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Abstract

The subject of this study is the extent of pavement distress impact on traffic
capacity of uninterrupted road link sections. It aimed to ascertain whether road
pavement distress would have significant influence on roadway capacity loss.
Pavement distress is a persistence problem in Nigeria and indeed many
developing countries - it is reflected in terms of increase in the followings among
others: increase in travel time, and road user costs. Potholing, edge subsidence
and pavement cracking under tropical climate are problematic in developing
countries. Even though governments in Nigeria have spent huge sums of money

to dampen the effects of poor pavement conditions, the progress made so far 1s

painfully small.

The objectives were to measure roadway capacity in the presence of pavement
distress and compare with that taken without the influence pavement distress. To
that effect a pavement distress impact study was carried out at 12 selected sites in
Nigeria for a period of six months under daylight and dry weather conditions.
Based on the circumstances prevalent at the time of survey in Nigena the study
assumed that density was a resultant of speed and flow hence not directly
affected by pavement distress. This implies that roadway capacity loss was fully
the result of speed changes. Vehicle types, volumes and speeds were collected at
each surveyed road section and the results analysed. Capacities of the road
section were estimated for three sections (‘without distress’, ‘transition’ and
‘with distress’) of the road link and it was found that capacities on ‘without
distress and ‘with distress’ sections differed significantly. After achieving the
aim of the study, the roadway capacity loss was related to pavement distress
using polynomial modelling and multiple regression techniques. Results confirm

that pavement distress has relationship with roadway capacity loss and the study

concludes that a significant decrease in capacity of about 30% was found and is

attributable to road pavement distress.
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1

INTRODUCTION

1.1 BACKGROUND TO THE RESEARCH PROBLEM

The Nigerian road system constructed in the early 1900s, essentially as a feeder network
for the new railroads, and increased to 71,870 km by 1962, 93,200km by 1965,
114,768km by 1980, and 193,200km of paved and unpaved roads in 1998 is in poor
condition. Even though the total length of all categories of road has continued to rise in
Nigeria, the major problems today include maintaining the existing road networks and
keeping the 58,000km network of paved road open to vehicles for safe and efficient
passage, as there is the near total dependence on road transportation in Nigeria. Out of
the 58000 kilometres of paved roads only 9 per cent can be categorised as ‘good’, the
remainders are in poor conditions (FMWH 7998). Poor roads include Shagamu-Ore-

Benin, Iwo-Osogbo, Lagos-Ibadan, Lagos-Badagry, Ibadan-Ilorin, Calabar-Uyo, Aba,

and Ife-Ibadan motorways and majority of the trunk roads among others.

Given that the justification for the construction of roads is that they promote social
development and economic growth, then the tests of optimising road use would call for
road surfaces to be free from physical defects such as potholes, loose aggregates, and
broken edges, rutting and cracking. This has not been the case with many developing
countries. For example, in Nigeria about 81 percent of paved roads are in poor conditions

according to FMWH Assessment for Maintenance Draft Document, (FMWH 7998) often as a

result of neglect, resource shortages, and to a large extent lack of maintenance.

In 2004 there are many potholes on motorways (referred to as expressway in Nigeria)
trunk roads and local roads. The governments drive for cheap roads has not dampened the
influence of pavement distress on road capacity and their implications for road users. The
so called low cost roads has attracted dependence on the traditional methods of laying
asphalt on a collection of materials used traditionally for road construction with little

attention paid to the terrain and suitability of the design and construction method.



Asphalt paved roads have ‘unforgiving’ materials in that their use is sensitive to
engineering precisions lest errors in the construction process be rectified at considerable

effort and expense — often only by way of removal and replacement of defective work.

Besides the success and failure of the surfacing depends not only on the design, but also

on the extent to which that design is realised in construction process. So it is not

surprising that majority of the roads are in poor conditions.

The introduction of Petroleum Trust Fund -PTF demonstration roads in the early 1990s
did little in the long term to dampen the chronic problem pavement distress. Beginning of
2000, the familiar problem of potholes resurfaced and up till the time of this research-
2004 the potholes are present in large numbers on many motorways, trunks and local
roads. The PTF, Petroleum Trust Fund, is a semi-governmental board that was set up to
handle a portion of the proceeds from Nigeria’s oil exports. The Fund itself is a

monument to the inability of the federal government to keep from frittering away the

money. Thus, in question 1s the sustainability of the newly built roads in the face of

dwindling funds at the present time.

Investment loss in Nigeria due to poor road conditions in 1998 alone was estimated to be
$ 1 billion a year with an additional vehicle operating costs of about (US $625 million) a

year according to the Federal Ministry of Works (2000). It has during the recent years

been declining due to lack of maintenance.

Over the years vehicle population has risen from 55,000 in 1970 to 1.5 million in 1998

according to Road Vision Committee (2000). The commercial vehicle traffic growth rate
is estimated at 3.5 percent per annum (1998-2003), with passenger car traffic growth rate
of 3.5 percent per annum (1998-2002), and a projected growth of 4.5 percent per annum
from 2002 to 2007 according to the Federal Ministry of Works and Housing (1998). Even
though roads are designed with an estimated traffic operating capacity over time, these
large increases in traffic growth have consequences for the sustainability of the road

system in terms of roadway management because adequacy of road maintenance and the

robustness of road construction are subject to question.



In a country where few receive formal driving training and passing the licensing exam
requires more cash than know-how, driving style is bizarre and reckless. Drivers of
slower moving vehicles move out of the way of those driving faster vehicles. Vehicles
veer away from pedestrians. Timid drivers acquiesce to aggressive drivers. Drnivers of
slow cargo trucks signal to the following vehicles when it’s safe to pass. Of course, there
is a distinct lack of lane markings, traffic sign, and traffic control apparatuses; overgrown
bushes and trees narrowing what is left of a distressed carriageway width, rusting heaps
of rubbish, bumt automobiles and several carved in spots on the highways. There are no
structured action plans at the present time aimed at influencing the behaviour and
attitudes of road users. Education and training, publicity, engineering and enforcement

actions are mere intuitive - often referred to in Nigeria as fire brigade approach).

In 1998 many lives were lost on the federal Enugu - Umuahia - Aba - Port Harcourt
express road, Lagos - Ibadan express road, Benin- Shagamu express road due to poor

road surfaces often potholes. In 1999 the Umuahia-Ohafia road caved in at Iseke, a few
kilometres from Umuahia. The road caved-in on several spots, making motorists
including the author of this thesis to detour in selected places, driving through farmlands
and remote villages, criss-crossing abandoned terrain to reconnect the highways that are
often worse during wet and dark weather conditions. Temper flayed and some motorists
exchanged blows after accusing each order of ‘dangerous driving’. It is the same story 1n
2000 to the present time- 2004. Therefore it is not surprising that there is a growing

disquiet amongst road users in Nigeria about the deplorable state of the roads at the

moment.

The relationship between pavement (surface) distress and roadway capacity loss has not,

however, received much research attention, partly because many developing countries
base their road management systems on the parameters of developed countries often with
contrasting outcomes. Studies into the influence of pavement distress on road capacity
have been very limited if at all and this may not be unconnected with the fact that poor
road conditions are associated with developing countries. The Nigeria Road Research

Institute itself is in dire need of pothole-free internal roads and it is not surprising that till

2004 no known research on roads and traffic has been undertaken.



In one study carried out by Transport and Road Research Laboratory - TRL (19917), the
influence of pot-holed road surfaces on vehicle speed was examined. The study suggested
an average speed reduction of about of 6 km/h but this study suggests an average speed

reduction of 40km/h. This significant difference implies that there is a clear need for

empirical studies that will directly address the question of potential contributions of poor

road surfacing to capacity loss. It 1s this relationship that is the concems of this thesis.

From the foregoing, it is clear that initiatives and measures that include research into the
influence of pavement distress on capacity loss have to be taken in other to tackle issues
on poor road conditions. At the moment, Nigeria is still saddled with poor provision of

road system so that often, road pavement distresses pose itself as a major constraint on

her socio-economic growth prospect.

This study is based on the hypothesis that the extent of road capacity loss resulting from
pavement distress is significant. The aim behind this exercise is to establish whether

roadway capacity can be sustained in the presence of pavement distress and the

implications of pavement distress for passenger car equivalency values-PCEs.

1.2 OBJECTIVES OF THE STUDY
The objectives of this thesis are to investigate the following;:
i) The extent of pavement distress per surveyed road length;

i1) The capacity of road section without pavement distress under dry weather

and day light conditions;

iii)  The capacity of road section with pavement distress influence under dry

weather and day light conditions;

iv) The road capacity loss resulting from pavement distress under dry weather

and day light conditions; and

V) The effects of pavement distress on passenger car equivalency values —
PCEs.



1.3 METHOD OF THE STUDY

The method of study is empirical based with observations and sample surveys taken at
various locations in Nigena. The set-up of the study used by Van Goeverden et al (1998)
was modified and adopted for this study bearing in mind that a ‘before and after’
approach could be difticult to employ. This is so because we would have to rely on the
pavement distress to be repaired before the study can be completed. It is very likely that

road repairs may take long to achieve so a more suitable approach would be a ‘with and

without’ pavement distress road link.

The extent of pavement distress per road length would first be established and a standard

roadway capacity model based on extrapolating free flow observations is used to estimate

roadway capacity loss for empirical analysis.

Different methods exist for empirically estimating the capacity of a road section,

carriageway, or lane according to Minderhoud et al. (1997). These include: estimation

with headways, estimation with traffic volumes and speeds, and estimation with traffic

volumes, speeds and densities. However, two main groups can be distinguished as

follows: In first group, capacity is measured directly from the roadway. These methods

are workable 1f a road section forms a bottleneck where capacity is frequently reached. In

the second group capacity 1s estimated by extrapolating free-flow observations.

In order to estimate capacity loss resulting from pavement distress, two sections of road

in close proximity were selected such that the upstream sections was in a good state of
repair and the downstream section suffered from pavement distress. Three types of

vehicles were distinguished: private car, light goods vehicles, and heavy goods vehicles.

Vehicle speeds and flows on the upstream and downstream sections were recorded for

short time intervals over the length of the survey period, which enabled the capacities of

the upstream and downstream sections to be estimated and capacity loss determined.

The effect of different types of vehicle within a traffic stream is normally accommodated

for, by converting vehicles into passenger car units (PCU) using PCE values. However,



observation of vehicles travelling through distressed sections of surveyed road suggested
that the PCU values applicable to ‘normal’ roadway conditions were not appropriate to

distressed sections as they could lead to inaccurate road capacity values. More

specifically, although the speeds of all vehicle types were observed to be lower on
distressed sections in comparison with normal sections, it was noted that the magnitude
of this speed reduction was proportionately greater for cars and light goods vehicles than
heavy goods vehicles. Even though the PCE values as employed in Nigeria (FMWH,

1998) were adopted in this study, we have attempted to estimate and use PCE values that

could reflect the effects of pavement distress on roadway capacity.

The extent of road capacity loss resulting from pavement distress is particularly
emphasised, as the principal aim of the investigation. Nevertheless a predictive model

that related road capacity loss to number of potholes, relative area of distress and

maximum depth of pothole was presented.

1.4 SIGNIFICANCE OF THE STUDY

There are a number of studies including that of the Federal Ministry of Works and
Housing-FMWH road network study on road deterioration in Nigeria (FMWH, 1998).

However, the extent of poor road conditions on roadway capacity, has neither been fully
explored, nor well understood. This study is a first attempt to look into the extent of
capacity loss resulting pavement distress and organised in a way, which offers results
based on a synthesis of aggregate roadway capacity and pavement distress data. Its
significant is in 1ts attempt to show that by mapping out specific areas where action is

needed roadway capacity loss resulting from pavement distress can be avoided.

Road maintenance strategies are often least informed and policy has done little to set road
transportation on the long-term path. Such strategies are, however very important for
Nigeria, which seeks to evolve as a world-class industrial economy with competitive

prowess. The question 1s can it achieve this status on the evidence of its current road

transportation experience.



1.5 OGANISATION OF THE THESIS

The layout of this thesis 1s as shown in table of contents and note that the first figure of
the figures and tables in this thesis denotes that chapter number. For example Figure 3.0
or Table 3.0 means first figure or table in chapter 3. The remainder of this thesis 1s in

eight chapters as shown below 1n Figure 1.0.

FIGURE 1.0 OGANISATION OF THE THESIS

Chapter 2

[iterature Review
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Highways and Traffic in Nigeria

Chapter 4
Methodology
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Sample Surveys
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Capacity Analysis Loss Using
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Adj. PCE Values
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Conclusions
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LITERATURE REVIEW

2.1 OVERVIEW:
In the previous chapter - 1.2, we set out the objectives of this study. It 1s imperative
that literature on relevant previous works to this study and theoretic framework 1s

reviewed 1n order to support arising arguments in the later chapters. Accordingly this
chapter on literature review has been divided into seven sections as shown below in

Figure 2.0.

FIGURE 2.0 OGANISATION OF LITERATURE REVIEW
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Section 2.3
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PCE Values for Distressed Road
Surface

Section 2.8

Summary of Literature Review



2.2 ROAD CAPACITY:

Road capacity loss on a road link is the negative difference in road capacity between
the link sections. For the purpose of computing road capacity loss, the road capacities
of the road section must the known. Before reviewing literature on the road capacity
esttmation methods 1t 1s worth starting with road capacity definitions and there
adaptability in context. Given that the road links in this study has two distinct
sections; one section 1s with from pavement distress and the other section without
pavement distress. Section 2.2.1 will be concerned with the definitions of road
capacity; Section 2.2.2 will review literature on the significance of road capacity;
while section 2.2.3 will be concerned with the passenger car equivalency values and

section 2.2.4 will focus on factors influencing road capacity

2.2.1 Definitions - In the Department of Transport - DTp advice note TA79/99
(1999), capacity is defined as the maximum sustainable flow of traffic passing in 1

hour, under favourable road and traffic conditions. Firstly, the definition is not clear

about passage of an hour flow and secondly capacity within the purview of this

definition 1s dependent on favorable road and traffic conditions. Does that mean when

the road and traffic conditions are not favorable capacity cannot be reached? The
DTp advice note TA79/99 (1999) also suggested capacities for different types of
urban roads assuming a 60/40 directional split. For example, an urban all-purpose
road (UAP) with road carmageway width of 7.3m UAP1 can accommodate 1590,
UAP2 1470, UAP3 1300 vehicles per hour and for width 9.0m the suggested capacity

is 1860 vehicles per hour. Assuming a 60/40 directional split is the third condition

introduced in the advice note. Does that mean when the directional split is not 60/40

capacity cannot be estimated?

Further, 1t 1s noted in the advice note that highway network is composed junctions and
links, and each of these components has its own physical characteristics that influence
the maximum traffic flows that can be achieved, hence capacity flows may be up to

10% more or less than the values given in the advice note. The advice note concluded
that the capacities shown are for ‘favourable‘daylight conditions. Where the road and

traffic conditions are unfavourable, suitable capacity estimation method would have

to be used. The methods include estimation with headways, estimation with traffic



volumes, estimation with traffic volumes and speeds, and finally estimation with
traffic volumes, speeds and densities. In sum, capacity definition by the advice note
is restrictive and cannot be employed with confidence on road sections with pavement
distress. Thus it’s safe to assume that within the purview of this definition road

capacity cannot be reached under unfavourable conditions; hence an all-encompassing

definition of road capacity is required.

However, the Highway Capacity Manual -HCM (7985) on the hand defined road
capacity as ‘the maximum number of vehicles which has a reasonable expectation of
passing over a given section of a lane or a roadway in one direction (or in both period
directions for a two-lane or a three-lane highway) during a given time period (one
hour in the absence of a time modifier) under prevailing roadway, traffic and control
conditions’. The HCM (1968J) attempted to address the perceived deficiencies in DTp
advice note TA79/99 (1999) but how 1s ‘reasonable expectation to traverse’ to be
taken in context. Reasonable expectation surely refers to some high probability of
certain flow but the HCM (79835) manual was not clear on ‘reasonable expectation’,
‘prevailing conditions’ and ‘given time period’. In any case the HCM (7985)

definition itself has since been superseded by the HCM special- report 209 (1994) that

defines road capacity of a fixed facility as ‘the maximum hourly rate at which
vehicles can reasonably be expected to traverse a point or uniform section of a lane or
roadway during a given time period (usually 15 minutes) under prevailing road, traffic
and control conditions’. The definition recognises prevailing road and traffic

conditions, the potential for substantial variations in flow during an hour, and focuses

analysis on intervals of maximum flow.

2.2.2 Significance - Road capacity is significance because it’s an important
indicator of road performance and can point road managers in the right road
maintenance and traffic management direction. Three primary measures namely:

flow, speed and density characterise the operational state of any given traffic stream.

The fundamental diagram illustrates the observed relationship between three

variables, Speed — space mean speed, flow, and density. The relationships are shown
below in Figures 2.2, 2.3 and 2 4.
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Figure 2.2 Speed

Density

In figure 2.2 above, in a given traffic stream, density will increase relative in decrease

in vehicle speed and vice versa.

Figure 2.3 Flow

Density

In figure 2.3 above, 1n a given traffic stream, density will increase relative in increase
in traffic flow till capacity 1s reached at the apex point, thereafter traffic flow will

decrease relative to increase in density:.

Figure 2.4 Speed

Flow

In figure 2.4 above, 1n a given traffic stream, traffic flow will increase relative in
decrease 1n vehicle speed till capacity is reached at the apex point, thereafter traffic

flow will decrease relative to decrease in vehicle speed. Speed is an important

11



parameter when describing traffic flow and the knowledge of vehicle speed is
significant for traffic management. Speed measurements obtained from by the use of
timing devices using short baselines are time mean speed; where the mean travel time
1s used to calculate the mean speed then it is the space mean speed that is obtained.
Where a stopwatch is used it is often assumed that a skill observer can read to 0.2s but

difficulties of a constant reaction time often mean that the level of accuracy is
approximately 0.5s according to R. Salter and N Hounsell (/996). Statistical
techniques are often used to analyse speed data and it’s often assumed that speed is

normally distributed around a mean with limited deviations to either side of the mean

speed.

Flow is the number of vehicles passing a given point on the road per unit time. Traffic
stream 1s made up of different types of vehicle and the road terrain is not uniform,
some section may require a climb, another descend and yet another rough even though

it’s flat. Therefore the performance of different vehicle types on different terrains is

accounted for by way of passenger car equivalency values. These are values are

applied to vehicle volumes when converting to flows.

2.2.3 Passenger Car Equivalency Values (PCEs) - PCE values have been used
extensively in the Highway capacity Manual (HCM) (1994) (1997) to establish the
impact of trucks, buses and recreational vehicles on traffic operations. It was defined
in HCM (1965) as ‘the number of passenger cars that are displaced by a single vehicle
of a particular type under a prevailing traffic and road conditions. For two-lane
highways, PCEs are given as a function of the type of terrain, and level of service or

average upgrade speed for trucks, buses and recreational vehicles according to

Transportation Research Board Special report 209 (1994).

According to Seguin, Crowley and Zwieg (71998), PCEs can be defined as the ratio of
the mean lagging headway of a subject vehicle divided by the mean lagging headway

of the basic passenger car. Lagging headway is defined as the time or space from the

rear of the leading vehicle to the rear of the vehicle of interest; it is composed of the

length of the subject vehicle and the inter-vehicular gap. Cunaign (1984) calculated

PCEs from speed distributions of passenger cars and trucks at a given volume for

12



specific length of grade. Separate speed distributions were used to compute the
relative number of passing that would have been performed per mile of highway if
each vehicle continue at its normal speed for the given traffic and physical conditions,
assuming no interference when overtaking occurs. The use of such equivalents 1s

central to highway capacity analysis where mixed traffic stream are present.

2.2.4 HCM Level of Service - For the purpose of measuring quality of service
provided by a roadway at a given rate of traffic flow per lane or per carriageway as
perceived by the driver of the vehicle, the parameters, speed and flow are important.
Even though road capacity 1s reached when speed is at optimum speed, it 1s often
difficult to establish the optimum speed. In the HCM where it has been used
extensively, the service flow set at 2800 vehicles per hour is considered by HCM as
ideal and modified to take into account prevailing conditions that include ratio of flow
to the ideal capacity, directional split of traffic, lane width and restricted shoulder
width and the also the presence of heavy good vehicles in the traffic stream. But we
are not too concermned with the measurement of service quality in this study.
Nevertheless, six levels of services were described in HCM Special Report 209(7994)
as Level A — free-flow operation with average speeds near 60mph (96km/h) and
70mph (112km/h) on motorways; Level B reasonable free-flow conditions with
average speed over S7mph (91km/h) and 70mph on motorways; Level C - stable flow
with average speeds over S4mph (86kmv/h) ; Level D - borders unstable flow with
average speeds about S50mph (80km/h) ; Level E — capacity operation with average
speed in the region of 30mph (48km/h) and Level F describes condition where

demands exceeds capacity.

It can be seen from the discussion so far, that roadway capacity analysis encapsulates
the effects resulting from three variables, namely density, speed and flow and for a
given stable traffic condition the three parameters are directly related. For the purpose
of measuring quantity, the parameters, density and flow are important, because
density, which describes the quality of service experienced by the stream, is the

number of vehicles per unit length of the road. And flow, which measures the quantity
of the stream and the demand on the fixed facility, is the number of vehicles passing a

given point on the road per unit time.
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2.2.5 Factors Influencing Road Capacity - According to Salter et al (1996)
roadway capacity 1s constrained by factors associated with the traffic, ambient and

road 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 vehicle and their performance capability.
Ambient conditions are usually weather, visibility, level of pedestrian activity,
number of parked vehicles, and frontage activity among others. While road
Conditions 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.

Since the study is based on pavement distress, our interest lies with the influence of
road condition mainly road surface on road capacity. Our concemn is measuring the
number of vehicles passing a given point on the road surface with and without
pavement distress per unit time. As shown below in Figures 2.5 road capacity
decreases relative to increase in road deterioration. So, it is also reasonable to assume
that road capacity loss will result from pavement distress. Since road capacity is

central to this study, we shall review literature in the next section on the estimation

methods.

Figure 2.5 Road Capacity v. Road Condition

Capacity

Good Road Condition Poor
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2.3 ROAD CAPACITY ESTIMATION METHODS:

The capacity-estimation problem was divided into two categories: the direct-empirical
studies and indirect-empirical methods according to Minderhoud et al (/998). Table
2.0 below presents a scheme in which the various approaches (with corresponding
definitions) are distinguished. All the methods are a mixture of observation and
theory. It could be argued that some methods have more theoretical justification than
other especially those that have to contend with probabilistic functions. For example
the basic principle of headway models is determination of the parameters of the
compound probability density function of headways. Estimation by flow, speed and
density rely on the fundamental relationship between these parameters. Estimation
with traffic volume on relies much on high traffic volume data and observations even
then the results are still probabilistic, and may not bear resemblance to the practical
value. Traffic volume and speed estimation method are basically concerned with the

level of service provided by the roadway at a given rate of traffic flow.

According to Minderhoud et al (1998), the capacity-estimation problem consists of a

series of essential points of interest that include among others; Type of Data To Be

Collected, Location Choice for Observations, Choice for Appropriate Averaging
Interval, Needed Observation Period, Required Traffic State, and Lane. An overview
of the capacity estimation methods and their characteristics formulated by

Minderhoud et al (1998) 1s shown below in Table 2.1 It includes the characteristics

that may be applied as criteria for assessment namely:
e Dataneeds (headways, tratfic flows, speeds and density),

e Required traffic state (free flow measurements and / or congested flow

measurement) and,

e Outcome (a single capacity value, a capacity value distribution)

As shown in Table 2.0 road capacity estimation methods by way of direct empirical is
most suited to this study, section 2.3.1 will focus on observed headways, section 2.3.2
will be concerned with observed volume, while section 2.3.3 will focus on observed

volumes and speeds, and section 2.3.4 will be concemed with Observed volumes,

densities and speeds.
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Table 2.0 Classification of Road Capacity Estimation Problems

CAPACITY ESTIMATION

DIRECT
EMPIRICAL <:_i_}_>
/ 3

INDIRECT
EMPIRICAL

OBSERVED OBSERVED
HEADWAYS
VOLUMES
OBSERVED EXPECTED
EXTREME EXTREME

FOSIM
INTEGRATION

MIXIC

BRANSTON '
BUCKLEY

. Headway A YMPTOTIC

2 DIRECT
PROBABILITY

1. PRODUCT-LIMIT . FUNDAMENTAL DIAGRAM
{ BIMODAL DISTRIBUTION PROCEDURE

Source: Minderhoud et al (7998)
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Table 2.1 Overview of Capacity-Estimation Methods and Their Characteristics

Data needs Traffic State Outcome
Methods

Headway  Flow Speed  Density (Q) (C) 9e F(q)

Headway Yes

Models

Bimodal Yes

Distribution

Selected Yes

Maximal

Direct Yes

Probability

Asymptotic Yes

Product Yes Yes
Limit

Online Yes Yes
Selection

Fundamental Yes Yes Yes

Diagram.

Source: Minderhoud et al (/998)

Note that F (q) is the probability that the capacity value q. is higher than a given value q. Note also
that in the table (Q) represents free flow (C) represents congested flow (under the condition of a

congested traffic state upstream leading to maximum congested flow intensities).

2.3.1 Observed Headways - The estimation method by headway models is based
on the theory that, at the capacity level of the road, all driver-vehicle elements are
constrained. Thus, distribution of headways will depend on traffic volume and
capacity of the highway. Drivers may travel at lower speeds; keep shorter distances
between vehicles ahead or may choose to travel on a different lane of the carriageway
because of poor road surface. Because of good surface conditions, drivers may travel

at higher speeds given a certain traffic density, may keep shorter distances between

vehicles ahead without lowering speed, or may choose a different lane of the

carriageway (multi-lanes). If drivers cannot maintain their desired speed by
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overtaking slower moving vehicles then free flow conditions no longer exist and the

highway will show signs of congestion.

Headway models include the exponential distribution, the displaced exponential
distribution, the dichotomised exponential distribution, the Branston‘s generalised
queuing model (GQM) (1976), and the Buckley’s semi-Poisson model (SPM) (1968).
Both the GQM and SPM are based on the Poisson point process but with some slight
differences in the assumptions conceming driver behaviour in traffic flows.
Equations 2.3 and 2.4 are the basis for capacity estimation with headway distribution
models. The time headway 1s defined by the time between successive vehicles

(measured from rear bumper to rear bumper) that pass a given point in a lane in a

traffic stream:

h
h, = Z-—:— (Sec per vehicle) (2.3)
"ol (Vehict (2.4)
=—=— cle .
q T & per sec)
q= 3200 (Vehicles per hr) (2.5)

Where

h, = time of headway vehicle p to preceding vehicle (sec per vehicle);

hm= mean time headway(sec per vehicle);
q = intensity; and

n = total number of vehicles passing the measuring point during time T.

Note that; hy, = mean time headway (sec per vehicle); = L t; + (1-L) t; where L is the

proportion of restrained vehicles in the traffic stream, t;, i1s the mean headway between

restrained vehicles and t, is the mean headway between unrestrained vehicles. Since

traffic stream on the highways is usually made up of both restrained and unrestrained

vehicles, the observed headways distribution as contained in many literatures may be

represented by:

Probability (headways > t) = L exp (-(t-€) / (t; - €)) + (1-Lyexp(-t/t)...fort2e
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Note that, drivers who are restrained by the action of the driver in front can approach
to within minimum time headway of e. Where the theoretical probability of n
vehicles say arriving per t minute interval = exp ((m) m" / n!. And m = the
summation of the number of vehicles per t minute interval multiply by the summation
of the times observed (2f,) divided by (f;). The models are based on the theory that
driver-vehicle elements in a traffic stream can be divided into two groups; the
constrained dnivers (followers) and the free drivers (leaders). The distribution of
tracking headways of constrained drivers at the capacity level of the road is expected

to be the same as for constrained drivers in any stable (stationary) traffic stream.

Therefore, the capacity at a cross section of the road can be estimated with the
reciprocal of the mean time headway of the constrained vehicles. However, the basic
principle of headway models 1s determination of the parameters of the compound

probability density function of headways f'(h), given by:

J(h) = ¢xg(h) + (1- ¢) x b(h)
Where

¢ = Fraction of followers, (constrained drivers) (0< ¢ < 1)

g (h) = followers’ probability density function of tracking headway: and
b (h) = leaders’ probability density function of free headway

However, a difficulty of the use of the negative exponential distribution even under
free flowing conditions 1s that the probability of observing headway increases as the
size of headway decreases. As vehicles have finite length and a minimum following
headway this presents a problem when only a limited number of overtaking are
observed. Wasielewski (1976) prefers the SPM model since in his opinion; the GQM
falsely assumes the unconstrained vehicles also take their empty zone into account,
whereas the SPM does not have a drawback. The GQM and the SPM models are
virtually the same since the empty zone includes the clearance time part of the empty

zone; a nonzero empty zone 1s always taken into consideration, even when the driver

1S unconstrained.
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The advantage of headway models in estimating the capacity is that only the

headways at one cross section of an arterial observed at flow below capacity are
needed. Hence, 1t 1s not necessary to wait for a traffic state at about capacity level.
Also, headway models for a single lane can be applied for both stable and unstable
traffic conditions. But, the disadvantage according to Papendrectht et al (1980) is that
the headway models substantially overestimate observed road capacity. This is
probably caused by the implicit assumption of the models that the distribution of
constrained dnivers g(h) at capacity level can be compared with the distribution g(h) at
flow below capacity. The headway method, therefore, is probably not the best way to

derive a reliable roadway capacity value for this study because of the likelihood of

capacity overestimation.

2.3.2 Observed Volume - The observed traffic flows according to Minderhoud et al
(1998) can be grouped into observed extreme value approach (bimodal distribution
and selected maximal) and expected extreme value approach (direct probability and
asymptotic methods). In the observed extreme value methods, such as the bimodal
distribution and the selected maximal, road capacity is estimated by using only known
maximum traffic volumes acquired over certain period. The special character of the
flow distribution may be explained by the existence of two different traffic states, one

representing the traffic demand and the other representing the stochastic maximum

flow level (both collected at the observation period).

Data collected only during the day can probably be depicted as a Gaussian curve. Two
separate distributions are assumed to represent the compound distribution of the
observed flow rates. For this method, only traffic volumes are counted at a cross
section of a road (a bottleneck) and the traffic demand distribution depends strongly
on the total observation period. The general form for a compound probability density

function can be used to estimate the capacity. Its value may be estimated as the

expectation of the mean by probability density function b (g):

f@q)=dxglq) + (I- §) x b(g) Equation 2.1
Where
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¢ = Fraction of the probability density function representing the traffic demand

capacity;
g(q) = probability density function representing the traffic demand below: and

b(q) = probability density function representing the capacity state

According to O’Flaherty (2002) if the traffic flow is assumed to be random then the

probability of exactly n vehicles arriving at a given point on the highway in any t

second interval 1s obtained from the Poisson distribution which states that:
Probability (n vehicles) = (q')" exp (-¢") / n! Equation 2.2

Where: g 1s the mean rate of arrival per unit time

In equation 2.1 where the proportion of traffic demand capacity is 85 per cent say,
then, f(q) = 0.85 g(q) + 0.15 b(q). Note that 85 percent is merely a ratio of flow to
capacity, but a major problem with the bimodal distribution method is the choice for
the below-capacity probability density function according to Minderhoud et al (1996).

The assumption that capacity can be estimated with a normal Gaussian-type

distribution can be accepted, however, the assumption that traffic demand (the free-

flow observations) also can be represented with a Gaussian-type distribution 1s

doubtful and dependent on the observation periods chosen.

As for the selected maximal, the road capacity g, is assumed to be equal to the
selected traffic flow maximal (distribution) observed during the total observation
period. Further, the observation of flow rates should take place over several days
(cycles) until sufficient data are colleted for analysis. The data to be used with the

selected maximal methods consists of hourly traffic volumes or flows observed in an

averaging interval less than an hour.

Roadway capacity must be reached at least once during a cycle and the observation
period can vary from one survey study to another. In any case when applying this

method the number of capacity observations strongly affects the reliability of the
calculated capacity value. Thus,
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q.= ), j[%’] Equation 2.3

Where

q. = capacity value (vehicles per hour)
q; = maximum flow rate observed over period )

n = number of cycles: and

j = length of cycle (period over which a maximum flow rate is determined

T = nj, thus the observation period T is divided into n cycles of duration j

When applying this basic method, the number of capacity observations strongly
affects the reliability of the calculated capacity value. In addition, choosing the

average value is rather arbitrary; taking the 90™ percentile point, for example, might

also be useful.

However, in the expected extreme value methods, such as the direct probability and
asymptotic methods, also use observed extreme traffic flows to determine a capacity
value; however these methods use extreme flow rates observed in the averaging
intervals to predict a higher (unobserved) capacity value by statistical methods used in
other disciplines, for example astronomy. With the direct probability method, a

prediction of the largest possible value can be made on the assumption that the traffic

flows conform to a theoretical model such as the Poisson process.

The direct probability method according to Hyde et al (1986) may be applied when
the capacity level of the roadway has been reached. The capacity estimate resulting
from the calculations can be considered as a certain exceptional value of the

maximum flow. Thus, the capacity of a roadway is based on the expected maximum

flow predicted from the distribution of traffic counts given an assumed traffic arrival
process. Assumptions about the arrival process of the vehicles at the cross sections are

need. Hyde et al (1986) suggested that the predicted capacity value using direct

probability strongly depends on the duration of the averaging interval.
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The asymptotic method relies on the theory that behaviour of the extreme values
arising from any natural process can be described in terms of a simple statistical
model. One important requirement is that the observations for all sampling intervals
are independently (flow between sampling interval are not related), and identically
(all counting are elements of the same distribution function) distributed. This implies,

among other things, that the mean flow during the observation period must be

constant.

Hyde et al (1986) concluded that because capacity estimate with this method strongly
depends on the duration of the averaging interval, it appears that the expected
maximum methods (although mathematically appealing) have little practical value for
freeway design or modeling. The main reason for the great variance in the capacity
values observed lies in the fact that only high traffic volumes are used in the
calculations. Of course, very low flows are also measured in such intervals, but these
values are not taken into account in calculation of the upper limit. In sum, estimation

of capacity by way of maximum traffic volume may not be suitable for this kind of

study for the various reasons mentioned earlier in this section

2.3.3 Observed Volumes, and Speeds - Another method of estimation with traffic
volumes and speeds is the product limit method. The theory behind the product limit
method according to Minderhoud (7998) is based on explicit division of flow
observations. In the general approach of the product limit method, free-flow

measurements are applied as measurements for additional information about road

capacity value.

A simple example for understanding the product limit method is based on eight

observations, using 15-min averaging intervals as shown above in table 2.2. During
the 2-hr observation period, congestion upstream occurred, so there were some
capacity observations at the bottleneck. The measured intensity values are expressed

here in vehicles per hour. In the first column of Table 2.2 shown below, the averaging

interval 1s indicated.
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Table 2.2 Product Limit Method Calculation (7998)

K IR R 5 6 7
Interval© g Set  Order Ka, g © G (q) F(q)
| (Veh/h)

l 1. 15.30-45 | 3000 2 -

2. 15.45-00 | 2500 flowest - : 0
|
| 3. 16.00-15 | 3500

3 6 0/6 = 0.83 0.17

| 5. 16.30-45 | 4000

Q
Q
C
4. 16.15-30 | 4000 Q 4
C
Q
C

5 3 5/6.3/4.2/3 =0.41 0.59
6. 16.45-00 | 4500 7 :
7. 17.00-15 | 4600 8 highest 1 5/6.3/4.2/3 .0/1 =0 1
8. 174530 | 4100 C 5 4 5/6.3/4 =0.62 0.38
¢ hours ?l\::i:age ér?:taa(lcln)==84 g
3812  [in©=4

Source: Minderhoud (/998)

The corresponding hourly intensity values are presented in the second column. It 1s
assumed that speed data are used to categorize the observations into set {Ct or set
{Qr, which is done in the third column. Furthermore, the rank of the intensity values
is determined in the fourth column, after which the discrete functions G (g) and F (q)
= 1 — G (q) were calculated. Function F(g) is defined as the probability that the
capacity value g, 1s higher than a given value g. The function F(g) is defined by 1 -

G(q) and the general expression of the product limit method is given as:

G (q) = Probability (q. > q)

k. —1
G(‘?)=nq;[ q;( } g, €3Ct Equation 2.4
qi

Where

K, = number of observation elements / in set { St with intensity ¢; larger than or
equal to q;

{Cr = set of observed congested flow Intensities;
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{Qr =set of observed free-flow intensities;

{S? =<Q> U {C¢ and{Stis set of all observations !

However, the usefulness of product limit method is questionable because there 1s no

information about the quality (reliability, precision) of the estimated capacity value.

In the speed / volume curve however, travel speed decreases as link volume increases
paralleling the concept of levels of service. But in situations where traffic flow and
vehicle speeds are constrained by pavement distress, capacity on such road section
can be taken as vehicle per hour per lane because the influence of pavement distress
on mixed traffic will render vehicle speed and maneuverability advantages of
passenger cars insignificant. It may be added that in such situations the application of
speed / flow relationship would give a good capacity estimate bearing in mind that the
associated problems with speed / flow method of estimation, for example, defining the

critical or optimum speed. In Greenshields’ relationship (/934) theoretical estimate of

the capacity (qm) of a length of a road from a pair of observed data points has been

shown to be: dm=K;Vy /4 Equation 2.5
Where: Vo=V;/2, and K =K;/2
Note that: Vo= Optimum speed; Vy =Optimum speed;

K. = Cntical Density; K;=Jam Density

As shown below 1n Table 2.3 the reference flow to capacity ratio is a measure of

capacity condition according to HCM (1994), as flow approaches capacity traffic

congestion will be experienced by road users.

Table 2.3 Reference Flow to Capacit

Cntical Flow/Capacity Ratio Capacity Condition
X=RFC
X £0.85 Under Capacity
0.85<X<0.95 Near Capacity
0.95<X<1.00 At Capacity
X >1.00 Over Capacity

Source: Based on Table 9.14, HCM (1994)
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2.3.4 Observed Volumes, Densities, and Speeds - According to Haight er al
(1961), the relationship between flow and density is the fundamental relationship of
traffic under free flow condition. The view was also shared by May (/997) that for the

purpose of measuring quantity, the parameters, density and flow are important,
because density, while speed and flow relationship describe the quality of service

experienced by the traffic stream. But the drawback is that density would have to
contend with the measurement of speed using the fundamental relationship of flow,
speed and density. Density 1s often difficult to determine because one should observe
a complete and uniform road section and count the total number of cars present at any
moment. Notwithstanding, Van Arem and Ver der List (/998) explored the
relationship between flow and density in a situation of free flow and concluded that it
could be represented by a quadratic equation. In the flow (g) — density (k)
relationships by Van Arem and Ver der List (/998), density was used as the control

parameter and flow the objective function and could be written as:

q=P+t Pik+ Bk Equation 2.6
In theory, where the flow / density relationship has been used to compute roadway
capacity, the critical density is reached at the apex points as shown in Figure 2.6

below. At point Q; the traffic is not free flowing and one would expect that to happen

on road sections when capacity has been reached.

However, the capacity theory underlying the model dictates that concavity in the flow

— density curve must be present for validity. Given the coefficients signs in equation
(2.11), B1 the sign must be positive and negative or zero at B, in order not to violate

the concavity requirement of the flow-density curve. Thus, equation 2.6 can be re-

writtenas; q= -Pot+Pik- 2K Equation 2.7

However, in the equation 2.12 above under a very low density condition, as density
approaches zero (k— 0), flow approaches zero (q— 0) and speed approaches free-

flow speed (u—> uy. As flow increases, density increases while speed is decreasing,
critical density 1s reached when flow becomes maximum as shown below in figure

2.6, further increases in density result in deceased flow until finally as jam density is

reached, flow approaches zero. The draw back with this method lies with determining

the critical density. It can be derived, estimated or assumed as appropriate, but how, it

26



may be queried. It is quite possible to extrapolate mathematically till the maximum of
the ¢g-k function is reached but would such theoretical values so computed compare
with the actu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>