criterial table can be constructed with delay and reserve capacity among others 

ii. quality of service reduction would result from rainfall  

iii. time headway variability would result from rainfall 

iv. heavy rainfall is a significant contributor to poor service delivery 
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Considering the discussion so far, the remainder of this chapter is organized into five sections.  

Section 7.2:  Findings based on rainfall intensities are summarized.  

Section 7.3:  Findings from quality of service criterial table development are summarized. 

Section 7.4:  Findings from quality of service delivery analyses are summarized. 

Section 7.5:  Synthesis of evidence from quality of service reduction are summarized. 

Section 7.6:  The way forward is presented. 

 

7.2  Findings Based on Rainfall Intensities  

 

In South Africa, Durban city has the highest rainfall intensity and frequency with an average 

yearly precipitation of 828mm compared to the South African yearly average of 450mm. 

Rainfall portrays the amount of rain that has occurred at locations during observation periods. 

It was classified into three categories; light rainfall with an intensity of less than 2.5mm/h, 

moderate rainfall with an intensity of between 2.5mm/h and 10mm/hr, and heavy rainfall with 

an intensity of between 10mm/h and 50mm/h. It portrays the amount of rain that has occurred 

at the surveyed sites during the observation periods.  

 

Light, moderate and heavy rain reduced the service delivery at site 01 and 04 roundabouts 

from B to C, whereas moderate and heavy rain reduced the service delivery at site 02 from C 

to D. Rainfall reduced the service delivery at site 03 from C to D bearing in mind that light 

rain had an insignificant effect on the service delivery at site 02 whilst moderate rain had an 

insignificant effect on the service delivery at site 03. It is often difficult to know with precision 

the exact intensity of rainfall, for example rainfall on the fringe could have been classified 

either way. It is possible than some moderate rainfalls are indeed light rainfall, and some are 

heavy rainfall.  

 

Nevertheless, it is equally important to bear in mind that rainfall changes intermittently, 

probably explaining the variation in service delivery distribution at the surveyed sites. In the 

study the quality of service reduction emanating from heavy rainfall intensity was prominent 

whereas those from light and moderate rainfalls sometimes overlapped. In any case, quality of 

service and time headway changed significantly due to rainfall at all surveyed sites.  



265 
 

Entry flow rate distribution fluctuated during dry weather, suggesting that drivers were not 

constrained by rainfall hence could choose suitable gaps in the circulating traffic stream. 

Whereas the entry flow rate distribution was nearly flat during rainfall, suggesting that drivers 

were constrained by the rainy conditions.  During rainfall, entry and circulating traffic streams’ 

time headways were affected. It was observed that time headway changes were gradual under 

rainy conditions and fluctuated during dry weather.  

 

Given rainy conditions, reserve capacity values were reduced, consequently control delay time 

and queue lengths increased. It would have been erroneous if South African passenger car 

equivalent values were kept without modification. Consequently, South African passenger car 

equivalent values were modified for study conditions, however, statistical tests suggested that 

passenger car equivalent value modifications would have a negligible effect on the study 

outcomes. Therefore, the South African passenger car equivalent values were used.  In 

summary, the study has shown conclusively that rainfall, irrespective of its intensity, affects 

the effectiveness of traffic stream quality of service delivery. 

 

7.3  Findings from Quality of Service Criteria Development 

  

In this study, it was argued that the level of service is not the same as the quality of service 

and cannot be used interchangeably. Level of service considers a single parameter whilst 

quality of service considers two or more parameters that represent road users’ and providers’ 

perceptions of service delivery.  

 

A quality of service criterial table was developed in this thesis for ranking service delivery 

under dry and rainy weather conditions. The table was divided into five grades, being A to F 

where A is the best service delivery and F is the worst service delivery, where vehicles move 

at lockstep with the lead vehicle. Typically, for grade A delay ̴ 11s, reserve capacity ̴ 0.6; for 

grade B delay ̴ ≤14s, reserve capacity  ̴0.4; for grade C delay ̴ ≤22s, reserve capacity ̴ 0.2; for 

grade D delay ̴ ≤31s, reserve capacity  ̴0.1; for grade E delay  ̴≤49s, reserve capacity  ̴<0.1; for 

grade F delay ̴ >49s. Grade D is the threshold that serves as a warning to traffic management 

that the roundabout is operating close to the capacity. From this study, the estimated delays 

were not significantly different from the delays stated in HCM 2010, however HCM 2010 and 

previous research studies often relied on delay for service delivery assessment.  
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This study introduced reserve capacity instead of saturation flow rate as the second criterion 

that depicts road providers’ perception of service delivery. Reserve capacity is an important 

factor when assessing the effectiveness of roundabout performance. It gives the traffic 

management team a sense of how much spare capacity the roundabout under observation can 

deliver, unlike the degree of saturation that merely states the number of vehicles in operation 

relative to the entry capacity. The inclusion of reserve capacity in the criterial table as one of 

the quality of service’s parameters is a major finding and a clear departure from the HCM 

2010 level of service prescriptions that rely solely on delays.  

 

Note that dry weather peak performances at each surveyed site were used to construct their 

criterial tables because each site had its peculiar environmental and traffic conditions. 

Furthermore, it allowed each site to be assessed uniquely against their standards. Hence the 

criterial table varied from site to site. This is a unique development and it is probably the first 

time that the quality of road service can be assessed against its own set of performance criteria.  

It is a clear departure from HCM and SIDRA roundabout performance assessment criterial 

tables. The departure makes both the road provider and user to be considered in the assessment 

of roundabout performance. Nevertheless, it was observed that the assessment criterial tables 

for all sites had very close values because of the difference in traffic, geometry and 

environmental conditions. Though, these tables can be combined into one table without having 

much deviation in the lower and upper boundaries of the FQS parameters.  

 

7.4  Findings from Quality of Service Delivery Analyses  

 

Results of the quality of service delivery at roundabouts can best be summarised as an increase 

in rainfall intensities relative to a decrease in service delivery. Observed volume to capacity 

ratios at all sites ranged from 60 to 70 per cent, suggesting that traffic flow rates were not at 

peak. Two performance measures were used; entry delay and reserve capacity. Each 

performance measure acted not only as a quality check, but also for checking the trend 

outcomes. At all sites, both the entry delay and reserve capacity analytical methods showed 

similar trends in service delivery reduction although not by the same percentage. Interestingly, 

follow-up time and critical gap reduced with the increase of rainfall intensities, thus suggesting 

that drivers were constrained by rainfall conditions. That trend was similar for all sites.  
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For delay and queue length, the generalized delay increase was between 10.26 % and 31.44 % 

and a queue length increase of 33.33 % under rainfall. However, light rain had the lowest delay 

increase of 0.19s, 2.22s, and 3.38s at sites 02, 03, and 04 respectively. Heavy rain caused the 

increase of 7.19s, 9.38s, and 3.38s delays at site 02, 03, and 04 respectively.   

 

Traffic flow rates under dry condition mostly fell in FQS B and C. Generally, when it rains 

the FQS reduced from B to C at sites 01 and 04, from C to D at sites 02 and 03 as shown on 

Table 7.1.  

 

Table 7.1: Summarised effect of rainfall on Functional Quality of service. 

Site 
FQS 

                        Dry Rainfall 

01 

 

B C 

02 C D 

03 C D 

04 B C 

 

The estimated maximum flow rate rates at all investigated sites were generally lower at off-

peak than peak travel, suggesting that all traffic flow rate data used for analysis occurred at 

off-peak periods. Light, moderate and heavy rain caused a reduction in the reserved capacity 

at all the surveyed sites. The summary of the effect showed that light rain caused a 12.5 % 

reduction, moderate and heavy rain caused a 17 % reduction respectively. In summary, the 

findings from this study indicate that the negative impact of rainfall on the quality of service 

delivery at roundabouts in Durban, South Africa is significant. 

 

7.5  Synthesis of Evidence from Quality of Service Reduction  

 

The study has shown that rainfall, irrespective of its intensity, affects the quality of service 

delivery at roundabouts in Durban, South Africa. Quality of service, which is same as 

functional quality of service, is made up of two key parameters, delay and reserve capacity. 

Reserve capacity was used in the thesis as a proxy for the road providers’ perception of service 

whilst delay was used as a proxy for the road users’ perception of service delivery. It is obvious 

that a reduction in quality of service delivery will trigger an increase in travel time and by 

extension time headway. All the model equations used in the thesis were tested statistically for 
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fitness. Regression techniques were employed for the development of a capacity model that 

relates to rainfall intensity. Both linear and exponential techniques were used in this study, but 

the exponential method was not adopted because of its inability to provide analysis under very 

low entry flow rates. The ensuing analytical findings were compared and discussed. The study 

has shown that rainfall has an influence on the functional service delivery at roundabouts and 

there is no evidence to suggest an undue advantage to either entry or circulating traffic flow 

rates. Based on the synthesis of evidence from the study, it is correct to state that the significant 

entry and circulating capacity which was lost at all surveyed sites resulted from rainfall. At all 

surveyed sites, the reserve capacity at multilane roundabouts in Durban, South Africa 

decreased during rainfall and it is correct to state that reserved capacity reduction at all 

surveyed sites were triggered by rainfall.   

 

The effect of rainfall intensity on time headway was investigated in this study. Follow-up time 

and critical gaps were the key parameters used in the study. Follow-up time increased during 

rainy conditions at all the surveyed sites. Heavy rainfall had the greatest effect on the follow-

up time and critical gap. So, it is also correct to suggest that the time headways are anomalous 

because the time differentials are inconsistent with rainfall intensity. Time headway 

differences became smaller in relation to rainy conditions and anomalous under heavy rainfall, 

thus suggesting that drivers are more cautious. However, once the degree of saturation 

threshold mark of 0.9 was reached and surpassed, the effect of rainfall as the sole traffic flow 

rate disturbance gradually diminished. It is also valid to conclude that the effect of rain alone 

cannot account for peak travel conditions and held responsible for time headway differentials 

when traffic flow rate is operating at peak without taking into account peak travel conditions. 

 

7.6  Recommendations 

 

The study has shown that rainfall, irrespective of intensity, has a signifcant impact on the 

quality of service at multilane roundabouts. It has also shown that the quality of service 

delivery is made up of at least two principal parameters; road providers’ and users’ perceptions 

of quality. The study has also shown that passenger car equivalent values have dynamic 

properties and that roundabout entry capacity is not static.   
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It is suggested that the level of service methodology for roundabouts and the passenger car 

equivalent values prescribed by the South African National Roads Agency Limited 

(SANRAL) be revisited. The task of effectively managing and operating a roundabout system 

has never been easy least of all under rainy conditions, nevertheless culling methodology from 

US HCM 2010 would make the task of management even harder. The US Highway Capacity 

Manual (HCM) is the most quoted and referred capacity manual in the transportation 

community worldwide. It was first developed in 1950. Since then, it has undergone significant 

improvements with major restructuring and rewrites in 1965, 1985, 2000 and 2010. The 

models developed and the roundabout FQS criterial table developed in this research can form 

part of South African HCM when it is developed and hence the need to take a serious look at 

the development of a South African Highway Capacity Manual (SAHCM) without delay. It 

can be argued that the depth of understanding and the experience of a systematic objective 

approach to roundabout operations is more relevant than borrowed methodology that may be 

inappropriate socially, economically, as well as culturally. It is often the case with borrowed 

methodology that the borrower would have to catch up with the lender all the time.  

 

In South Africa, where the capability to manage roundabout systems is still developing, 

assistance is generally needed. It is believed that a successful outcome will require a fusion of 

foreign technology, investments and local inputs. The study believes that of far more value to 

South Africa is an understanding and experience of a systematic approach to variable highway 

traffic problem-solving than the potential availability of the US Highway Capacity Manual 

and their problem-solving approach, because of the diversity in driving culture and priority of 

needs. It is accepted that the US Highway Capacity Manual can be used as a development tool; 

however, over-reliance on it would be inappropriate to the needs of this country. At the present 

time, South Africa has no highway capacity manual, its reliance on the US Highway Capacity 

Manual is near total. This would make traffic management during rainy conditions an 

audacious task to carry out. At the time of survey, there is no evidence of coordinated highway 

traffic data that takes cognizance of the rainfall in South Africa and many developing 

countries, hence this study makes a significant contribution to the study of rainfall impacts on 

roundabout operation. Consequently, poor quality of service would become unavoidable. In 

any case, this study gave insight into some of the problems inherent in driving under rainy 

conditions in South Africa.  
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The conclusions drawn in the study are relevant to multilane roundabouts’ traffic streams in 

South Africa and can be modified for use on other roundabouts. Currently very little is known 

about drivers’ behaviour in South Africa under rainfall conditions and it would be useful if 

research would be undertaken in this area. There is a need to comprehensively investigate the 

effects of rainfall intensity on taxi drivers’ behaviour because the Taxi drivers have driving 

behaviour different from other drivers in South Africa. As this will give insight into behaviour 

of taxi drivers under rainfall which could be a useful traffic management tool. There is further 

concern about the problem of aquaplaning under rainy conditions. This is also an area where 

research is needed to establish the effect of rainfall on generalised drivers’ behaviour in South 

Africa. Future research should be carried out on singular and multilane lane roundabout entry 

capacity estimation based on entry speed and traffic volume and the findings compared with 

other known capacity estimation methods. In closing, it is recommended that future studies be 

conducted to assess the perception of road users’ quality of service. It is affirmed that further 

research works on road users’ and providers’ perceptions would allow for a quality of road 

service index to be developed.  

 

Functional quality of service is a management issue because it deals with the traffic operations 

at roundabouts. Likewise, the rainfall is more of policy and management issue. This indicates 

that the development, implementation, effectiveness and improvement of the roundabout 

functional service delivery measures under rainfall in South Africa, is the way forward. 

 

 

 

 

 

 

.  
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