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ABSTRACT

This thesis focuses on the development of a micnodation model for urban shuttle-lane
roadworks. The aim of this research is to studydtfiectiveness of shuttle-lane roadworks
traffic management controls (i.e. operated by temapotraffic signals) on capacity, delays

and safety.

SIMSUR (SIMulation of Shuttle-lane Urban Roadworksgro-simulation model is based on
car-following and shuttle-lane rules, considers treious decisions undertaken when
approaching temporary traffic signals at urban tiwéine roadworks (i.e. tailgating, crossing
through amber or even violating the red light). &ftom six different sources were collected
(from 23 different sites with over 54 hours of ti@fdata video recordings). This includes
data from visited roadworks sites, Individual Védi®ata (IVD) from UK motorways and

data from typical signalised junctions.

Temporary traffic signals operation modes, inclgdiixed Time (FT) and Vehicle Actuated
(VA) signals, have been integrated within the depetl micro-simulation model. The

developed model has been verified, calibrated atidated using real traffic data.

Various scenarios were tested using the developediation model such as the effect of
various parameters on system capacity, delays afetys (i.e. site length, HGVs%,
directional split, and drivers’ non-compliance witmporary traffic signals). The results
revealed that the maximum shuttle-lane roadwork&ciéy values which could be achieved
(using existing temporary traffic signals settings) two-way flow are 1,860 and 2,060
veh/hr for FT and VA signals, respectively. Regi@mssnalysis was also carried out using
different factors and could be used in analyticatlels to provide a more accurate estimation
of system capacity compared to existing equatibisgag improved signals settings, capacity
could be increased by about 3.5%. Making the assamfhat Microwave Vehicle Detector
(MVD) could be simulated within the model, variotsges were tested and the optimum
range was found to be 80m (rather than the exigtiimg) which could result in an increase in
system capacity of 4.2%. Using speed reduction gpeed hump) in advance of the stop line
could reduce the effect of dilemma zone by redutignumber of vehicles crossing at the

onset of amber or violating the red light by ab83tb.

XXi



CHAPTER ONE INTROCTION

CHAPTER ONE: INTRODUCTION

1.1 Background

Roadworks have become an unavoidable aspect ab#tk network due to the continuous
requirement for road surface maintenance and tad far utility companies to perform their
tasks (i.e. water, gas and electricity companié#)en roadworks take place in any urban
road network, they cause an obstruction to traffitich in turn increases the risk of
accidents and delays/congestion and reduces capacitvehicle speed, which could lead to
extra costs for road users. These issues haveolash investigation into the main factors

influencing roadworks operations, with the aimeduicing their effects as much as possible.

In the United States, the Federal Highway Admiatstn (2004) estimated that work zones
cause around 10% of overall congestion. It was rtedoby Tang (2008) that the Texas
Transportation Institute report (2007) stated thatcost of congestion in the United States in
2005 alone was $78 billion. In the United Kingdoinwas estimated that the congestion
caused by roadworks in London alone costs aroul@ #illion/year (London First, 2012).

Furthermore, in the United States in 2006, 1,010pfee were killed and around 40,000

injuries were caused because of traffic accidentgark zones (Tang, 2008).

Transportation agencies are under pressure to @edangestion and accident levels at
roadworks. In the United States, the governmentstased applying incentive/disincentive
(I/D) fees to roadworks contractors in an atteropteiduce the duration of the roadworks and
therefore try reducing congestion and accidentl¢eMe was indicated that 35 states in the
USA are using I/D methods. Lane rental has alsa betoduced to add daily costs to
contractors to speed up the roadworks to reducatidar(Herbsmart al, 1995; Benekohal
et al, 2003 and Tang, 2008). In the United Kingdom, lime rental scheme was introduced
in 2011 and implemented in 2012 in the City of Lond

1.2 Roadworks in an urban environment

Most urban road networks are built up from singleriageway roads, and when roadworks
take place, it is usually carried out by closingdane and leaving the other lane for use in
alternate one-way working. This is referred to lastse-lane operation (Summersgill, 1981;

Department for Transport, 2009).
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When applying shuttle-lane operations, approptigtes of control are required. These types

of control should achieve the following goals:

1- Minimise delays for road users and disperse quefiestively;
2- Safety for road users (drivers, pedestrians and&evsy.

Designing shuttle-lane roadworks and the traffiotoal selection method are very complex
issues as various factors need to be taken intouatcThese factors are (but not limited to)
site length, presence of pedestrians and cyclistgements, junction proximity and type of
operation, proximity to a railway crossing, puliansport routes, level and directional split

of existing flow, etc.

According to Mahonewt al (2007), alternating one-way operation (shuttlee)ahas the
following advantages and disadvantages:

Advantages:

= Low agency cost compared with other methods;
= Several variations available (various control md&hoan be implemented).

Disadvantages:

= Requires the stopping of traffic;
= Reduces capacity.

1.3 Problem statement

Shuttle-lane roadworks government design guidelinésseveral countries (i.e. United
Kingdom, United States, France and Australia) hlbgen collected and studied. Various
differences were found within these guidelines sashrecommended site lengths and
maximum allowed flow levels for each method of fimbperation. Important factors were

not taken into account when selecting or desigeith traffic control method.

Mathematical models generally have various limitasi, including the ability to replicate
gueues and delays for oversaturated conditionsadadk of comparison with observed field
data. Mathematical models also cannot replicateeffext of various methods of control for
shuttle-lane such as Vehicle Actuated (VA) or ligeht Transportation System (ITS) and no
effect of vehicles’ acceleration and deceleratiGagsidy and Han, 1993; Son, 1999; Huang
and Shi, 2008).
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Analytical models use inadequate capacity modetsabse there are several roadworks
features such as the presence of flaggers, ITS/ahitles Actuated (VA) traffic signals
which are not reflected in these models (EdaraGaoitiell, 2007; Tang, 2008; Ramezati
al., 2011). Previous studies showed that the accurdcgome software programs in
estimating roadworks delay and queue length amemaate (Schneéit al, 2002; Benekohal
et al, 2003 and Leet al, 2008).

Simulation models were generally designed for wsdd¢urated conditions where traffic does
not exceed the site capacity. Simulation packages larious limitations such as omitting
vehicles, various parameters are imbedded withkerptbgram code that the users do not have
access to and the required level of complicatepsste ensure correct behaviour of such a
system as is the case from real traffic situatidim® models also do not take into account the
aggressive nature of drivers’ behaviour (i.e. ttilgg and red light violations).

Considering the limitations of the existing simidat mathematical and analytical models in
estimating site capacity, queue length and delaygva micro-simulation model needed to be

developed to take into account:

= Accurate estimation of shuttle-lane roadworks capadelays and queues under
various traffic control conditions;

= The ability to replicate aggressive drivers’ bebavi such as tailgating (close-
following), amber crossing and red light violations

= The effect of various parameters that affect roads/performance such as HGVs
percentage, directional split, etc.;

= The ability to test advanced traffic control teaues such as the latest Vehicle
Actuated (VA) signals settings, microwave vehicktettors with various detection
lengths, improved control methods, etc.

1.4 Aims and objectives

The aim of this study is to develop a micro-simiolatmodel, which will be used as a tool to
investigate the factors that affect the operatibshuttle-lane roadworks on reducing travel
time by reducing delays and maximising capacityi¢giwimight lead to a reduction in vehicle
emissions) and reducing the aggressive natureieérdi behaviour which might lead to a

reduction in the risk of accidents (i.e. tailgatangd amber crossing/red light violations).
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The objectives of the study are to:

=

Determine the factors that affect the operatiorsluittle-lane roadworks based on

previous literature research.

Develop a traffic micro-simulation model (i.e. ugiB-Paramics and Compaq Visual
Fortran) representing shuttle-lane operation. Thelehshould be capable of taking
into consideration the limitations of previous misdasing the existing rules and

algorithms and applying the necessary modificatemsequired.

Use real observed traffic data to build, verifylilmate and validate the developed

model.

Use real traffic data to study the effect of vasidtaffic signals operation methods
such as Fixed Time signals (FT) and Vehicle Actdaignals (VA).

Utilise the model to study the effect of variouaffic parameters such as traffic

composition, flow levels and HGVs percentage omyielnd site capacity.

Use the model to test roadway factors such adesigth, which affect capacity and

delays.

Carry out regression analysis to develop a morepcehensive relationship between

those parameters and capacity which can be usathigtical models.

Utilise the model to test new techniques on thenoas of operation which could lead
to improvement of site operation (maximising capa@nd reducing delays) and

improving safety.

Utilise the model to test the effect of aggressivieers’ behaviour such as tailgating
and amber crossing/red light violations and proposw techniques to reduce it

accordingly.

1.5 Thesis outline

The thesis is divided into nine sections as desadrlielow:

= Chapter one provides an introduction to the importance of mwarks and a brief

description of roadworks in urban environment, peobstatement and the study aim

and objectives;
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= Chapter two presents the review of literature of shuttle-larmadworks from
previous studies and design manuals.

= Chapter three presents the data collection methodology and ggor of the visited
sites during the current and previous availabldisti

= Chapter four presents the analysis that was performed on titected data.

= Chapter five describes the developed S-Paramics simulation mih@dso describes
the calibration, validation and limitations of theveloped model.

= Chapter six describes the newly developed SIMSUR (SIMulatidnSauttle-lane
Urban Roadworks) simulation model and explains d@depted car-following and
shuttle-lane rules.

= Chapter seven explains the verification, calibration and validat of the car-
following and shuttle-lane rules and also for theole of the simulation model using
real data from the visited sites and from differsmtirces.

= Chapter eight presents the application of the developed modelthe improvement
achieved in terms of safety and capacity.

= Chapter nine presents the conclusions and recommendationsitioref work.

The structure of the following chapters has beasgmted to correspond to the development
process of the current research as illustratedgaré 1.1. It can be seen from Figure 1.1 that
two main rules (sub-models) have been developedh®rcurrent study (i.e. car-following
and shuttle-lane rules). The car-following rule gms the longitudinal vehicle behaviour (i.e.
the relationship between the leader and the foltpared shuttle-lane rule governs the vehicle

behaviour and interaction at the shuttle-lane raalie/operated by temporary traffic signals.

The calibration of these rules was achieved usifigrdnt data categories (i.e. trajectory data
from Germany and observed real data from the UIKg flesults show reasonable behaviour
when compared with other simulation models sucWI&SIM and S-Paramics. Following
the development of shuttle-lane rules, the calibnaprocess has been achieved by utilising
field data for both Fixed Time (FT) and Vehicle Aated signals (VA). Finally, the whole
developed simulation model was calibrated and a&did with over 54 hours of real video

recorded field data in addition to other sourcedissussed in Chapters 3 and 4.
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Study and analyse previous research
‘and design manuals. Identify limitations
. and important factors.

Fixed Time
signals (FT) v

Field data collection and analysis

Vehicle _.

Actuated signals —
(VA) v

Limitations of S-Paramics
micro-simulation model

Car-following

J rule
N

Shuttle-lane
rule

Development of SIMSUR
micro-simulation model

Verification, calibration and
validation of SIMSUR model

SIMSUR model application and
- scenario testing

Conclusions and Recommendations

Note: . Chapter number

Figure 1.1: Flow chart of the current researchstud
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

The literature review chapter summarises the varaspects and design standards of shuttle-
lane operation and the types of traffic control moefs employed. It also summarises studies
that have been carried out to test different séwidthe roadworks components.

2.2 Shuttle-lane site layout

A typical site layout of shuttle-lane operation single carriageway roads can be seen in
Figure 2.1. According to the Department for Transg2009), shuttle working with traffic
control will be implemented if the unobstructed thidthe distance between the edge of the

cone and the carriageway curb) is within the limliswn in Table 2.1.

Figure 2.1: Typical site layout of shuttle-lane @®n on single carriageway
(Department for Transport, 2011)

Table 2.1: Unobstructed width for different singkeriageway roadworks types
(Department for Transport, 2009)

Normal traffic including

Method of operation blses and HEvs

Cars and light vehicles only

Two-way working 6.75 metres minimum 5.5 metres munin

3.7 metres maximum 3.7 metres maximum
3.25 metres desirable minimun2.75 metres desirable minimu
3.0 metres absolute minimum| 2.5 metres absolute minimum

Shuttle-lane working
with traffic control
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2.3 Stream definition

In order to differentiate between the two trafftoeams that use the shuttle-lane roadworks
site, the following terms have been used (Summigrd@i81), which are also illustrated in

Figure 2.2:

= Primary stream Is the traffic stream which is running in the tvbsted path (by the
works);

= Secondary streanis the traffic stream which is running in the unmbsted path;

Primary p—— =
Stream » ll__]},/ m
Secondary

@ (Q \?Q Stream

Figure 2.21llustration of primary and secondary streams

It is important to distinguish between both streamssthe drivers in the primary stream
(which is obstructed by the work) generally givemiity to the secondary stream regardless
if a signed priority control is used or not (Sumsgeit, 1981). Primary stream vehicles also
require extra time to negotiate the layout (ererrunning lane), and also when leaving the

site back to their original lane.

2.4 Types of traffic control

Shuttle-lane roadworks will create conflict poilkstween both traffic streams (e.g. primary
and secondary) which require some form of conffble functions of using traffic control

devices in roadworks are as follows (Matsbral, 1955):

= To warn drivers about the hazards ahead;

= Alert drivers of traffic conditions ahead;

= Guide drivers by the right instructions in ordernhinimise the conflicts that could

occur.

Traffic control methods that can be used to opesdtettle-lane roadworks, which are
obtained from various design manuals are summaribetbw (Federal Highway
Administration, 2009; Queensland Goverment, 201@pdtment for Transport, 2009;
Makhloufi and Certu, 2003):
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=
1

No specified priority control (Give and Take);

N
]

Signed priority control;

w
1

Traffic signals control,

»

Control by manually operated Stop/Go signs;
5
6

Flag transfer method;

Pilot car method/convoy working.

Table 2.2 shows the available control methods tuouttee-lane roadworks in different

countries, and each method is described in deteilee following sections.

Table 2.2: Various shuttle-lane roadworks contrethmds in different countries

No. | Control Method Australia | France Kpnlted United

ingdom States
1 | No specified priority v v v v
2 | Signed priority v v v v
3 | Traffic signal v v v v
4 | Stop/Go sign v v v
5 | Flag transfer v
6 | Pilot car v v v

2.4.1 No specified priority (Give and Take)

The “Give and Take” is a control method where therao specified priority for any traffic
stream. Both directions (streams) have equal pyiamd the drivers have to take a decision
on the suitability of gaps in order to cross thadworks site safely. A typical site layout of

shuttle-lane roadworks operated by “give and Takethod is shown in Figure 2.1 above.

According to the Department for Transport (2009g tGive and Take” operation is the
natural method for operating shuttle-lane roadwoilKse visibility should be good where
drivers from each approach should see 50 metresnbethe end of the works. It is also
stated that if the work is to be carried out athfiighen another alternative to this method

should be considered such as temporary trafficatsgn

2.4.2 Signed priority control

Signed priority is a control method where one streasually the one with the unobstructed
lane by works (secondary stream) has priority dlkierobstructed direction (primary stream)
as stated by the Department for Transport (2008¢s@& priorities are backed up with the use
of priority signs as shown in Figure 2.3.
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Signed priority control requires a certain amountisibility based on different speed limits,
and it can be employed at night if certain condsicare met, such as street lighting and
illuminated traffic signs as stated by the Departhier Transport (2009).

According to the Federal Highway Administration @2), the stop or yield sign can be used
on low volume roads (less than 400 vehicles pe) dag when visibility is good that the
drivers can see the other end of the work zoneatswlthe other direction of traffic.

Signed priority method operates in the same wayadfic calming using throttles. According
to Yousifet al (2013), if the sign is placed near a junctiorecs@l consideration should be

given to various parameters such as the levelaffidr the distance from the junction and

also the direction of the priority streams.

IN/NCDS)
e

Figure 2.3: Typical site layout for shuttle-lan@daorks operated by priority signs
(Department for Transport, 2011)

2.4.3 Traffic signals control

Traffic signals control method is where portablefined traffic signals are placed in certain
locations at the roadworks site to control traffiovements of both streams. The operation of
the signals can be based on either Fixed Time Isigfd) or on Vehicle Actuated signals

(VA) with the aid of vehicle detection techniques.

According to the Queensland Goverment (2010), edhportable or temporary fixed traffic
signals can be used in shuttle-lane roadworks.sidreals should be operated primarily under
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VA mode to satisfy certain conditions. If the VAargtion is not possible, FT operation is the
next preferred option. Manual operation should dsoallowed (to override the signals

settings) in certain circumstances.

According to the Federal Highway Administration Q2), if the temporary traffic signals are
located within 0.5 miles of an adjacent signalisgdrsection, a connected operation should
be considered. There is no reference to signatsmgetfor flow groups or all-red period
according to different site lengths but engineefudgment should be used to determine
these settings.

The traffic signals controller can adjust the slgritamings (all-red time and maximum green
time) in order to suit the site length, which isasered between the ‘WAIT HERE’ signs as

shown in Figure 2.4 (Department for Transport, 2009

All-red timing has to be adjusted to the minimumarder to give the moving vehicles

chance to clear the roadworks site as shown ineTal8 and illustrated in Figure 2.5. The
maximum green timing has to be set to the maximepedding on the site length as shown
in Table 2.4 (Department for Transport, 2009; I2810).

Table 2.3: All-Red timing for different site lengtBepartment for Transport, 2009)

Distance (metres) 0-50 | 50-100 | 100-150| 150-200| 200-250| 250-300

All-red timing (sec) 5 10 15 20 25 30

Table 2.4: Maximum green time for different sitadéh
(Department for Transport, 2009)

Distance (metres) 30-75 75-135 135-195 195-300
Green time (sec) 35 40 45 50

11
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Figure 2.4: Typical site layout for shuttle-lan@dworks operated by portable traffic signals
(Department for Transport, 2011)
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Figure 2.5: All-red timing for different site lerigt

2.4.3.1 Vehicle-Actuated operation (VA)

The VA mode is the default preferred option whemgghe signals control method. The
signals controller should be accompanied with detscto respond to variable vehicle
demand. The VA mode will be used if the trafficlds not hindered by the operations at the
work zone, and the roadworks site traffic conteotequired after working hours as stated by
the Queensland Goverment (2010).

12
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Microwave Vehicle Detector (MVD) is a detection upiaced on top of the signals head
which uses microwave technology to detect the maverof vehicles. The MVD can detect
most moving vehicles, including larger motorcychgth a maximum detection range of up to
40 metres (but with smaller motorcycles and cydles range is reduced to 25 metres)
assuming that vehicles are travelling towards théDMvith a speed greater than 10 mph and

the detector is aligned correctly (Department fransport, 2008).

Few limitations have been reported regarding tleeaigVVD detectors, such as it needs to
be correctly aligned (correct angle), detectioriighmight be affected under harsh weather
conditions (heavy rain or snow), the detection rhigk affected by parked vehicles or
blocked view such as trees and might not detectoagping vehicle with speed under 10
mph (Department for Transport, 2008; Dickenson\afzsh, 1990 and Medinet al, 2012).

According to the latest specification for portabigffic signals control and equipment to be
used at roadworks (Highways Agency, 2005B), the inmimn green time should be

configured to either 7 or 12 seconds and will beeded following a passage of each vehicle
(vehicles will be detected using the MVD unit) .eTmaximum green will be set to a value

up to 50 seconds (depending on site length andasgrsin Table 2.4).

There is no direct reference given by the Highwagency (2005B) to the green time
extension amount which should be given to eachclehit was stated by the Department for
Transport (1999a) that green time should be extbigean increment of 0.5 seconds until

the vehicle passes the stop line.

2.4.3.2 Fixed Time operation (FT)

According to the Queensland Goverment (2010), Ftenwill be used where the VA mode
is not possible, the traffic flow at the approactseselatively constant and the traffic control

operation is required at the roadworks site afterkimg hours.

2.4.3.3 Manual operation

The manual operation of traffic signals by theficatontrollers can be carried out if traffic
flow at the approaches is variable and is blockethftime to time by the roadworks, or the
VA mode fails and the FT mode is not appropriatetraffic must be kept outside the work
zone for a period of time (e.g. blasting, primietg.) as stated by the Queensland Goverment
(2010).

13
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2.4.3.4 Signals phase sequence

The design procedure of traffic signals timings fhmuttle-lane roadworks is not as
complicated as in the case of typical signalise&tions in urban areas where the designer
has to consider multiple conflicting movements freamious directions and also the presence
of pedestrians crossing at junctions (for the degsigpcedure of traffic signals for normal
junctions, see for example Salter and Hounsellg).9Bemporary traffic lights at shuttle-lane

roadworks are operated using the following phalslegh{vays Agency, 2005A):

= Green period (G);
= Stopping amber period (Amb), usually applied as®ads;
= Red and/or all-red period(AR), which is used tacline shuttle-lane site;

= Red-amber period (RAmb), usually applied as 2 sggpon

The phase sequence of temporary traffic signalshattle-lane roadworks is illustrated in
Figure 2.6. Values for maximum green and all-redopks are calculated based on site length
as shown in Tables 2.3 and 2.4. Cycle length fer tdémporary traffic signals can be

calculated using Equation 2.1 as follows:

CT = Gp + Ambp + AR, + RAmbs + Gg + Ambg + ARg + RAmb,  Equation 2.1
Where,
CT is the Cycle Time;
P is the Primary stream;
Sis the Secondary stream;
Ambp and Ambs are the stopping amber time for primary and seapndtreams,
respectively (in seconds);
ARp andARs are the all-red period for primary and secondamgasns, respectively (in
seconds);
RAmbpr and RAmbs are the red amber time for primary and secondamams,
respectively (in seconds);
Gp and Gs are the green time for primary and secondary stseaespectively (in

seconds).
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Figure 2.6: Temporary traffic signals phase segeenc
2.4.3.5 Comparison with typical signalised junction

There are various differences between Temporaryfidr&ignals (TTS) at shuttle-lane
roadworks and Typical Signalised Junctions (TShgsE differences could be summarised as

follows:

= The number of conflicting movements is less in TaSshuttle-lane roadworks
compared with TSJ due to the presence of left/mgbvements and minor/major arms
in TSJ which could affect safety. Therefore, thiewdation of the phase sequence and
green time/all red period may be different.

= There may be issues relating to visibility on sledittne roadworks when compared
with TSJ. These are affected by the presence addfworks (including site lengths,
especially for long site lengths and possible benmilsin the geometry of the road).
Vehicles on the primary stream have to change timiizontal trajectory at shuttle-
lane roadworks.

= There may possibly be differences in detection oagthused for TTS at shuttle-lane
roadworks. Normally Microwave Vehicle Detectors (M)/are used which influence
the operation as explained in previous sectionspemed with TSJ which mostly use
loop detectors.

= Other differences may include factors such as #wired time of installing the
signals, connection between signal heads (radimexiion for TTS) and method of
operation (e.g. FT and VA for TTS while a more athed operation is available for
TSJ, such as MOVA and SCOOQOT). See for example Dejeat for Transport (1997,

1999b).
15



CHAPTER TWO LITERATUREEVIEW

2.4.4 Control by manually operated Stop/Go Signs

Stop/Go boards control method is controlled eitmamually or electronically (e.g. using
radio device) by an operator, which give directitmgach traffic stream to either go or stop
as shown in Figure 2.7.

It is stated by the Department for Transport (200@t the “Stop and Go” signs form a
double sided sign placed outside the safety zoresuitable stand. The sign will be operated
remotely (e.g. using radio control device) unless dafety reasons, then manual operation
will take place. If the sign could not be placedside the safety zone, then temporary traffic
signals are introduced. This method can be usedgat if accompanied with appropriate

illumination by operators.

According to the Federal Highway Administration @2), for a one-lane two-way operation
(shuttle-lane) traffic can be controlled by a flaggholding Stop and Slow signs) at each end
of the work space and they can communicate oralggtronically or by a manual signal. If
the visibility is good and the site length is shire site can be controlled by a single flagger.

Figure 2.7: Typical site layout for shuttle-lane@daorks operated by Stop/Go boards
(Department for Transport, 2011)

2.4.5 Flag transfer method

According to the Federal Highway Administration @29, the flag transfer method can be
carried out by asking the driver of the last vehiehtering the roadwork site to transfer the
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flag and deliver it to the flagger at the other .eflde flagger at the other end will then know
that traffic is permitted to move in the other diten. Usually, this method is carried out only
on roadwork section of less than 1 mile in lendtpical shuttle-lane operation site layout
operated by flag transfer is shown in Figure 2.8.

Note: See Tables 6H-2 and 6H-3

for the meaning of the /\ ]
symbols and/or letter e B

codes used in this figure.
'/ Fs \cpbo:a(h A/\\>;>

oLl e

Figure 2.8: Typical site layout for shuttle-lanedworks operated by flag transfer method
(Federal Highway Administration, 2009)

2.4.6 Pilot car method

Based on the Federal Highway Administration (2069, pilot car control method is carried
out by the use of a car which will lead a queueaetdiicles from each stream in alternating
way to the other side of the roadworks site. A diagshould also be available at the end of
the activity area controlling the traffic until thelot car is available. The use of pilot car is

usually associated with poor visibility at roadwedite.

The pilot car/convoy working is usually implementédhere is no or little safety zone for
vehicles to pass the shuttle-lane roadworks sitetha traffic should be brought to a stop

before approaching the site. The traffic will besgiag through the site at a reduced speed (10
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mph or less). The method can be successfully impheed at sites with two-way traffic
volume between 900-1000 vehicles/hour (Departmanifansport, 2009).

Table 2.5 summarises the advantages and disadeantdgeach of the seven shuttle-lane
control methods listed previously.

2.5 Traffic control selection criteria

Selection criteria for the appropriate traffic aaht method require the following
considerations (Federal Highway Administration, 20Department for Transport, 2009):

= Traffic volumes;

= Duration of work;

= Site layout and conditions (e.g. visibility, sienpth, etc.);

= Personnel available;

= Proximity of a junction, railway crossing or pedest crossing.

Table 2.5: Advantages and disadvantages of shatte€ontrol methods

Control Method Advantages Disadvantages
= No setup cost required. , :
e . = Cannot be applied at night (unless
No s_pecmed = Do not require pe(sonnel to illuminated) grpin poor v?sibi(lity
priority operate or maintain. '

= Only operates on low traffic volume.

= Long work duration.

= Can be operated at night if
illuminated and the street is i

Signed priority | = Do not require personnel to

operate or maintain.

Long work duration.

Lo Special considerations need to be
taken if placed near a junction.

=

= Operate on high volume of

traffic.

= Long work duration.

= Can be synchronised/linked i
near signalised junction.

= Can cause high delays and queues if
not setup correctly.

= Regular maintenance of detectors |s
required to ensure adequate
operation.

Traffic signal

= Can be used at night with
sufficient illumination.

= Can be used on high speed

Stop/Go sign roads.

= Can be adapted to respond to
traffic flow variability.

= Can be used near intersection

= Requires personnel to operate.

= Short duration of work.

= Requires good visibility.

= Not applicable to use during night or
weekends (inactive time) without the
presence of personnel.

= Inadequate for sites with high traffi

J

, volume.
= . .
Flag transfer Can _be used at sites up to 1 = Interrupt the drivers by asking to
mile in length. i
deliver a flag.

= Requires personnel to operate.

= Requires personnel to operate.
= Requires car with special signs to
operate all the time.

= Can be used with other contrpl

Pilot car methods.
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Table 2.6 indicates the maximum desirable sitetlerigr each level of traffic volume in
vehicles per hour as a selection method in Austrdlhe site can be operated by traffic

controller, portable or temporary fixed traffic sas (Queensland Government, 2010).

Table 2.7 shows the maximum two-way traffic flow &ach roadworks site length under the

Stop and Go method (Department for Transport, 2009)

Table 2.8 summarises the different criteria avédlaior selecting the appropriate traffic
control method for shuttle-lane roadworks in didfietr countries. The values shown in this
table for the two-way flow, site length and spesdicate the maximum values.

The values shown in Table 2.8 may vary dependinpeal conditions and circumstances. It
is also noticed in the design guidelines, thafdim cases) there is no specific value provided
such as low/high for traffic volume and short/Idog site length without providing guidance
on those descriptions. Therefore, it is based @ineering judgment to decide which might

cause poor design leading to higher delays andeguttian expected.

Table 2.6: Desirable maximum length of single-laperation (Queensland Goverment,

2010)
Traffic volume (both directions) in vehicle Length of single lane section (metres)
per hour
800 70
700 100
600 150
500 250
300 600
<300 800

Table 2.7: Critical site length vs. two-way flow f8top/Go operation methd@epartment
for Transport, 2009)

Method of control MESIIT SPEse EEelin G EEiER i\:l;;(iic:rq‘lror\r/]vtz\vlg;wviﬁg
limit (mph) area (metres)
per hour)
100 1,400
200 1,260
Stop/Go signs 60 30C 1,06C
40C 94C
500 840
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According to Schonfeld and Chien (1999) and Che¢ral (2002), both the Queensland
Government (1988) and Highway Capacity Manual (HAM®IB5) cannot address the variety
of problems, such as the optimal traffic controltimoel selection at roadworks, although the

responsible agencies have attempted to developgudalines.

Table 2.8 shows that the maximum two-way traffiowflfor each control method varies
between countries. It also shows that there is eference to the heavy goods vehicles
(HGVs) composition (except in one situation) or thieectional split for both streams in
selecting each control method which is believedaoan important factor that affects the

traffic operations at shuttle-lane roadworks.
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Table 2.8: Traffic control selection criteria for shuttle-lane roadworks in different countries

Maximum two-way Maximum speed
Method of control Lengtizrgfe::rzrsl)ed area traffic flow limit Considerations
(vehicle per hour) (kph)

No specified priority | (1) 60 (max) (1) 40 1 70 (1) Good visibility
. (2) 15 (max) (2) 100 (2) 50 (2) Good visibility
(Give and Take) (3) 50 (max) (3) 400and 20 HGVshr | (3) 48 (30 mph) (3) Good visibility

(4) NIA (4) 400 (4) NI/A (4) Low volume and good visibility
_ o (1) 100 (1) 150 (vehicle/day) (1) 60 (1) Onlyin good visibility
Signed Priority (2) 50-100 (2) 400 (2) 50 (2) NIA

(3) 80 (max) (3) 840 (3) 96 (60 mph) (3) N/A

(4) NIA (4) 400 (4) NI/A (4) Low volume and good visibility

o (1) N/A (1) No limit (1) 60 (1) NA

Traffic signals (2) 400 (2) 800 (2) 50 (2) N/A

(3) 300 (max) (3) No limit (3) 96 (60 mph) (3) N/A

(4) N/A (4) N/A (4) 96 (4) N/A

(1) Not Usec (1) Not Used (1) Not Used (1) Not Usec
Stop/Go signs (2) 400 (2) 1,000 (2) 50 (2 N/A

(3) 500 (3) 1,400 (3) 96 (60 mph) (3) Check

(4) Controller sight (4) N/A (4) 120 (4) Table 2.7

(1) Not Used (1) Not Used (1) Not Used (1) NotUsec
Flagg Transfer (2) Not Used (2) Not Used (2) Not Used (2) Not Used

(3) Not Used (3) Not Used (3) Not Used (3) Not Used

(4) 1,610 (1 mile) (4) NIA (4) NI/A (4) N/A
Pilot Cal Usually available with other control thods if the visibility is pocor little safety clearanc

OML 431dVHO

(1) Queensland Goverment (2010)-MUTCD (2) Makhloufi and Certu (2003) (3) Department for Transport (2009)

(4) Federal Highway Administration (2009)-MUTCD N/A No direct information Available
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2.6 Effects of roadworks

Shuttle-lane roadworks have various effects orralae network and road users. Taking those
impacts into consideration will determine the optim management and operational

methods. Detailed description of each type of thkely effects caused by shuttle-lane

roadworks are provided in the following sections.

2.6.1 Restricted height or width

When applying shuttle-lane roadworks, the road kwidtsubjected to a reduction (restriction)
as mentioned in Table 2.1. Height restriction cko &#e imposed on drivers if the work is
being carried out under a bridge. In both situajomarning signs should be provided at
suitable distance to allow drivers to take extreeaa to follow a diversion (Department for
Transport, 2009).

2.6.2 Reduction in speed

Speed reduction at shuttle-lane roadworks sitesisually introduced for safety reasons. The
speed limit can range between 30 mph to 60 mphaibegent for Transport (2009) specified
the speed limit for each type of hazard for higbexproads with speed limits of 50 mph or

more (e.g. poor visibility, narrow lanes, etc.).

Traffic speed will inevitably be reduced in urbamvieonment, because of the presence of
busy roads and temporary speed limits might not neeessary except in certain

circumstances.

The reduction in drivers’ speed at roadworks i® @sused by the presence of traffic control
devices where drivers have to take extra cautioredoice their speed to respond to such a
control. Furthermore, the presence of queues awokks site will force drivers to reduce

their speed and therefore increase in journey time.

2.6.3 Reduction in visibility

As mentioned by the Department for Transport (200&t because of the presence of
temporary structures, stores of the materials, $eegid., the forward visibility available to the
drivers will be reduced. It is therefore esserttiainake sure that the reduction of visibility is
kept to the minimum at all day times especiallp@tds. Some methods are introduced to the
drivers such as warning signs and speed limits ¢oald reduce the hazard of reduced
visibility.
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2.6.4 Interference with non-motorised road users

Shuttle-lane roadworks will usually affect the fre@ovement of pedestrians, cyclists,
vulnerable road users, which will force them toddeerted from their normal path to the
carriageway. According to the Department for Tramsg2009), this hazard should be
minimised through the use of barriers or fenced whe addition of lamps by night, which
clearly warn the pedestrians of their presencekaeg them away from the movement of the

traffic providing safe a route/exit.

2.6.5 Interference with other junctions

In urban areas, junctions are usually located withiclose proximity to each other. Shuttle-
lane roadworks might cause enough queues to black geveral junctions, which will cause
delays to drivers which are not part of the roadwdraffic. Extra care should be taken when

designing roadworks near junctions.

2.6.6 Reduction in capacity

Capacity is a very important measure which deteemithe maximum amount of traffic
volume that can pass through the shuttle-lane roddwin an hour. The appropriate
identification of the system capacity will be ugedtalculate queues and delays resulted from
capacity reduction.

Mazeet al (2000) stated that different methods of calcafattapacity were noticed such as
the Texas Transportation Institute (TTI), whichide$ capacity as the hourly traffic volume
under congested traffic conditions. A Pennsylvatialy defined work zone capacity as the
hourly traffic volume converted from the maximumminutes flow rate. A California study
measured capacity by using 2-three minutes inters@parated by 1 minute. The value was
then averaged and multiplied by 20 to convert torlyovalue. It was also stated by Mage

al. (2000) that Dixon and Hummer (1995) defined cépaas the flow rate where traffic
changes from an uncongested to a congested candiieng (1999) defined capacity as the
flow just before a sharp drop in speed followed dysteady period of low speed and

fluctuating traffic flow.

Summersgill (1981) have calculated the capacitghuittle-lane roadworks for different site
lengths (30 to 280 metres) operated by traffic aigjnno priority and priority specified as
illustrated in Figure 2.9.
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It can be seen from Figure 2.9 that the maximum s#épacity for no priority or priority
specified operation is around 1290 veh/hr for twaywilow. For shuttle-lane roadworks
operated by temporary traffic signals, the maxingita capacity achieved is 1590 veh/hr for

two-way flow.

Lower limit of site length (30m)
Upper limit of site length for control by signec_!’.
priority or no priority specified (100m ) - “I
Upper limit of site
‘} length for signals
(280m)
1600 [~
‘Conditional go’ signal cycle
1400 |~
1200 [~
Normal signal cycle /
1000 |~
= Neo priority specified or signed priority
=
®
=
2 800 |-
=
©
Z
g
)_
600 |~
400 |~
200 i~
o 1 1 : 1 1 1
(o] 50 100 150 200 250 300

Length of site (m)

Fig. 9 The relationship between capacity and length of site

Figure 2.9: Relationship between site length angimam capacity (Summersgill, 1981)
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2.6.7 Increased delays

In Great Britain, delays at traffic signals areirasted to be 100 million vehicle-hours each
year. If a saving of few percent was possible bypwgismproved methods of operation, the
financial savings each year would be consideraiebister and Cobbe, 1966).

Delays and queues are the most important measuhésh vdetermine the operational
performance of roadworks. The overall delay dushottle-lane roadworks can be divided

into two categories (Cassidy and Han, 1993):

1- Queuing delay;

2- Travel time delay.
The components of these delay categories are:

= Delay according to the reduction in speed/capaxighuttle-lane operation;
= Waiting time delay according to red light;
= Move-up delay following a stopping situation (ergffic signals, queues);

= Acceleration/deceleration delays.

Vehicle delay is the main parameter used to caeulae travel time cost of roadworks,

which is then used for selecting optimum managerardtoperational strategies.

2.6.8 Environmental effect

Traffic congestion (reduced speed and increasedyslelcontribute to a major part of the
deteriorating urban air quality and pollution (Sdref1994). If urban roadworks are not
designed appropriately, queues and delays arey likelorm which could worsen air quality.
More studies should therefore be carried out toanstie effect of roadworks on urban air

quality.

2.6.9 Safety effect

Safety is a very important aspect of the operatipegformance of shuttle-lane roadworks as
it affects drivers, workers and pedestrians. Thes@mce of roadworks and the associated
traffic control devices, changes to road layout amhgestion (which increase drivers’

frustration leading to dangerous actions such assang the red light, unsafe gaps or close

following “tailgating”) are contributory factors tihe high accident levels at roadworks sites.

25



CHAPTER TWO LITERATUREEVIEW

A study carried out by the Highways Agency (201tpwed that around 83% of drivers
change their behaviour through roadworks. Varicessons were given to the change in
behaviour such as trying to avoid accidents, repdiigns, narrow lanes, etc. The above
changed behaviour is caused by the change in eaifl especially to unfamiliar drivers,
which could lead to accidents at roadworks. Base8WOV (2010), it has been noticed that

fewer accidents are recorded at longer duration@mger site length in the Netherlands.

Various accident reduction studies were carried(8ilpress and Leland Jr, 2010; Xired
al., 2010 and Elghamrawy, 2011) to study and analysefactors influencing the cause of
accidents at roadworks and suggesting methods @lotdosis to reduce the accident rates.
SWOV (2010) mentioned that various measures coaldaken to improve safety through
roadworks such as demarcating the work area fdfictraguiding traffic through the
roadworks site, making roadworks and workers wsitd road users and simplifying the

driving task.

Li and Bai (2009) carried out a study to test tffea of four shuttle-lane operation control
methods on accident data using logistic regressasralysis. It was found that
flaggers/officers could considerably lower the oddshaving severe accidents caused by
human errors, while having stop signs/signals walséamatically increase the odds of having
severe accidents. The study was based on limitedvdaich was collected from the state of

Kansas and will be unreliable to rule out thosellten other states or countries.

Pilot study was carried out by the Isle of Man’spBement of Infrastructure (2012) by
installing mobile CCTV on urban roadworks to redtice drivers’ violation of crossing the
red light on temporary traffic signals. If the piktudy is successful, it will be a requirement

to install mobile CCTV cameras on all future roadkso

2.6.9.1 Close following behaviour “tailgating”

Many studies, driving codes of practice and driveesning programmes (UK Highway
Code, 2012; National Safety Council, 1992; Tenne&separtment of Safety, 1991) state that
a two second gap, referred to as the “two-secoulds, ris the minimum time gap for safe
following on a dry road surface. On wet roads, ¢lqeivalent gap is increased to 4 seconds

and could increase further for icy roads.
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Various studies have reported that based on evergdeing experience in both urban and
motorway environments, it has been noticed thatyntaivers attempt to follow with time

headways significantly lower than two seconds. Ties commonly referred to as
“tailgating” (Michaelet al,, 2000; Brackstonet al, 2002 and Rajaliet al, 1997).

Tailgating is a very dangerous phenomenon of dsivieehaviour and contributes to a high
percentage of the road traffic accidents (maingr#&nd collisions). For example in China it
contributes to nearly 16% of all road traffic aamts (Duanet al, 2013). According to
Michaelet al (2000), tailgating contributed to 1,835 fatabtiend 653,000 injuries in 1996 in
the USA alone.

Considerable laboratory research using simulatemhriiques has investigated the factors
associated with following distance and braking tieactime (e.g., Van Winsum and
Heino, 1996; Van Winsum and Brouwer, 1997 and Evahsal, 2010). These studies
examined how the drivers estimate time to colliseord braking performance which are

linked to the drivers' chosen headway.

According to Shrestha and Chang (2005), there arg few studies on close following

“tailgating” with no standard criteria (clear defion) or effective system to observe and
reduce it accordingly. The factors that influenaggating behaviour can be grouped under
three main categories: Driver’'s Profile, Driver'sf&aviour and External Conditions. The
parameters under driver’'s profile include (but @oé limited to) age, gender and intoxication.
The parameters that are under driver's behaviatlude speeding, braking and maintaining
minimum headway and the parameters under extemaditions include traffic density,

weather, speed limit, number of lanes, tyre anédedficiency and enforcement.

2.6.9.2 Non-compliance with temporary traffic signals

Red light running violations at signalised juncBooonstitute a widespread and growing
phenomenon which has a significant cost to socletthe USA, red light running contributes
to around 260,000 crashes each year, of which atisfliaire fatal. Red light running crashes
were also found to be more severe than other tygbpesrashes (Rettingt al, 1998 and
Rettinget al, 1999).

A wide range of countermeasures has been studiddnaplemented to reduce red light
running behaviour and its frequency. A study bytiRgtet al (2007) has shown that both

countermeasure categories (i.e. engineering angraament) are effective in reducing the
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frequency of red light violations. According to Bwson and Zimmerman (2004), guidelines
on which countermeasures (i.e. whether engineesmgnforcement should be used) are

scarce in identifying junctions with the potenfiad safety improvement.

Most of the available research is focused on thecebf implementing either engineering or
enforcement countermeasures on signalised junctising actual countermeasures on site or
utilising micro-simulation approach (see for exaenplorteret al, 2013 and Bellet al,
2012). However, there is a clear lack of reseantboth drivers’ behaviour and red light
running violations on shuttle-lane urban roadwargsrated by temporary traffic signals.

In the current study, driver compliance at temppteaffic signals with shuttle-lane operation
has been observed to determine the factors thettdafie drivers’ decision to undertake such
red light violations. There are some similaritietvireen traffic signals at junctions and those
temporary ones at shuttle-lane operations. One gvthenon that occurs at traffic signals

junctions is what is referred to as the “dilemmaeZo

According to previous research, the dilemma zondeitned as a physical zone (area) in
advance of the junction’s stop line where vehiatethe dilemma zone at the onset of amber
indication can neither clear the junction during eimber interval nor safely stop before the
stop line (Gazist al, 1960). According to Puan and Ismail (2010), tilemma zone is
defined as an area near the stop line within whirehdriver finds him/herself too close to
stop safely and yet too far away to pass complatelyugh the intersection at a legal speed
before the red phase starts. Any decision madédgriver may lead to an accident or near—
accident. When traffic signals change from greeartiber, approaching vehicles have two
possible decisions from which to choose, eithesttp or pass depending on various factors
such as speed, distance from stop line, driverarastteristics and other geometric layout
(Hickset al, 2005 and Papaioannou, 2007).

According to previous research (see for exampletiMat al, 2003 and Elmitinyet al,
2010), it is suggested that a driver in a dilemmiaezmay run through red lights, come to an
abrupt stop or accelerate through amber. This iecis considered the main risk of causing
rear-end collisions (from vehicles following clogddehind) and right angle collisions (from
conflicting vehicles) at signalised junctions (Puard Ismail, 2010; Gatex al, 2006 and
Wei et al,, 2010).
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According to previous literature, there are twoetymf dilemma zone. The Type | dilemma
zone (classic yellow time dilemma zone) was fisgilained by Gaziet al. (1960). This type

is when the driver is unable to perform a safe emahfortable manoeuvre. In this case, a
driver will either proceed through the intersecthimfore the start of the red phase or stops in
advance of the stop line. As originally describeg Gaziset al (1960), the yellow
indication (yellow plus all red) is needed to bagoenough for a vehicle to either stop or

clear the intersection safely.

The Type Il dilemma zone (also called option oreicidion zone), which was first described
by ITE Technical Committee 18 (1974), is associatétl driver behaviour. Drivers within a
few seconds travel time (usually between 2.5 asdcd@nds) from the intersection tend to be
indecisive about their ability to stop at the onsfethe yellow (amber) indication. According
to Weiet al. (2010), option zone is defined as a zone withinctvfat the onset of amber, the
driver can either come to a safe stop or proceeslg/h the intersection (before the end of
amber interval). The word “option” means that thizvet’s final decision of whether to stop
or to pass is optional and could be completed gdfgthout an abrupt stop or accelerating).
This behaviour creates an indecision/option zonadwance of the stop line where some
drivers may proceed and others may stop safelyei@ifit definitions of Type Il dilemma
zone have been observed (see for example Zege®emrd 1978 and Chameg al, 1985).

For the purpose of the current study, the termetdiha zone” refers to both Type | and
Type Il dilemma zones since there is not enougla datallow the authors to identify the
exact type of dilemma zone accurately. The detalkfthitions, equations and all aspects of
dilemma zone have been adapted from a typical ksgajunction and applied to shuttle-

lane roadworks using temporary traffic signalsllastrated in Figure 2.10.

According to Gazist al (1960), the dilemma zone is the difference betwie distance
from the stop line to the front of the nearest ulehithat can safely and completely stop
(Pds/Sds) and the maximum distance from the staptdi the front of the nearest vehicle that
can safely cross (Pdc/Sdc). Equations 2.2 to 20dvdhe calculation of the dilemma zone
(D2) as stated by many researchers (see for exa@®ateset al, 1960; Puan and Ismail,
2010 and We¢t al, 2010).
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Not to scale
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Figure 2.10: Dilemma zone at shuttle-lane roadworks

Dilemma Zone (DZ) = ds — dc Equation 2.2

Stopping distance(ds) = v& + ZM\;j(DL Equation 2.3

Clearing/crossing distance (dc) = vt — (Lv + L) Equation 2.4
Where,

dsis the shortest distance a vehicle can safely (shabres)

dcis the maximum distance a vehicle can safely diosgres)

v is the speed of the vehicle (m/s)

d is the perception reaction time of the driver (sets)

MaxDL is the maximum comfortable deceleration rate fm/s

7 is the length of the clearing period (amber plitseml period) (seconds)
L is the length of the vehicle (metres)

L is the length of the roadworks site (metres)

According to ITE (1999), the method of calculatihg amber and all-red period is shown in
Equations 2.5 to0 2.7.

Length of clearing period (t) = Amb + AR Equation 2.5
— _Vss .
Amb =§ + SMarDL Equation 2.6
AR =t Equation 2.7
Vis
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Where,
vgs is the 8% percentile speed of vehicles or the speed limis{m
visis the 18 percentile speed of vehicles (m/s)
Amb is the stopping amber time (in seconds)

AR is the all red period (in seconds)

2.7 Traffic flow modelling

Various mathematical, simulation models and soféwaackages were developed to estimate
roadworks site capacity, queue length and delapsaaide the following:

= Comparison between different methods of operations;

= Cost estimate for different roadworks managemesagos.
The following sections will provide an overview thfe fundamentals of traffic flow theory,
definitions of the different types of models andcabn overview of the fundamentals of

micro-simulation modelling.

2.7.1 Fundamentals of traffic flow theory

When studying traffic flow characteristics, there &wo main types of traffic stream models,
namely microscopic (micro-simulation) and macroscofmathematical and analytical)

models. The microscopic traffic models deal witkffic characteristics of individual vehicles

(i.,e. headways, gaps and speed/position of eacltlgghOn the other hand, macroscopic
models are based on the fundamental diagrams f&it thaw that represents the dependent
relationship between average values of flow (gkesp (v) and density (k), and their
importance for the use in many practical fieldstraffic engineering studies. Equation 2.8
shows the relationship between the main elementisffiic characteristics of speed, flow and

density (Mannering and Washburn, 2012).

q = vk Equation 2.8

Where,
g is the traffic flow (vehicle/hour);
v is the traffic speed (km/hour);

k is the traffic density (vehicle/km);

The first study to model the relationship betwebrst parameters was carried out by

Greenshields (1935). This was followed by sevetatliss proposing modifications and
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adapting various versions of some of the main pedanodels (see for example Heydecker
and Addison, 2011; Zhang and Jin, 2002). Figur@ 8Hows a simple general layout of the
relationship between speed-density, flow-densitg apeed-flow elements of the traffic

assuming linear speed-density model.

s

Speed
Flow (veh/h)

Q Gop
Density Density Flow (vehsn}

Figure 2.11: General layout of speed-density, fliemsity and speed-flow relationships
(Mannering and Washburn, 2012)

The relationships between these main elementsaffictrflow (speed, flow and density)
provide the basis for the measurement and caloulat traffic stream parameters. It is also
important to understand the interaction betweensdéhmeasures to fully analyse the

operational performance of a traffic stream.

2.7.2 Definitions of different types of models

According to Perlman (2008), mathematical modeks mnodels that apply concepts or
theoretical principles to represent the behavidua system (to solve/explain the targeted
problems/phenomena). Mathematical model deals thithsystem as a whole (i.e. average
value of the traffic stream in hourly basis) whighoften based on fluid flow analogy.
Mathematical models also are not dynamic (i.e. dbtake into account live interaction
between drivers and the system components suchilemnih zone, sudden change in
acceleration/deceleration, vehicle actuated signeffect of traffic management safety

devices at shuttle-lane roadworks, change in \isilmf drivers, etc.).

For example, an input to a mathematical model casklime that vehicles arriving on the
primary stream (e.g. 500 vehicle/hour) will havéixad total green of 1,200 seconds in an
hour for example. The equations will then calculébe throughput based on those
assumptions without taking into account the inteoacof the signal setting, VA, dilemma

zone effect, etc. Therefore, mathematical modelewet deemed to be fit for purpose when
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studying the operational effects of shuttle-lanadieorks under varying conditions such as,
for example, vehicle actuated signals and diffediagout conditions. A summary of the
existing mathematical models for shuttle-lane roadhw are provided in the following

sections.

According to Akcelik (2007), analytical models aeftware packages that were developed
(by companies or institutions) using simplified hm&mnatical equations and have a closed
form solution (i.e. the solution to the equatiosed to describe changes in a system can be
expressed as a mathematical analytic function)sd@meodels utilise various techniques such
as regression analysis and simplified mathemagigations.

The end-user may not have access to the softwaie eod therefore the majority of
assumptions were kept constant. Analytical modsels provide average hourly values of the
system (e.g. queues and delays) with no optionnfeasuring the effect of the dynamic
interaction between drivers (e.g. signal setting\,, dilemma zone effect, etc.). Therefore,
analytical models were also deemed to be not fitpiarpose when studying the detailed
operational effect of, for example, dilemma zonesbnttle-lane roadworks. A summary of

the existing shuttle-lane analytical software (rmspare shown in the following sections.

Microscopic (micro-simulation) models describe tradfic at a detailed level where specific
rules (sub-models) are used and applied to reprdbeninteraction between individual
vehicles such as:

= Car-following rule;

= Lane-changing rule;

= Gap acceptance rule.

Car-following sub-model calculates the accelerdtieneleration rates used in updating the
longitudinal positions of vehicles in correspondete the leader. Lane- changing sub-model
describes the lateral movements of vehicles basddaffic conditions in the current and the

target lanes. The gap acceptance sub-model istos#ack the feasibility of executing a lane

change (Al-Obaedi, 2012). In the case of shuttlee laoadworks operated by temporary
traffic signals, no lane-changing is allowed anahssmuently there is no need for a gap
acceptance rule to be applied. For every scanimmg (te.g. 0.5 seconds), each vehicle in the
system checks the feasibility of executing all ehedes based on the vehicles’ situation and

each rule (sub-model) consists of detailed decisien. Detailed description of the listed
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rules (i.e. decision tree for each rule) which ased in the development of the micro-

simulation model is explained in Chapter 6.

The randomness used in micro-simulation models melp in replicating real traffic
conditions. The calibration process is not asgithorward as in other high level models (i.e.
macroscopic models). Micro-simulation models areamefficient in studying complicated
situations such as merge sections, inclusion of &8 vehicle actuated traffic lights
(Burghout, 2004; Akcelik, 2007). Micro-simulationoatels could also replicate the geometry
of the road even if the traffic management useditais complex.

Based on the above mentioned limitations of mathiealaand analytical models, micro-
simulation models were found to be the most appaprtype of models that are fit for
purpose when studying shuttle-lane operations atiworks with various traffic control
settings and other varying factors on site (inctgddrivers’ behavior, dilemma zone effect
and road geometry). Micro-simulation models are abdg of dealing with individual
vehicles’ movements and drivers’ decisions in draggdilemma zone, interaction with
changes to traffic signals, response to loop detecetc. A summary of the existing shuttle-
lane roadworks mathematical, analytical and sinaamodels are shown in the following

sections.

2.7.3 Existing shuttle-lane mathematical models and theilimitations

Various mathematical models have been developedtudy the effects of shuttle-lane
roadworks capacity on user delays, queues and dadile 2.9 summarises the main
mathematical models, the parameters used andlitn@mtions. These models are described

in the following section.

2.7.3.1 Summary of existing mathematical models

Cassidy and Han (1993) developed a mathematicaéhtodalculate traffic delay and queue
length per cycle on a one-lane road with a two-veaytrol work zone (shuttle-lane
roadworks) under temporary traffic signals. Delaysre divided into two components,
namely queuing delays and travel time delays. Thdahwas then compared with observed
data and showed a relatively close fit to obserdath under steady state conditions.
Schonfeld and Chien (1999) developed a mathematisat delay model to calculate the
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optimum work zone length and cycle time taking iaicount different variables such as

traffic volume, speeds, maximum discharge ratesatdp costs.

Chienet al (2002) improved the model by adding maintenarost lling to the overall cost
and adding maintenance breaks to avoid peak tratich would help in optimising work
zone length and cycle time. According to Huang 8hd(2008), the model does not address
the practicality of maintenance breaks (how to dntw workers and materials during or

before rush hour).

Huang and Shi (2008) developed a mathematical mmdehlculate users delay and total
roadworks cost using objective function to optimise work zone length and maintenance
schedule. They also added delays caused by thenmeesof non-motorised users (e.g.

vehicles travelling behind cyclists)

Table 2.9: List of the main shuttle-lane roadwamathematical models

Model Purpose Comments
Cass(lfggznd Han Delay model Only applicable for under-saturateddioons.

Only applicable for under-saturated conditions;
Does not include the effect of acceleration and
deceleration;

No observed data, calibration or validation.

Optimisation model
Work zone length
and traffic control

Schonfeld and
Chien (1999)

Only applicable for under-saturated conditions;
Does not include the effect of acceleration and
deceleration;

No observed data, calibration or validation.

Optimisation model
Chienet al (2002) | Work zone length
and cycle time

Optimisation model{ Does not include the effect of acceleration and
Work zone length | deceleration;
and starting time | No observed data, calibration or validation.

Huang and Shi
(2008)

2.7.3.2 Limitations of existing mathematical models

The main limitations of the existing mathematicaldels are as follows:

= The determination of the adjustment parametersdcoelcomplicated, especially with
complicated control methods (Edara and Cottreld720

= Using deterministic queuing analysis by simplif@ssumptions, to estimate the user
delays may neglect important details (Yat@l, 2009).

= Cassidy and Han (1993) model is not valid for ozensated conditions which are the
current situation in most roadworks sites. The &qoa for estimating delays

sometimes are not equivalent to the real obseretd/sl (Soret al, 1999).
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= Schonfeld and Chien (1999) model is also not applesto oversaturated conditions
(Huang and Shi, 2008). Also there was no modebration and validation using real
observed data.

= Chienet al. (2002) model did not take into account the eftdafirivers’ acceleration
and deceleration when approaching and passingghrtie work zone. There was no
model calibration and validation of real data. Ald® model is only capable of
calculating the delay for under-saturated situatidrere traffic flow level does not
exceed the site capacity.

= Huang and Shi (2008) model has several limitat@amshe assumptions used do not
reflect the real situation (i.e.no effect of accal®n or deceleration) and traffic have
to use two constant speed values only. There ishserved real data and therefore,
no calibration or validation process which does prowvide the goodness of fit of the

calculated values.

2.7.4 Existing analytical software packages and their lintations

Various computer software packages were developed) @nalytical methods which utilise
an equation or a series of equations to calculatervadworks site capacity, user delays,
gueue length and cost (Ramezanial, 2011). The most popular software packages are

summarised in the following section and listed able 2.10.

2.7.4.1Summary of existing analytical software packages

QUADRO (QUeues and Delays at ROadworks) is a spedsbepartment for Transport
(United Kingdom) software package, which is usecvaluate road maintenance work by
calculating user delay costs, vehicle operatingscasid accident costs. The shuttle-lane
roadworks section in QUADRO (part 5, volume 14 teec1 and chapter 10) provides
equations used to calculate site capacity and fimereassociated user delay and queues.
QUADRO assumes that shuttle-lane is operating utedeporary signals with fixed settings

and uses the site length as the main parameter.

QUEWZ (Queue and User cost Evaluation of Work Zowap developed by the Texas
Transportation Institute in the late 1990s. QUEWZAimenu-driven program which can be
run under DOS. The latest QUEWZ model uses HCM 26Q0ations to calculate site
capacity, user delays, queues and vehicle operatisig The model does not provide accurate

delays and queues estimation compared with real(@&mezanet al, 2011).
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QUICKZONE model was developed by the Federal HigrsvAuthority. The model is a
spreadsheet-based tool which uses the determiwjgéaing theory to calculate queues and
delays using input parameters such as traffic fite, capacity and site length (Tang, 2008).
The model also takes into account travelers regsots the roadworks traffic conditions
such as mode shift, peak spreading, etc. (Edar&aticell, 2007).

WZCAT (Work Zone Capacity Analysis Tool) model wagveloped recently by the
Wisconsin Department of Transportation. The mosl@l spreadsheet-based software package
used to estimate delays and queues in short teaswarks (e.g. daily). The capacity is

estimated using HCM 2000 values.

Table 2.10: List of shuttle-lane roadworks softwpaekages

Model Purpose Comments

Uses text file as input;
Shuttle-lane roadworks queues and
Analytical model- delays are based on study carried out py
Provides total cost for | Summersgill (1981);
road maintenance workl Uses regression analysis;
and accident cost Does not take into account VA or othet
control methods;
Very simple representation of SF curves.

QUADRO (2004)

Analytical model-
Calculates user cost
QUEWZ (1998) including user delay cost
and vehicle operating

No work zone optimisation capability;
Capacity and queues does not match
Sield data;

Very simple representation of SF curves.

costs

QUICKZONE Analytical model- No work zone pptlmlsatlon capability;

Does not take into account delays due|to
(1998) Spreadsheet-based toal

lower speeds.

Analytical model- Short-term work zone (daily);
WZCAT and spreadsheet-based tool|-Capacity model is not adequate;
WZCAT-R (2008) | to calculate queue lengthDoes not take into account traffic control
and delays methods such as flaggers or ITS.

Capacity model is not adequate;

I(I;I(')FOE4ISLIZONE, Analytical model Does not take into account traffic control

methods such as flaggers or ITS.

2.7.4.2 Limitations of existing analytical software packags

The main limitations of the existing analytical netglare:

= The assumptions in QUADRO are very simple and dotake into account very
important factors which affect shuttle-lane openafji.e. HGV%, directional split);
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= QUEWZ model does not accurately estimate queueslalays when compared with
real data (Ramezaneét al, 2011). Determining adjustment factors could be a
complicated task (Edara and Cottrell, 2007).

= QUICKZONE, WZCAT and INTELLIZONE models do not acetely estimate
gqueues and delays when compared with real data dRmmet al, 2011).
QUICKZONE requires detailed coding of the road ratwby the user for both the

roadwork and alternative routes (Edara and Cot2807).

2.7.5 Existing simulation models and their limitations

Various micro-simulation models have been develojedtudy the effects of shuttle-lane
roadworks and to optimise various parameters teegehminimum delay costs. Table 2.11
summarises the main simulation models, the parametsed and their limitations. These
models are described in the following section.

2.7.5.1Summary of existing simulation models

Summersgill (1981) developed a micro-simulation eidd calculate shuttle-lane roadworks
site capacity, delays and queues for three trafiittrol methods and various site lengths (up
to 300 metres). Summersgill also studied an imptawethod of traffic control by the use of
all-red period when there is no traffic crossing thite. The study sets the basics for
estimating delays and queues, and the outcomesuserk by the Department for Transport
software QUADRO (which is discussed in the previsestions) to estimate vehicle delays at

shuttle-lane roadworks.

Cassidyet al (1994) employed Monte-Carlo simulation technigue approximate analysis
techniques to calculate delay distribution. Deficies were found with the use of Monte-
Carlo simulation techniques in dealing with the aseandom vehicle arrival and variability
in headway discharge (Cassielyal.,, 1994).

Sonet al (1995) evaluated the appropriateness of the wtsiatie assumptions in calculating
delays at shuttle-lane roadworks through the dgwveémt of a simulation model. The study
suggests that this method does not always proeasonable results especially when demand

increases.

Son (1999) developed a simulation model to evalgatuing delay models for shuttle-lane

roadworks. The models were derived from Newell'36Q) delay equation for intersections
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of one-way streets operated by VA signals. The meHews a close representation when
compared with real data. The delay models were m@sted with a flow of up to 600 vehicles

per hour for both directions.

Ebbenet al (2004) developed a simulation model to studyAkomatic Guided Vehicles

(AGVs) system which uses single lane traffic fothbdirections to reduce infrastructure cost.
The system is used to carry underground freigl8dhiphol Airport in the Netherlands. The
study tested an advanced traffic responsive systereduce the waiting times. The study
shows that when using the advanced control methbdswaiting times can be reduced by

10-25% compared with the standard operation methods

Al-Kaisy and Kerestes (2006) carried out a studyevaluate four shuttle-lane roadworks
control strategies including fixed-time controkdd-queue control, convoy rule and adaptive
control. The model consists of two parts, a spreeeisdeterministic approach which feeds
into a simulation model (using Synchro and SimTcaffVarious variables were taken into

account such as site length, speed through sseétiltne and travel time. The study shows
that significant delay reductions can be achievedugh advanced traffic control techniques
and appropriate flaggers training can result imlyigfficient traffic control operations.

CORSIM simulation model was developed by the FHWhifed States Federal Highway
Authority) and has two components (NETSIM and FRESRoad network can be coded in
CORSIM as nodes and links. Roadworks can be codethcdents as there is no direct
option of modelling roadworks (Benekoletlal, 2003; Ramezani and Benekohal, 2011 and
Bloomberg and Dale, 2000).

VISSIM is a microscopic, stochastic, discrete tistep based simulation where individual
vehicles represent the most basic elements of ithelaion. VISSIM is based on the
Wiedemann “psycho-physical” car-following and laciganging model. The characteristics
and behaviour of individual vehicles affect thefpanance measures such as queue length,
speed and throughput (Edara and Cottrell, 2007adRorks can be coded in VISSIM as
incidents or by the use of complicated sets ofagand detectors as there is no direct option
of modelling shuttle-lane roadworks.
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Table 2.11: List of the main shuttle-lane roadwasksulation models

Model Purpose Comments

Uses steady state delay equations;
Does not include the effect of different HGVs$

Control methods percentage or directional split;

Summersqgill operation, capacity Site length only up to 300 metres;
(1981) and d;elays Old VA signals specifications;
No information about model calibration or
validation;
Only 3 control methods were tested.
Monte-Carlo Only applicable for under-saturated conditions;
Cassidyet al simulation to Does not include the effect of different
(1994) calculate average| Variables;

delay Deficiencies associated with the model.

Only testing the appropriateness of the steady
state assumption for the shuttle-lane operatipn
with no operation scenarios tested.
Simulation model | Long site length (starts from 0.75 miles);
Son (1999) to calculate Low traffic levels were tested (up to 600
gueuing delay | vehicles per hour).

Simulation model
Ebbenet al (2004) | to calculate waiting
time savings

Micro-simulation

Sonet al (1995) model

Acceleration and deceleration are instant.

Only applicable for undersaturated conditions;
Long site length (starts from 1km);
Vehicle Actuated (VA) signals was not tested,;
No information about model calibration or

L]

Simulation model

Al-Kaisy and to calculate delay

Kerestes (2006)

savings .
validation;
Four control methods were tested.
VISSIM, Micro-simulation No dlrec_t option of coding roadworks_; _
. The replication of shuttle-lane operation is
S-Paramics package

complicated.
FRESIM-Do not have the capability of directly
Micro-simulation | returning queue length;

package May not readily adapt work zone;
Capacity and queues does not match field data.

CORSIM

The S-Paramics is a micro-simulation software pgekahich is capable of representing the
behaviour and interaction between individual dsven a road network. Different road
layouts and features could be simulated and sonmerdr behaviour characteristics
(parameters) can be changed relatively easily esopahe calibration and validation of the
model to replicate actual site observations. Roaklsvawan be coded in S-Paramics as
incidents or by the use of complicated sets ofagand detectors as there is no direct option
of modelling shuttle-lane roadworks.
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2.7.5.2Limitations of existing simulation models
The main limitations of the existing simulation netelare:

= The model developed by Summersgill (1981) is orgpligable to under-saturated
situations where traffic is less than the site capa Summersgill used the VA
specification that was available at that time aedent specifications are being
developed which could affect the modelling resuite lengths of up to 300 metres
only were tested (Summersgill, 1981).

= Monte-Carlo simulation was utilised by Cassedyal (1994) and various deficiencies
were found (Cassidgt al, 1994).

= Son et al (1995) model only evaluates the steady statengsson (for under-
saturated situation) without reference to the eatdn method for different traffic
control techniques.

= Son’s (1999) model only tested long site lengthar{i;gg from 0.75 mile) and low
traffic volume (up to 600 vehicles for both directs).

= Ebbenet al (2004) simulation model tested the AGVs systehre $ystem has major
differences to actual vehicles characteristics swash constant speed, instant
acceleration and decelerations.

= Al-Kaisy and Kerestes’ (2006) model is applicatddong site length (starts from 1
km) and for under-saturated situations. Only foontmol methods were tested (not
including VA signals) and there was no calibratmmvalidation for the modelling
output.

= CORSIM model requires the calibration of severatialdes that are difficult to
measure (Crowther, 2001). CORSIM was not desigoenddel the effects of work
zones on maintenance of traffic where the modelvshe significant underestimation
or overestimation of the queue length (Scheedl, 2002).

= VISSIM and S-Paramics do not have the ability ofdeiting roadworks directly. The
operation of shuttle-lane needs to be replicatethbyuse of incidents or by the use of
a complicated set of signals and the use of deteethich require highly skilled
users. Another limitation in VISSIM is the cancébba of vehicles that reach their

maximum waiting time and failed to reach their dedion (PTV Vision, 2011).
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2.8 Summary

The current chapter can be summarised by the folgpwnain points in relation to urban

shuttle-lane roadworks based on previous limitativam the literature::

= Various discrepancies and limitations were fourmnfrthe design guidelines such as
site length, maximum allowed flow levels for eaclethod of traffic operation.
Important factors were not taken into account weelecting or designing each traffic

control method (i.e. HGVs %, directional split avitier parameters).

= Mathematical models are inadequate in accuratelgetling shuttle-lane roadworks
with the limitation of correctly replicating queuesid delays. They also lack the
comparison with real observed data and the ingbibt model the effect of any

advanced traffic control techniques.

= Analytical models were proven to be inadequatestm&ting shuttle-lane roadworks
capacity, delays and queues, because of theirlityatn model several roadworks

features such as the presence of flaggers, ITSsceeActuated traffic signals.

= Simulation models are designed for under-saturaveditions. The models also have
various limitations such as omitting vehicles, was parameters are imbedded within
the program code that the user does not have atwes®id the required level of

complicated steps to ensure correct behaviouraif awsystem.

= In addition to the previously described limitatioinem available literature, none of
the existing models takes into account certain @spe aggressive drivers’ behaviour
(i.e. close following “tailgating” and red light maing) which may have an impact on

site safety and capacity.

Therefore, there is a need to carry out data dadlecon shuttle-lane roadworks sites to
observe aggressive drivers’ behaviour (i.e. clodlewing “tailgating” and red light running).
The data will then be used to develop a micro-satimh model to cover the previously
described limitations in existing models and desiganuals. Detailed description of the data

collection and model development are explainethénfollowing chapters.
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CHAPTER THREE: DATA COLLECTION AND
DESCRIPTION

3.1 Introduction

The aim of this chapter is to give a brief desaniptof the available data collection methods
and the difficult issues related to data collectidhalso summarises the details of the visited
sites such as location maps, layouts, collected, @at. Data was collected and analysed for
various shuttle-lane roadworks sites to understariobserve traffic and drivers’ behaviour
at shuttle-lane roadworks. The data was also useg@rovide the necessary input for

developing, calibrating and validating the microtslation model.

3.2 Data collection techniques

Video recording was the main type of data collecttiechnique used to capture traffic
information at urban shuttle-lane roadworks sitéarious difficulties were experienced

during the data collection stage, which are sunsedrbelow:

Unavailability of shuttle-lane roadworks sites dagheir temporary nature;

Lack of proposed/current roadworks information fraetevant government agencies;
Short duration of planning time for the availables,

Lack of safe/appropriate position for recording;

Difficulties associated with adverse weather caods;

Short roadworks duration or late knowledge of roadks site;

g & 4 4 3 4 8

Unavailability of cameras and other personnel.

During recent decades, several methods of dataatimh have been developed. However,
collecting traffic data using video cameras isl gtie main method for academic research
purposes in the UK because of the reasonably lost covolved. Furthermore, video
recording systems are the best tools for inveshgatertain traffic characteristics such as
drivers’ behaviour, drivers’ compliance with temaor traffic signals at roadworks, gap
acceptance, temporary signals settings, etc. Iitiaddother advantages have been reported
by Yousif (1993) such as:

= One person is capable of collecting informationv(feersonnel requirements);
= Any comments on events outside the field of thearantan be reported through the

recording system;
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= The relatively simple and quick setup of the videcording system;
= The ability to view the recorded data continuouslgxtract the required information.

As a result of the previously mentioned reasons,ntost effective technique for capturing
traffic information for this research was the u$evideo recordings. These took place using
two video cameras (Sony HDD Handycam DCR-SR57)gaheside of the selected shuttle-
lane roadworks as illustrated in Figure 3.1. Syaolwation between the cameras was carried

out using stop watches and mobile phone communitatio ensure accuracy.

Primary
Stream

Camera 2

Camera 1

Figure 3.1: Schematic of the location of video ceane
In order to ensure that drivers’ behaviours were influenced by the presence of video
cameras, the positioning and locations of videoaraswere carefully considered for each
site. For example, one camera was located inseleliserver’s parked vehicle at one side of
the shuttle (e.g. one observer filming the primgtrgam) and the other camera was located in
a safe hiding place such as a shop frontage, imshielding or unobstructed footpath, etc. on
the other side of a shuttle-lane (e.g. a seconcatrebs capturing information from the

secondary stream).

Some sites were visited more than once, at diffetieres and over several days (especially
for those roadworks sites which were carried o@r®everal days and to ensure that weather
conditions were not that adverse to affect the exs)y to capture different types of
information and to increase the available sampe &r drivers’ behaviours at different flow
levels. Both primary and secondary streams weréucag on both cameras as illustrated in
Figure 3.1and explained below:

= Primary (or Secondary stream (BAR): primary (or secondary) stream velsiare
captured by camera Before Approaching RoadworksRBA

= Primary (or Secondary stream (ACR): primary (or secondary) stream Jeki@re
captured by camera After Crossing Roadworks (ACR).
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3.3 Site selection

Due to the temporary nature of shuttle-lane roaés/an urban areas and the experienced
difficulties that were previously mentioned (i.a. $ection 3.2), it was decided to visit any
available shuttle-lane roadworks sites and is a&tokes for surveying. Six surveys/data
collection categories were used in the currentystadd are described in the following

sections.

3.3.1 Category 1: Historical shuttle-lane roadworks sites

Historical sites were previously surveyed betwdenyears of 1996 and 2002. The data was
collected by MSc students at the University of &alf who investigated the operation of
shuttle-lane roadworks. The data was very usefutie current study, it covers temporary
traffic signals using both FT and VA modes andlsbacovers standard signalised junction.
The data covers one stream only (i.e. primary aoséary) for seven sites in Greater
Manchester as shown in Table 3.1 (with 20 hourgidéo recording) and a location map is
shown in Figure 3.2. Please note that sites 8d91@rare traffic calming sites (using throttle)

and were not used in the current study.

Table 3.1: Summary of site list and collected dhtstorical sites)

. Site
Site . Date . Surveyed
No. S (Duration) DUl Direction L2 e
(metres)
Great Cheetham St. East, 2 hrs
1 Salford (a) 09.07.02 (AM) NA NA TS
(a) 12.07.02 3hr
2 Agecroft Rd, Salford (b) 21.07.02 (AM) P 114 Rd/FT
Europa Boulevard Road, 2.5 hrs
3 Warrington (a) 01.09.02 (AM) S 147 Rd/VA
4 | Wilmslow Rd, Cheadle| (a) 24.04.97 Z(AE’“BrS p 46 RAVA
Cromwell Grove, 3 hrs
5 Levenshulme (a) 16.09.96 (PM) P 137 Rd/FT
Wilmslow Rd, 3 hrs
6 Whithington (a) 26.07.96 (PM) P 34 Rd/VA
. (a) 28.02.96 4 hrs
7 Liverpool Rd., Irlam (b) 10.03.96 (PM) P 72 Rd/VA
P: Primary stream S:Secondary stream Rd:Roadworks VA:Vehicle Actuated signals
FT: Fixed Time signals TSTraffic signals junction

3.3.2 Category 2: Current shuttle-lane roadworks sites (@l surveys)

Current sites were surveyed in 2012 (during theodeof the current research study). The
data covers different types of shuttle-lane openati(i.e. temporary traffic signals using both

FT and VA modes, priority operation and Give/Talpemtion) and it also covers standard
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signalised junction. The data covers both strearasgrimary and secondary) for nine sites
as shown in Table 3.2 (with 34 hours of video rdeouy). Please see Figure 3.2 for sites

locations and Appendix A for site plans, picturdispensions, etc.

Table 3.2: Summary of site list and collected datarent sites)

Site Site Date ) Surveyed | Site Length Tvpe
No. (Duration) | Duration | pirection | (metres) yp
Brouahton Ln (a) 09.07.12 7 hrs
11 cotiog | (6)10.07.12| (AM&PM) | P,S 42 Rd/VA
(c) 13.09.12
Burton Rd., 2 hrs
12 Chorlton (8)11.07.12) )\ P S 107 RA/VA
Brunswick St., 2 hrs _
13 Manchester | (&) 12:07.12 (AM) P 8 Pri
Liverpool St., | (a) 17.07.12| 4.5hrs
14 Salford (b)17.09.12 (AM &PM) S 17 GIT
Langworthy Rd., 2 hrs
o safford | (@ 180712/ (ap) NA NA TS
Hiah Ln (a) 04.09.12 4.5 hrs
16 | I | (0)05.09.12| (AM&PM) | P,S 52 RA/FT
(c) 08.11.12
New Blackley 2 hrs
17| Rd. Manchesterl (®06:09-12)  \p P.S 39 RAVA
New Blackley 3 hrs
18 Rd., Manchester () 17.09.12 (PM) P, S 73 Rd/VA
- (a) 27.09.12 7 hrs
19 | FredenekRd. | ) 02.10.12|  (Am) P, S 38 RAJET
(c) 05.11.12

P: Primary stream S: Secondary stream Rd: Roadworks

VA: Vehicle Actuated signals FT: Fixed Time signals Pri: Priority operated shuttle-lane

G/T: Give and Take operated shuttle-lari&s: Traffic signals junction NA: Not Applicable (not a roadworks site)

Note: Any reference at later sections/chapters to amywithout letters (e.g. a, b or ¢) means all oketizns are taken
across all visits (i.e. representing the combimdl bf a, b and ¢)

3.3.3 Category 3: Current shuttle-lane roadworks sites (prtial surveys)

Partial shuttle-lane roadworks sites surveys wenelettaken on two sites in Greater
Manchester as summarised in Table 3.3 and theidocatap shown in Figure 3.2. The sites
dimensions, layout and pictures were collected amedshown in full details in Appendix A.
No videos were recorded due to the various readibinsilties mentioned earlier (i.e. no
suitable/safe locations to take video recordingnfrdifficulties with adverse weather or lack
of available equipment/personnel) and also dueety low traffic flows at certain site (less
than 50 veh/hr). However, data from these sitesewased to study signage, traffic

management setup, etc.
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3.3.4 Category 4: Current post-removal of shuttle-lane radworks sites

Surveys were also carried out on some of the pusiyosurveyed sites (sites listed in Table
3.2) but post-removal of the roadworks (without #ffect of roadworks) to obtain the arrival
distribution of vehicles without the impact of veleis re-routing or stopping due to the

presence of shuttle-lane roadworks. The data cdaarsdirections for Sites 11, 16 and 19.

Table 3.3: Summary of partially surveyed sites

. Site

wel e | ooy || [ o
20 R';":(Tg\f\/?;fgﬂ (@ 121211 P,S 67 Pri
21| SESUeL | @)17.07.12| P,s 19 GIT
22 Rg;‘(;‘fesrzilt%r 4| @211212] S 79 RA/FT
23 U\r/:/i\g,sgﬁoorﬁd (@) 21.12.12| P, S 68 RA/FT
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Figure 3.2: Map of site locations (categories 3)to

3.3.5 Category 5: Typical signalised junctions sites
Two typical signalised junctions were surveyed liwitne-lane approach on the surveyed
arms). The surveys were obtained from historicéh @ mentioned in Section 3.3.1 and also

during the current research study as mentione@atic® 3.3.2. The data covers four hours of

video recording in the area of Greater Manchesauanmarised in Tables 3.1 and 3.2.
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The data analysed from typical signalised juncti@ndescribed in Sectio®.4 and will be
compared with the same data collected from tempoteaaffic lights at shuttle-lane

roadworks.

3.3.6 Category 6: other data (Individual Vehicle Data-1\VD)

Individual Vehicle Data (IVD) was obtained from tiighways Agency, which contains
headway data between vehicles, the length and dpeeashch individual vehicle. The data
collected over several days in March and May in2@6@& the M25 and in August and
September for the M42 in 2002 and covers over 5llBmvehicles records.

The lengths of cars obtained from IVD were useduitd the distribution of car length which
will be used as an input into the developed sinmatmodel. It is assumed that the
distribution of car length on motorways will be teame distribution as urban environment
(cars will use the urban road network as part efrttaily travel pattern). Full details of the

data and the detailed analysis are presented ipt&hé.

3.4 Description of collected data

Various types of data were collected from the symdesites. The data is summarised under
four main headings as shown below and also sumethffigsr each site in Table 3.4. A
detailed description of the methods used for dateaetion and the definition of each type is

provided below and a full analysis is presente@apter 4.

= Traffic characteristics: arrival traffic flow, traffic composition, timedadway, site
throughput, directional split, MUT (Move-up Time)JuUD (Move-up Delay) and
queues.

= Roadworks site characteristicssite length, operation type and signage.

= Drivers’ behaviours: close following “tailgating”, amber crossing amdd light
violations.

= Signals settings signals timing (i.e. green time and all-red pé)yjcsignals type (i.e.
FT and VA).

3.4.1 Flow level, profile and composition

Traffic flow information (i.e. flow by vehicle typadirectional split and HGVs percentage)
was collected for each site and each directionragglg for each 5-minutes interval in order
to create accurate flow profiles. Vehicles in eadific stream were classified into two
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vehicle types (i.e. cars and HGVs). Bicycles andamycles were ignored, because their

number was negligible. Observed flow levels, pesfiand composition will be used as input

into the developed micro-simulation model.

Table 3.4: Summary of studied parameters throughcsitegories

Site Selection
Historical e i | SO Sl | SosEmoe] Normal
lane roadworks | of shuttle-lane . .
shuttle-lane lane roadworks . signalised
. . sites roadworks . i
roadworks sites | sites (full surveys) . : intersections
(partial surveys) sites
= MUT = Flow levels = Site dimensions | = Arrival = MUT
= Signals = Following time = Signage headway = Signals
compliance headway distribution compliance
= Signhage = MUT
= MUD
= Signals Timings
= Queuing
= Drivers behaviour
= Signals compliance
= Signage
(Sites 2to0 7) (Sites 11 to 19) (Sites 20 to 23) (Sites 11,16, 19)| (Sites 1, 15)

3.4.2 Throughput

The number of vehicles passing the shuttle-lane sis counted every cycle (for sites
operated by temporary traffic signals) and alsoefeery 5-minutes interval and by vehicle
type and for each direction separately. Observestesy throughput will be used to compare

with the micro-simulation model output for validati purposes.
3.4.3 Time headway

Time Headway (TH) is defined as the time elapsetivben the front of the leading
vehicle (n-1) passing an imaginary datum line {xttwe road (or on the playback screen) and
the front of the following vehicle (n) passing th&me point, as illustrated in Figure 3.3 and
shown in Equation 3.1 (Evans and Wasielewski, 1#&ns, 1991). Observed TH (before
approaching the roadworks) will be used to compatie the micro-simulation model output

for validation purposes.

TH(n,d)= [t(n) — t(n—1)]
Where,

t is the time when the vehicle (n-1, n) crossesititem line

Equation 3.1

d is the distance from stop line where the time eads observed
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Direction of travel .
Datum line
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Figure 3.3: lllustration of time headway

3.4.4 Move-up Time (MUT)

Move-up Time (departure headway or discharge hegdatatraffic signals is a fundamental
parameter used to measure the capacity of aneateye and timing the traffic signals. MUT
is usually defined as the time elapsed betweenesgoe vehicles (in a queue) when they
start to cross the stop line at a signalised jonctafter the traffic lights turn green (&nhal,
2009; Briggs, 1977 and Michaet al, 2000). The MUT can be calculated using Equation
3.2. Observed MUT for each site and direction va# used to compare with micro-

simulation model output for validation purposes.

MUT (n) = [t(n) — t(n — 1)] Equation 3.2

3.4.5 Move-up Delay (MUD)

Following a stopping situation at traffic signatsetdriver (queue leader) will spend time
preparing to move when the light shows green (mqvelelay or start-up time). The move-
up delay was captured from the time the signalsiessece shows red-amber until the first
vehicle in the queue starts to move. Observed Mbleach stream will be used as an input

into the developed micro-simulation model.

3.4.6 Drivers’ behaviour

Drivers’ behaviour was also observed on site aoohfvideo playback to capture the statistics
of vehicles following too closely “tailgating”. Atsdrivers’ behaviour in terms of number of

vehicles (cycles) crossing the stop line at theebnsamber and red light violations.
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3.4.7 Roadworks sites characteristics

Various measurements such as site length and ¢haéda of roadworks signs were collected

on site using a measuring wheel.

3.4.8 Signals settings

Detailed signals settings such as green time (mumnand maximum for VA sites), all-red
period, amber and red-amber were collected orasitefrom video playbacks. Also the type

of signals operation was identified on site ananfrddeo playbacks.

3.5 Summary

This chapter described the data collection stagesjable methods and the difficult issues
related to data collection. In total, data from different categories have been collected
(data from 23 different sites with over 54 hours/iofeo recording). Furthermore, description

of each type of the collected data was also pravide

The collected data will be analysed in detailshasa in the next chapter and will be used as
inputs/outputs for the developed S-Paramics sinmianodel as explained in the following

chapters.
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CHAPTER FOUR: DATA ANALYSIS

4.1 Introduction

The aim of this chapter is to present the work tixas undertaken in analysing the field data
which will be used in developing, calibrating andligating the micro-simulation model.

Data collection and analysis is a critical parttbé current research in capturing the
characteristics of various types of shuttle-lan@dworks and also in understanding drivers’

behaviour through urban roadworks.

Data collected on roadworks sites were used toucaptehicles following time headways,
departure headways at temporary traffic signalsveng delays, queuing information,
signing and drivers’ compliance with temporaryficagignals. Data collected from the same
sites (post the removal of roadworks) were usedafiure the arrival headway without the
effect of the roadworks. Other data were colleat@dnormal signalised junctions, which
were used to compare drivers’ behaviour with terapotraffic signals at roadworks.

4.2 Data extraction

Data extraction was carried out by displaying tliewg playback on a computer monitor and
a datum line was drawn to extract the data manyialyusing event recorder program which
was designed for this purpose and works as a sabghvand called “Traffic Logger”). Every
time a vehicle crosses the introduced datum line,dbserver has to press a button on the
keyboard (i.e. 1 for cars and 2 for HGVs) and thegpam will output a text file with the
exact relative time (with accuracy of 1/100 of &mel). Following the completion of the
playback time (video survey time), the observerthasxport the text file into excel and start

the analysis work.

Data such as queues was observed on site (usih@hiadeo camera microphone and a paper
copy). Site length, road width and distance betwsigns were collected on site using a
measuring wheel and a site layout was drawn omsitethe respective dimensions.

4.3 Accuracy of observed data

It was mentioned in the previous section that thia @xtraction technique for the event time

data (i.e. move-up delay, arrival time headway) wasied out using video playback and the
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“Traffic Logger” program which acts as a stop wat€his method will result in two types of

errors.:

1- Video playback error (depends on the playback freate per second);
2- Human error (i.e. time taken to manually press #obuwhen vehicle passes the

datum line).

The video rate in the current study is fixed to gtendard 25 frames per second, which
produces an error of 0.04s for the event-time dataording to Bonneson and Fitts (1995),

the total possible error for the event-time dataldde up to 0.1s.

To measure accuracy (the amount of possible errove) types of event time data (arrival
time headway and move-up delay) were repeatedffgrelnt trained observers (both used for

the rest of the data analysis).

Figure 4.1 shows the MUD measurements obtained iffgrent observers with the R
(coefficient of determination) = 0.9479, which slsow close fit between both observers and
the high reliability of the observed data. Table ghows the mean (1) and standard deviation

(o) for the tested sample.

8.00

R%=0.9479

N
o
<)

k
o
<]

u
o
<]

4.00

3.00
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Observer 2 (MUD in seconds)

Figure 4.1: Correlation between different obsernemmeasuring MUD

Table 4.1: MUD mean (u) and s6) by different observers (in seconds)

Observer VI 2
1 2.13 0.65
2 2.08 0.67
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Figure 4.2 shows the arrival time headway measum&nebtained by observer 1 and
observer 2 with the R2 = 0.999, which shows a cfiidgetween both observers and the high
reliability of the observed data. Table 4.2 shole mean (1) and standard deviatioh for
the tested sample. It can be seen from Table 4Pthe difference in the sample mean
between observer 1 and observer 2 is only 0.04nsklscovhich can be assumed to be
acceptable.
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Figure 4.2: Correlation between different obsennemmeasuring arrival headway

Table 4.2: Arrival headway mean (1) and splly different observers (in seconds)

Observer Arrival headway
M c
1 8.25 10.74
2 8.21 10.75

4.4 Flow level and profile

Traffic flow information (i.e. flow by vehicle typedirectional split and HGVs percentage)
was collected for each site and for each directeparately and will be used as input into the
developed micro-simulation model. Flow profile (floper 5-minutes interval) was also
collected for each site and direction. Table 4. @wsarises the arrival flow, directional split
and HGVs percentage for each site and each streparately. The flow for each 5-minutes

interval was multiplied by 12 to represent an ageraourly flow in veh/hr.
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It can be seen from Table 4.3 that the flow levaties between sites with an equivalent
hourly rate ranging between 72-888 veh/hr. Thectimaal split also varies between sites and
between different hours for the same site (betw&¥80 and 50/50). HGVs percentage also
varies between sites, streams and different honrthe same site with HGVs percentage
varies between 1% (minimum) and 10% (maximum). Flowfiles for each 5-minutes
interval (for each site and each stream) are ptedegraphically in Appendix B.

Table 4.3: Summary of arrival flow for each site

Flow Directional Split range P/S HGVs Percentage
(veh/hr) (%) (%)
Minimum | Maximum Minimum Maximum Minimum | Maximum
P) 72 (P) 888 P)1 (P) 10
(S)84 | (S)636 50/50 71129 (S) 1 (S) 10

4.5 Arrival headway
4.5.1 Arrival headway distribution

As discussed in Chapter 3, arrival time headwayesgnts the time interval between the
passages of successive vehicles passing a refepentteon the road (Salter and Hounsell,
1996). Arrival headway is used to generate vehieeshe start of the micro-simulation

model.

Different single and composite distribution modedse been used by previous researchers to
represent headway distribution such as exponemisiribution, negative exponential
distribution (with and without the shift), lognorindistribution (with and without the shift)
and gamma distribution (Salter and Hounsell, 1996tinen, 1996). Detailed description of

the tested headway distribution models are predenttne following sections.

4.5.1.1 The shifted negative exponential

The shifted negative exponential distribution bymaimum headway (Shift) is able to
represent the vehicle arrival rate for moderatevf(@ultan, 2000; Al-Obaedi, 2012). The
headway for each vehicle can be represented bytisqual (Benekohal, 1986);

TH = shift — [1/z — shift] In(RAND)
Where,

Shift is the additional time such as 0.25, 0.5 anddeizonds
RAND is the random number generated by the program
z is the arrival flow rate

Equation 4.1
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4.5.1.2 Lognormal distribution

Yin et al (2009) reported that the lognormal distributian suitable to fit headway
distribution data under low traffic level situat®m urban areas. Below is the probability
density function as shown in Equation 4.2 to Equmati.4 (Walck, 1996; Sultan, 2000)

1 _(ln(x)—zm2 .
F(x) = —~7=¢ 20 Equation 4.2
2
u =In(m) — % Equation 4.3
o’ =In(1+ ;—22 Equation 4.4
Where,

n ande are the mean and the standard deviation of theadatistribution
m ands are the mean and the standard deviation of theologal distribution

The simplest way of achieving random numbers frologaormal distribution is to take the
exponential of the generated random numbers u (RAMNPfrom a normal distribution with

meanu and standard deviatian(Walck, 1996).

4.5.2 Headway models using real data

Data was collected using the video recording tempmmias explained earlier for three sites
(Sites 11, 16 and 19) without the presence of raakisv(post-completion of roadworks on
separate days). The data was collected to testgtivelness of fit with the headway
distribution models mentioned earlier. The equintléow range was between 230-676
veh/hr. For each site, data was collected for 60ubtes period. The tested models are the

lognormal and the shifted negative exponentiartithigtions.

Using the lognormal distribution and based on sltesand 16 data, Figures 4.3 and 4.4 (for
primary and secondary streams) show good agreenedween the actual and the predicted
cumulative headway distribution for a flow betwez30-300 veh/hr (low level of flow) for
both streams. The results also show that the ghifegative exponential distribution is not
applicable for sites 11 and 16 where low flow lsvekist. These results are in agreement
with the findings of Yinet al (2009), which recommended using the lognormatitigion

for low flow level on urban roads.
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Figure 4.5: Observed and predicted arrival headwssyulative distribution for Site 19
using shifted negative exponential distribution
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For Site 19 where moderate/high flow level is otedr(500-700 veh/hr), the shifted negative
exponential headway distribution shows good agree¢rhetween the actual and predicted
cumulative headway distribution for both streamthwine best shift value of 0.8 as shown in

Figure 4.5.

The non-parametric Kolmogorov-Smirnov hypothes#tistical test (K-S test) was used at
5% level of significanceo( = 0.05). The test compares the maximum differefizg.x )
between two observed and fitted distribution fupresi with the critical value (§) which can
be obtained from tables or as shown in Equatior(Mayter, 2002).

N1+N2
N1IN2

D, =1.36 Equation 4.5

(for 95% confidence level and sample size overdd®ach N1 or N2)
Where,
N; andN; are the sample sizes

The test results are shown in Table 4.4 which c&fléhe above results and findings. The
table also suggests that no single model is capalrepresenting the arrival distribution of
traffic for the different tested flow rates. Thayed, when generating traffic in the simulation
model, it was suggested to use the lognormal digion for sites with low flow levels (up to
500 veh/hr) and use the shifted negative exporedis&ribution for sites with moderate to

high flow levels (over 500 veh/hr).

Table 4.4: Summary of statistics for arrival heaghdstribution fitting

Site Site 11 Site 16 Site 19
Stream P S P S P S

Average Flow (veh/hr) 254 235 263 297 676 509
Lognormal (Dmax) 0.069 | 0.081| 0.067, 0.078 0.081 0.091
Shifted “eg(g“"e) exponential | 149 | 0174| 0189 0139 0072 0.077

max

K-S critical value (Dgy 0.121 | 0.126| 0.119, 0.1122 0.074 0.085

Accept-Lognormal Yes Yes Yes Yes No No

Accept-Shifted neg. exp. No No No No Yes Yes

4.6 Following headway

Time headway is a fundamental and important paranvetich has been used in traffic flow

theory to determine system capacity, level of servilLOS) and safety aspects
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(Janget al, 2011). In the current study, time headway wdl used to study both following

behaviour and also for calibrating/validating thiemo-simulation model.

In an urban environment, the vehicle can be in $tates; a “free vehicle” state, where the
vehicle’s desired speed is not influenced by theedpof the leader or in a platoon state,
where the vehicle is influenced by the speed ofleéader vehicle and is forced to change its
desired speed (Vogel, 2002).

4.6.1 Following headway distribution

Many studies have examined the criteria for defrtime platoon threshold. These criteria are
expressed by time, gap or following distance asrsarised in Table 4.5. The suggested
threshold of 6 seconds by Vogel (2002) has beeptaddor the current study because of it
being based on a similar urban environment whileewostudies were carried out on high
speed roads. Therefore, a vehicle is assumed tt@balling at free flow conditions when the

time headway between the following vehicle and lgeding vehicle is > 6 seconds and

vehicles are in a platoon when time headways & eseconds.

Table 4.5: Summary of some previous studies exahfwieowing behaviour

Type/Data Number of Following
Sl source Observations| threshold Sl
Parker (1996) Emplrlcgl data 7,199 5 seconds Motorway roadworks
from video
Vogel (2002) Empirical data 100,000 6 seconds Urba_n areaslslgnallsed
from loops intersection
TWOPAS 3 seconds based on assessment by
HCM (2000) simulation NA (5 Rouphail (2000) and Vogel
program previously) (2002)
Wasielewski Empirical data
(1979) from site 42,000 4 seconds Expressway
Al-Kaisy and Pneumatic , ,
Karjala (2010) tubes 50,854 6 seconds Highway (8 sites)

Data was collected using the video recording teplmias explained in Section 3.4 for all
sites and for the primary and secondary streamaratgbty. Only time headway data for
vehicles< 6 seconds were analysed. The data was also rectodéwvo separate situations
(as shown in Figure 3.1) to determine the effecttred presence of roadworks on the

following behaviour:

1- Before Approaching the Roadworks sites (referreast@AR);
2- After Crossing the Roadworks sites (referred tA@R).
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Table 4.6 summarises the statistical values fdofohg headway for each site by direction
and situation (time headway for vehicle$ seconds). It can be seen from Table 4.6 that the
number of observations (amount of vehicles withetineadway 6 seconds) have increased
when comparing BAR and ACR for both streams (primamd secondary) and for all sites
which shows that more vehicles have joined a platmothe ACR situation as a result of
introducing temporary traffic signals at shuttledaroadworks. This increase in the number
of observations (N) and the decrease in mean timaelmay [) relates to various parameters
including arrival rates, cycle time (and each dimtgreen time), site length, the behaviour

of drivers at roadworks, traffic composition andatfeer conditions.

Table 4.6: Summary of statistics for following heay for each site

3 Min (4]
Site No. Site (Ir_ne;ngth Location O'E:?rsgtrig:]s :

(N) (sec) (sec) (sec)
BAR (P) 174 (P) 3.18 (P) 0.93 (P) 0.97
Site 11, 42 (S) 239 (S) 2.52 (S) 0.70 (S) 0.88
ACR (P) 195 (P) 2.43 (P) 1.16 (P) 0.92
(S) 283 (S) 2.51 (S) 0.99 (S) 1.07
BAR (P) 86 (P) 2.49 (P) 0.88 (P) 1.09
Site 12 107 (S) 70 (S) 2.70 (S) 0.77 (S) 1.01
ACR (P) 147 (P) 2.46 (P)1.32 (P) 0.90
(S) 155 (S) 2.48 (S) 1.37 (S) 0.86
BAR (P) 383 (P) 3.30 (P) 1.04 (P) 0.57
Site 16 50 (S) 438 (S) 3.13 (S) 0.93 (S) 0.59
ACR (P) 545 (P) 2.48 (P) 0.93 (P) 0.59
(S) 639 (S) 2.52 (S) 1.10 (S) 0.47
BAR (P) 58 (P) 3.41 (P)1.17 (P) 0.66
Site 17 39 (S) 78 (S) 3.49 (S) 1.20 (S) 0.60
ACR (P) 108 (P) 2.52 (P)1.20 (P) 0.99
(S) 123 (S) 2.49 (S) 0.94 (S) 0.88
BAR (P) 160 (P) 3.26 (P) 0.89 (P) 1.16
Site 18 73 (S) 358 (S) 2.97 (S) 0.76 (S) 1.07
ACR (P) 240 (P) 2.44 (P)0.72 (P) 1.15
(S) 475 (S) 2.41 (S) 0.83 (S) 0.96
BAR (P) 932 (P) 2.88 (P) 0.82 (P)0.83
Site 19 38 (S) 571 (S) 2.75 (S) 0.82 (S) 0.96
ACR (P) 958 (P) 2.33 (P)0.72 (P) 0.58
(S) 707 (S) 2.33 (S) 0.93 (S) 0.85
BAR (P) 1,793 (P) 2.84 (P) 0.82 (P) 0.81
All sites (S) 1,754 (S) 3.01 (S)0.72 (S) 0.86
ACR (P) 2,192 (P) 2.47 (P) 0.70 (P) 0.71
(S) 2,382 (S) 2.51 (S) 0.83 (S) 0.79

All sites BAR 3,547 2.93 0.72 0.97

ACR 4,574 2.49 0.70 1.08

The distributions of following time headways in folans for both primary and secondary
streams and for both situations (BAR and ACR) fie tognormal distribution and the

statistical results are summarised in Table 4.7 glm@lvn in details in Appendix B. This
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finding confirms studies carried out by Chehal. (2010) and Dey and Chandra (2009). The
non-parametric Kolmogorov-Smirnov (K-S) hypothestatistical test was used at the 5%
level of significanced = 0.05). The K-S test compares the maximum diffeee (Dnay
between the two cumulative distributions and thecat value (Q;) which is obtained from
the K-S tables. The following headway distributi@sults will be used as part of the micro-

simulation model calibration/validation stage.

Table 4.7: Summary of statistics for time headwa vognormal distribution fitting
Dmax

Site Location Sample Size D¢, Accept
(lognormal)

BAR (P) 174 (P) 0.15 (P) 0.10 (P) Yes

11 (S) 239 (S)0.12 (S) 0.09 (S) Yes
ACR (P) 195 (P)0.14 (P) 0.07 (P) Yes

(S) 283 (S)0.11 (S) 0.08 (S) Yes

BAR (P) 86 (P)0.21 (P)0.13 (P) Yes

12 (S) 70 (S) 0.23 (S) 0.09 (S) Yes
ACR (P) 147 (P)0.16 (P) 0.05 (P) Yes

(S) 155 (S)0.15 (S) 0.05 (S) Yes

BAR (P) 383 (P) 0.09 (P) 0.08 (P) Yes

16 (S) 438 (S) 0.09 (S) 0.06 (S) Yes
ACR (P) 544 (P) 0.08 (P) 0.05 (P) Yes

(S) 639 (S) 0.07 (S) 0.04 (S) Yes

BAR (P) 58 (P) 0.25 (P) 0.08 (P) Yes

17 (S) 78 (S) 0.22 (S)0.16 (S) Yes
ACR (P) 108 (P) 0.19 (P) 0.05 (P) Yes

(S) 123 (S) 0.17 (S) 0.05 (S) Yes

BAR (P) 160 (P) 0.15 (P) 0.07 (P) Yes

18 (S) 358 (S) 0.10 (S) 0.05 (S) Yes
ACR (P) 240 (P)0.12 (P) 0.06 (P) Yes

(S) 475 (S) 0.09 (S) 0.03 (S) Yes

BAR (P) 932 (P) 0.06 (P) 0.04 (P) Yes

19 (S) 571 (S) 0.08 (S) 0.04 (S) Yes
ACR (P) 958 (P) 0.06 (P) 0.05 (P) Yes

(S) 707 (S) 0.07 (S) 0.04 (S) Yes

Following headway (vehicle with time headwsy seconds) comparisons were also carried
out for both BAR and ACR to compare if the roadwoudite length had any significant
impact on the following behaviour. A cumulative tdisution function was plotted for both
BAR and ACR situations and for the primary and seleoy streams as shown in Appendix
B. The non-parametric Kolmogorov-Smirnov hypotheséistical test (K-S test) was used at
5% level of significanceo(= 0.05) to compare both situations for each stréldra results are
summarised in Table 4.8.

It can be seen from Table 4.8 that there is a fagmit difference in following time headway
for vehicles when comparing BAR and ACR except $ite 12 using the K-S test. The
reasons for Site 12 being the exception could tréated to the fact that it has a length of
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107 metres, which could be considered as long dndeiggth for drivers to regulate to
normal following behaviour after stopping at temgorgrtraffic signals. While for relatively
shorter site lengths (all other sites) less thahrh@tres, this will not give the drivers enough
time to regulate back to their normal followingwdng behaviour. It can also be seen that the
increase in the number of vehicles with headw@peconds when comparing BAR and ACR
is a result of both the introduction of temporamaffic signals and also roadworks sites with

different lengths.

Table 4.8: Summary of statistics for time headwayparison between BAR and ACR

Site Direction Sample Size D¢ D max Accept
. (BAR) 174
" Primary (ACR) 195 0.14 0.15 No
Secondary Eiégg zgg 0.12 0.17 No
. (BAR) 86
L Primary (ACR) 147 0.18 0.14 Yes
Secondary (EAI\B&AF%) 175?5 0.20 0.17 Yes
. (BAR) 383
" Primary (ACR) 544 0.09 0.31 No
Secondary Ei'él;; ggg 0.08 0.23 No
. (BAR) 58
. Primary (ACR) 108 0.22 0.30 No
Secondary (f;é%) 17283 0.20 0.33 No
. (BAR) 160
" Primary (ACR) 240 0.14 0.30 No
Secondary gié';% igg 0.10 0.18 No
. (BAR) 932
1 Primary (ACR) 958 0.06 0.09 No
Secondary gié';% 57)2% 0.08 0.18 No

Analysis of platoon size was also carried out fackesite, each direction (i.e. primary and
secondary streams) and for each situation (i.e. BAR ACR). The size of each platoon (the
number of vehicles following with time headway seconds) was recorded and is shown in
Figure 4.6. The x-axis shows the platoon size imales and the y-axis shows the frequency

of each platoon size.

Figure 4.6 shows that the relative frequency ofynplatoon sizes (from platoon size of 4
vehicles or more) increased for ACR compared wihRB This could be due to various
factors such as site length, the presence of teampdraffic signals, arrival headway

distribution, etc. Platoon size could be investegaturther in a separate study to determine
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the platoon characteristics (i.e. platoon speedtoph average headway and inter-arrival
between consecutive platoons). Platoon-based siggbrithm was developed by Jiaag

al. (2006), which could reduce vehicle delays, inseeaite capacity and also help in
identifying the need for signals coordination bedwethe upstream intersection and
temporary traffic signals (to allow for the effaairelease of the queue and to avoid blocking

back especially for longer platoon sizes).
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Figure 4.6: Platoon size frequency for shuttle-leveworks
4.6.2 Close following behaviour “tailgating”

In the current study, vehicles with time headwasslthan two seconds for each site, stream
and location (BAR and ACR) are summarised in Tab@and illustrated in Figure 4.7. The
number of observations (n) shown in column 4 isrtmnber of vehicles that are following in

platoons with time headway6 seconds.

Table 4.9 shows that a high proportion of drivessndt comply with the two-seconds rule
(i.,e. travelling with time headways < 2 seconds)heTfigures suggest a range
between 14% and 49% (in each site and for bothamsisg which is deemed to be high.
Vehicles following with a time headways less thah deconds are also summarised (ranging
between 3% to 22%). Vehicles with time headways than 1 second were also noticed (up
to 4% of the total).

Figure 4.7 shows that the percentage of vehicladg&ting”, which as a behaviour is

considered dangerous and aggressive, is higherAfoR (After Crossing Roadworks)
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compared with BAR (Before Approaching Roadworks) évery site and for every stream.
Moreover, the percentage of non-complying driverkigher in the primary stream (27% and
39% for BAR and ACR, respectively) compared witk gecondary stream (22% and 37%
for BAR and ACR, respectively) as shown in Tabl. 4This might be related to the primary
horizontal deflection due to site obstruction andfe manoeuvre to return to the original
lane which could affect drivers’ behaviour and ease tailgating (e.g. primary stream
drivers’ speed may be slightly lower due to hortableflection which may result in driving

closer without compromising safety). However, tha@izontal deflection could be one of

many factors that could affect the increased beha\of tailgating for few drivers.

The increase in tailgating behaviour when compaBAd&R with ACR for both streams could

also be attributed to the fact that drivers expexel some delay when stopping at the
temporary traffic signals. Drivers may perceivatthlearing the site as quickly as possible
by speeding could save them time and as a re$ay, may not follow a safe following

headway (i.e. less than 2 seconds). This higheepéxge of tailgating could result in higher
risks of rear-end collision or sudden/sharp brakiftgs in turn could have an adverse impact
on safety and possibly cause capacity reductiamthBr work may be needed to investigate

the relationship between relative speeds and étesving for BAR and ACR.
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Figure 4.7: Percentage of vehicles with tailgatiepaviour for each site, stream and location
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Table 4.9: Summary of close following behaviour ddirsites, streams and location

Vehicles with Vehicles with Vehicles with
Site Direction | Location n TH < 2 sec TH < 1.5 sec TH <1 sec
(%) (%) (%)
Primary (BAR) 174 40 (23%) 13 (7%) 2 (1%)
11 (ACR) 195 54 (28%) 10 (5%) 0 (0%)
Secondary (BAR) 239 33 (14%) 7 (3%) 1 (0.4%)
(ACR) 283 87 (31%) 23 (8%) 1 (0.4%)
Primary (BAR) 86 21 (24%) 7 (8%) 1 (1%)
12 (ACR) 147 39 (27%) 7 (5%) 0 (0%)
Secondary (BAR) 70 13 (19%) 4 (6%) 2 (3%)
(ACR) 155 31 (20%) 11 (7%) 0 (0%)
Primary (BAR) 383 53 (14%) 16 (4%) 0 (0%)
16 (ACR) 544 209 (38%) 58 (11%) 1 (0.2%)
Secondary (BAR) 438 81 (18%) 15 (3%) 1 (0.2%)
(ACR) 639 214 (33%) 45 (7%) 0 (0%)
Primary (BAR) 58 10 (17%) 5 (9%) 1 (2%)
17 (ACR) 108 45 (42%) 16 (15%) 2 (2%)
Secondary (BAR) 78 15 (19%) 7 (9%) 3 (4%)
(ACR) 123 48 (39%) 27 (22%) 3 (2%)
Primary (BAR) 160 32 (20%) 19 (12%) 2 (1%)
18 (ACR) 240 117 (49%) 51 (21%) 10 (4%)
Secondary (BAR) 358 94 (26%) 40 (11%) 4 (1%)
(ACR) 475 208 (44%) 93 (20%) 8 (2%)
Primary (BAR) 932 319 (34%) 108 (12%) 10 (1%)
19 (ACR) 958 400 (42%) 161 (17%) 21 (2%)
Secondary (BAR) 571 156 (27%) 52 (9%) 5 (1%)
(ACR) 707 290 (41%) 109 (15%) 12 (2%)
Primary (BAR) 1,793 475 (27%) 168 (9%) 16 (1%)
Total (ACR) 2,192 864 (39%) 303 (14%) 34 (2%)
Secondary (BAR) 1,754 392 (22%) 125 (7%) 16 (1%)
(ACR) 2,382 878 (37%) 308 (13%) 24 (1%)
Total (BAR) 3,547 867 (24%) 293 (8%) 32 (1%)
(ACR) 4,575 1,742 (38%) 611 (13%) 58 (1%)

N: Sample size TH: time headway

4.7 Move-up time (MUT)
4.7.1 Existing shuttle-lane roadworks data

MUT data was collected for primary and secondargashs separately for micro-simulation
model purposes. The observed drivers MUT will benpared with the micro-simulation

model output as part of the model calibration/\atiich process.

Table 4.10 summaries the move-up time statistiatd (i.e. meanuf), standard deviatioro},
minimum and maximum) for each vehicle position ire tqueue for both primary and
secondary streams. Several studies €liral, 2009; Briggs, 1977; Michaedt al, 2000;
Gerlough and Wagner, 1967; Humeg al 2002 and Niittymaki and Pursula, 1996) have

indicated that a key feature of vehicles headwagyy queue is that it often gradually decreases
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from the first vehicle in the queue (queue headijtdcend (last vehicle in the queue) and

steady headway will be reached by the fourth offittrevehicle.

According to Swet al (2009), this occurs because the first few vebiatethe queue require
longer reaction time and space to start while #s have enough time and space to keep a
distance. These findings were confirmed by theerrstudy using temporary traffic signals
at shuttle-lane roadworks, as shown in Figure Ma8ious parameters (external factors) such
as number of lanes, vehicle types, etc. were cersidin the studies mentioned above but
none of these were carried out on a single larictsagnals or shuttle-lane roadworks.

Table 4.10: Move-up time for shuttle-lane roadworks

Vehicle

position in Sample Size 1 c Minimum Maximum
a queue (N) (sec) (sec) (sec) (sec)

5 (P) 405 (P) 2.35 (P) 0.84 (P) 1.15 (P) 5.66
(S) 382 (S) 2.43 (S) 0.66 (S) 1.32 (S) 5.16

3 (P) 316 (P) 2.20 (P) 0.57 (P) 1.04 (P) 4.23
(S) 288 (S) 2.26 (S) 0.48 (S) 1.16 (S) 4.07

4 (P) 228 (P) 2.14 (P) 0.61 (P) 0.99 (P) 4.34
(S) 205 (S) 2.15 (S) 0.49 (S) 1.02 (S) 4.28

5 (P) 159 (P) 1.99 (P) 0.49 (P) 1.04 (P) 4.84
(S) 125 (S) 2.12 (S) 0.39 (S) 1.26 (S) 3.63

5 (P) 110 (P) 1.90 (P) 0.41 (P) 1.05 (P) 3.24
(S) 67 (S) 2.05 (S) 0.27 (S) 1.32 (S) 3.57

7 (P) 73 (P) 1.86 (P) 0.20 (P) 1.15 (P) 2.80
(S) 34 (S) 2.00 (S) 0.42 (S) 1.17 (S) 2.69

8 (P) 44 (P) 1.82 (P) 0.43 (P)1.27 (P) 2.58
(S) 16 (S) 1.99 (S) 0.37 (S) 1.37 (S) 2.80

The distribution of move-up time for both streantgie lognormal distribution as illustrated
in Appendix B and for which the statistical reswdte summarised in Table 4.11. This finding
is confirmed by a study that was carried out by dinal (2009). The non-parametric
Kolmogorov-Smirnov hypothesis statistical test (Ki&st) was used at the 5% level of
significance ¢ = 0.05). The test compares the maximum differefizg.x ) between two
observed and fitted cumulative distribution funaoBowith the critical value (§) which can
be obtained from K-S tables or as shown in Equatidn(Hayter, 2002).
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Mean Departure Headway for all Vehicles
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Figure 4.8: Move-up time for various studies conepawith shuttle-lane roadworks

Table 4.11: Summary of statistics for MUT with l@gmal distribution fitting

Vehicle D

positionina | Sample Size Der | max Accept

queue (lognormal)
) (P)405 | (P)0.095| (P)0.036 (P) Yes
(S)382 | (S)0.098| (S)0.021 (S) Yes
3 (P)316 | (P)0.108| (P)0.076 (P) Yes
(S)288 | (S)0.113| (S)0.019 (S) Yes
4 (P)228 | (P)0.127| (P)0.071 (P) Yes
(S)205 | (S)0.134| (S)0.127 (S) Yes
c (P)159 | (P)0.152| (P)0.102 (P) Yes
(S)125 | (S)0.172| (S)0.036 (S) Yes
5 (P)110 | (P)0.183| (P)0.093 (P) Yes
(S) 67 (S)0.235| (S) 0.096 (S) Yes
; (P) 73 (P)0.225| (P) 0.065 (P) Yes
(S) 34 (S)0.329 | (S)0.076 (S) Yes
g (P) 44 (P)0.290 | (P) 0.058 (P) Yes
(S) 16 (S)0.481| (S)0.282 (S) Yes

4.7.2 Comparison with historical data

Move-up time for the historical sites (Site 1 t@eBiand 15) were observed and analysed on
the same basis that was carried out on the curoadworks sites. MUT data for both

roadworks (historical and current) sites and tcadfgnals sites are summarised in Table 4.12.
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Data for the primary and secondary streams werebgwd for the current roadworks sites

for comparison purposes as there was no signifidiffierence between both streams.

Table 4.12: Summary of MUT mean valyg (n seconds for current and historical sites

Vehicle Historical
e Current o
position in a : roadworks Traffic signals
roadworks sites .

gueue sites
2 2.39 2.47 1.95
3 2.23 2.46 2.02
4 2.15 2.35 2.13
5 2.05 2.25 2.21
6 1.96 2.23 1.97
7 1.90 NA NA
8 1.87 NA NA

Total * 10.78 11.76 10.28

* Total is up to the Bvehicle NA: Not Available

It can be seen from Table 4.12 that the MUT reduoltsoadworks sites (current and historic)
are not significantly different from typical sigmsdd junctions. The difference is negligible
which could be due to different factors (i.e. petege of HGVs, drivers’ reaction time,

acceleration capabilities, flow levels and frustmat weather conditions, etc.).

4.8 Move-up delay (MUD)

MUD was captured from the time that the signalsusege shows red-amber until the first
vehicle in the queue starts to move. The data vedieoted for primary and secondary

streams separately and will be used as an ingheimicro-simulation model.

Table 4.13 summaries the MUD for shuttle-lane roathe compared with previous studies.
It was noticed that for Site 12 (heavy rain comuhg), the move-up delay increased by 35%
and 30% for primary and secondary streams, resedetcompared with sunny/cloudy with

dry surface which could be attributed to poor vlgpcaused by adverse weather condition

(i.e. heavy rain).

It can be seen from Table 4.13 that move-up delages between 0.8 and 6.2 seconds with a
sample meanu of 2.0 seconds for the primary stream. For treoisdary stream, move-up
delay ranges between 0.8 and 6.7 seconds with plsamean |{) of 2.0 seconds. These

statistical values are for dry road surface coadifcloudy or sunny situation).
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In heavy rain situations with wet road surface, ti@ve-up delay ranges between 1.0 and 4.9
seconds with a sample mear) f 2.7 seconds for the primary stream. For theosdary
stream, move-up delay ranges between 1.0 and 6chde with a sample meap) (of 2.6
seconds. These means are higher than all averagegad by previous studies at signals
control operations. The reason may be drivers' dleactions when they anticipate that
congestion still exists (Yousif, 1993). It is renable to assume that drivers with longer
reaction times will have a longer move-up delayntiiaose having shorter reaction times
(Benekohal, 1986; Yousif, 1993; Al-Obaedi, 2012).

Table 4.13: Move-up delay for various studies

Stud Road Road Sz;rir;réle 1) c Min Max
y Type Condition (N) (sec) (sec) (sec) (sec)
Yousif, Cars 1.8
1993 Motorway NA 437 HGVs 2.0 NA 0.6 6.0
Al-
Obaedi,| Motorway NA NA 1.8 NA 0.5 6.5
2012
Current| Urban- Dr (P)510f (P)2.0 | (P)O.7| (P)0.8 | (P)6.2
Study | Roadworks Y | (s)411| (S)2.0 | (3)0.7| (S)0.8 | (S)6.7
Current| Urban- Heavy (P) 48 P)2.7 | (P)08B8| (P)1.0 | (P)4.9
Study | Roadworks rain/Wet | (S) 71 (S)2.6 | (09| (S)1.0 | (S)6.4

NA: Not Available

The distribution of move-up delay for both dry amdt situations and for both primary and
secondary streams fit the lognormal distributionsaewn in Figure 4.9 and the statistical
results are summarised in Table 4.14. In the custnly, drivers will be assigned a move-up
delay as part of their characteristics before @mjethe model based on the lognormal
distribution. Figure 4.10 show the cumulative fregoy for the MUD for both dry and wet

surface conditions and for both the primary ancdsdary streams.
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Figure 4.9: Distribution of move-up delay for sheriane roadworks
Table 4.14: Summary of statistics for move-up delisgribution fitting
Road T Sample D
Road Type » Distribution np Der max Accept
Condition Size (lognormal)
Dr (P) 510| 0.085 0.053 Yes
Urban- y Loanormal (S) 411| 0.095 0.033 Yes
Roadworks Wet 9 (P)48 | 0.278 0.052 Yes
(S)71 | 0.228 0.038 Yes

4.9 Vehicle length

In urban areas, there are various types of vehreleging from motorcycles, to heavy goods
vehicles (HGVs). The dimensions and mechanicalitesil between HGVs types and also
over the years are different. Vehicle length is ofdhe factors that is considered in the
calculation of acceleration/deceleration rateshefdar following rule and also the estimation

of gaps required, etc.
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Figure 4.10: Cumulative frequency MUD for shuttéeé roadworks
A study was carried out by El-Hanna (1974) on UKton@ays which classified the vehicles
into two types, namely passenger cars and HGVabasempirical data. EI-Hanna reported
that vehicle length is normally distributed with ameand standard deviation as reported in
Table 4.15. Based on the assumption of normalmysé results will produce unrealistically
short length of HGVs. Chin (1983) found differeasults with HGVs mean length of 6.8m.
Table 4.15: Vehicle classification (Source: El-Hanh974)

Vehicle Type Cars HGVs
Mean 1) 4.2 11.2
Standard deviatiors] 0.4 2.4

The classification of vehicles into two types (cargl HGVs) was carried out because of the
difficulty in obtaining standard values for bothh@e length and acceleration/deceleration
for each vehicle type. In the current study therithistion of cars’ length were obtained from
the M25 and M42 motorways IVD field data becausdhaf availability and accuracy and
large sample size of the obtained data. The dataisted of 5,338,769 vehicles that were
analysed using a database. It was found that aagerfrom 2.3m to 5.6m. Table 4.16 shows

statistical summary of the car data which showsa@g@greement with El-Hanna (1974).

Table 4.16: Vehicle classification based on UK maty data (M25 and M42)

Vehicle Type Mean (1) SD (0) Min Max Sample
Cars 4.2 0.5 2.3 5.6 5,338,769

Car length distribution fits a truncated (bounded)mal distribution as shown in Figure 4.11

and the car length cumulative distribution is shawrFigure 4.12. The truncated normal
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distribution has been used by many researcherstadées of various types of highway such
as motorways, merging sections, parking (Zarea®71®urnawan, 2005; Zheng, 2003;
Wang, 2006 and Al-Jameel, 2012). Therefore, fordis&ibution of cars, a truncated normal

distribution will be used with the statistical vafushown in Table 4.16.

For HGVs, the data was collected from all survews@s for various HGVs types as
classified by the Department for Transport (200&) ahown in Table 4.17, with the sample
size (which were obtained from urban roadworkss}itnd average length for each type
(which was obtained from HGVs manufacturers th#ibves the EU length standards). Al-
Obaedi (2012) and Westhaven Worldwide Logistics1@0have reported that typical
manufacturer's data sources have been investigatddthe minimum length of HGVs is
5.6m. Therefore, this value was used to distingbistaveen cars and HGVs. The distribution
of HGVs does not follow any distribution as shownFigure 4.13. Therefore, in the current
study, the value of HGVs length will be generatenhf a cumulative frequency curve as
shown in Figure 4.14 with the statistical valuesvgh in Table 4.18 and will be used as an

input into the micro-simulation model.

Table 4.17: HGVs classification based on urbangoad

Vehicle Type lllustration Overa(tlrlnl)ength Szggle Source
e TAN
Bus-double decker e 10 39 BP1/06
Bus-single decker | [ 1 i 12 55 BLAiI/\IOG
2-axle rigid i“ | H 5.6-10.0 217
. )
3-axle dT]
- . i | ” 7.6-11.0 42 www.volvo
(rigid and articulated) o trucks.com
4-axle q
(rigid and articulated) M 9.5-11.5 17
5-axle articulated w‘w 15.5 (max) 19
)
( ) SN/BT/654
6 (or more q
-axle articulated EMM 16.5 (max) >
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Table 4.18: HGVs length statistical summary basetli urban roadworks sites

Vehicle Type Mean (1) SD (o) Min Max Sample
HGVs 9.5 1.9 5.6 16.5 394
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Figure 4.11: Frequency car length distribution dase UK motorway (M25 and M42)
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Figure 4.12: Cumulative car length distributiondshien UK motorway (M25 and M42)
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Figure 4.13: Frequency distribution for HGVs lengtsed on urban roadworks sites

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Cumulative Frquency

7 8 9 10 11 12 13 14 15 16 17
Vehicle Length (metres)

Figure 4.14: Cumulative distribution for HGVs lehdiased on urban roadworks sites
4.10Signals settings

Traffic signals information and settings have beeliected on site and also from video
playbacks using an event time recorder to recortbws phases and times. These signals
settings are summarised in Table 4.19 along wgthrécommended design standard values.

4.10.1 Signals settings

It can be seen from Table 4.19 that FT traffic algnwere used at sites 16 and 19. The
Department for Transport (2008) clearly states thatsignals control should always be VA

unless agreed otherwise by the traffic authorityge other modes (i.e. FT or manual control)
to relive short term difficulties. It was also obgsd on the FT sites that the system was not

used for short term as the sites were surveyedvaravus days and different periods. It was
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also noticed that for the primary stream of Siteth® green time was not used according to
the recommended maximum green time as specifidtidojpepartment for Transport (2008)

and also different green for each stream were used.

For the VA sites, it was observed that none ofdites followed the maximum green time
recommended by the Department for Transport (20@8¢h is also summarised in Table
4.19. Green time was extended to reach a valueBae8onds (Site 12) which is clearly
higher than what is recommended by the Departn@niransport (2008) design guidelines.
This extension occurred when the maximum recomntmpieen time was reached for a
certain stream (i.e. primary stream) without thespnce of any detected vehicle on the
opposite stream (i.e. secondary stream), and tiraged to be extended until a vehicle was

detected on the other stream (i.e. secondary sjream

No reference was made to such a high green tinamynof the design standards for shuttle-
lane roadworks (i.e. such as the Department fongpart (2008, 2009, 2011); Highways
Agency (2005A, 2005B)). Temporary traffic signaigfals controllers) have a built-in

maximum green up to 90 seconds. This informatian been provided by temporary traffic

signals manufacturers (see for example A-Plant LRIX,3 and Pike Signals, 2013).

It was also noticed that minimum green time usedllagites are 12 seconds (which will be
used regardless if a vehicle is detected or ndsp,Avhen there are 1 or 2 vehicles queuing at
the traffic light on one stream (i.e. primary strgawith no further vehicles approaching the
site from the same stream, the phase will run faniaimum of 12 seconds before it
terminates. This will increase the amount of lastet and reduce site capacity for the
opposite stream (in the case of vehicles alreadyuigg in the opposite stream). It can be
improved by using a minimum green time of 7 secaalstated by the Highways Agency
(2005A) and the Highways Agency (2005B) that theimum green could be configured to

either 7 or 12 seconds.

The recommended all-red period by the Departmemt Tfaansport (2008) was only

implemented on sites 12 and 19. The observed valoesite are higher than the design
standards, although there is a safety margin a¢eduor in the design standard values. This
increase in all-red period might improve safetytltd shuttle-lane site by ensuring that all

amber crossing/red light runners cleared the sifelys but it will reduce site capacity by
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increasing the cycle time. This could possibly leadan increase in queues and drivers’

frustration resulting in more violations (i.e. feght running).

Table 4.19: Summary of signals settings for eateh si

AR-
GT-DS Amb,
Site | Direction L Type CrEss EriE=e) (sec) AR DS RA
(m) (sec)| (sec) (sec)
min | max | min | max max min
P 12 | *60 j
11 S 42 | VA | 40 | 152 =501 35(%) 3 | 5(x) 3,2
P 12 *88
12 S 107 | VA | 74 | 154 —>—— 40 () 20 | 15¢) | 3,2
P 20 20
v *
16 S 52 FT 60 | 60 —55 T 551 35() 5 | 10() | 3,2
P 12 | *54 .
17 S 39 | VA | 40 | 118 51— 35() 3 | 5(x) 3,2
P 12 | *76 .
18 S 73 | VA | 44 | 128 — S0 35(9) 3 |10%) | 3.2
P *5() *50) 35 (x for
19 38 FT | 115| 115 Sandv | 10 | 5¢) 3,2
L: site Length VA: Actuated signals FT: Fixedrig signals CT: Cycle Time
GT: Green Time AR: All-Red period Amb: Amber joef RA: Red Amber
DS: Design Standards x)Yand * not following design standards v) following design standards

4.10.2 VA detection failure

Vehicle detection errors were observed on all si@srated by VA signals on 10 occasions
(10 out of 956 cycles operated by VA signals). Te¢ection failure is caused by failure in
the MVD unit (Microwave Vehicle Detector). This errin detection was observed and
reported in Appendix B. In few occasions, the diédecerror caused drivers to violate the

temporary traffic signals, which is explained irtadks in the next section.

4.11Drivers’ compliance

Various types/categories of amber crossing/redt Irghning violations were observed on
shuttle-lane roadworks sites operated by temparaffic signals. These were categorised

under four main headings as explained in the fahgveections and as shown in Table 4.20.
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Table 4.20: Categories of observed amber crossgiddjght violations at temporary traffic

signals

Violation type

Category 1: Category 2: Category 3: Category 4:
Dilemma Zone (DZ DZ follower Group violations Single violatior
Definition

Drivers choose to cross
on amber/red light due td
the presence of dilemma
zone (DZ) as explained i
Section 2.6.9.2 and

illustrated in Figure 2.10.

npresence of DZ as

Drivers choose to follow
a leader that crossed on
amber/red light due to th

explained in Section
2.6.9.2 and illustrated in
Figure 2.10.

Drivers choose to violate the
red light because of the
e frustration / long waiting
time due to vehicle detection
error.

Drivers choose to violate
the red light because of
the available opportunity

gap.

Factors affecting the decision

= Vehicles approaching
the temporary signalg
at the time that the
light changes from
green to amber.
Crossing on
amber/red light is
violated (could either
deliberately or not
deliberately).

Occurs on both
saturated and
unsaturated cycles
(could happen in both
FT and VA signals
and for both good an
bad visibility).

)|

Vehicles are
following amber
crossing/red light
violator (crossed
because of the
presence of dilemma
zone).

Occurs on both
saturated and
unsaturated cycles
(could happen in both
FT and VA signals
and for both good and
bad visibility).

Occur in both single
and group violations.
Crosses the amber/rg
light deliberately.

=

=

Detection failure: the
drivers in the violated
stream suffer long delays
due to long red phase
caused by green phase
extension in the opposite
stream (happens in VA
signals, good visibility
and with no vehicles in
opposite stream at the
time of the violation).
Usually occurs in group
violations (3 cars or
more).

= Occurs in a single
violation were a
vehicle stops at the
stop line for a very
short time (less than
10 seconds) and once
the opposite stream is
clear, the driver
violates the red light
and crosses the site
(usually happens in
good visibility and
with no vehicles in
opposite direction).
Run the red light
deliberately.

4.11.1 Category 1: Dilemma Zone (DZ2)

Observations from several shuttle-lane sites sugiped some drivers choose to cross on

amber/red lights caused by the presence of dilemona. This behaviour is referred to here

as Category 1. Table 4.21 summarises the ambesiiogaed light violations that were

observed from each site and each stream sepafatehis category.

Table 4.21 shows that out of the 1,484 signal cyckehicles passed the stop line on 232

(15.6%) cycles when the lights show amber while(®@%%) drivers violated the cycles by

crossing within red phase.

These percentagesh@nldst column) underestimate non-

compliance behaviour as the total number of cyahetudes cycles with no approaching

vehicles at the onset of amber.
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Although the total observed number of cycles ojregatnder VA (956 cycles) is higher than

for FT (528 cycles), it can be seen that 100 vekiqll0.5%) crossed the stop line on the
onset of amber/red on VA signals while the numberehicles that crossed the stop line on
the onset of amber/red was 229 vehicles (43.4%)-1osignals. This indicates that the VA

system performs better in reducing the number bfckes that crosses on both amber/red in
the presence of the dilemma zone. These resultsiraragreement with Puan and

Ismail (2010). Over all, amber crossing for thenmry stream is almost equal to the
secondary stream with a total of 167 (22.5%) arizl(22.8%), respectively.

It is believed that the percentage of the totalicleb crossing on amber and red (22.2%)
should be higher as the total number of cycles8d),4ncludes empty cycles. Drivers in
empty cycles do not have a decision to make whetheross on amber or stop (i.e. because
they arrive late after the other stream approacinew vehicles arrived at the stop line on the
onset of amber).

Table 4.21: Amber crossing/red light violation foategory 1 (DZ)

. L . . S Overall crossing
Site | Direction | Type | No of cycles| Amber crossing | Red light violation (Amber + Red)
11 P VA 260 38 (14.6%) 11 (4.2%) 49 (18.8%)
S 260 29 (11.2%) 9 (3.5%) 38 (14.6%)
1 P VA 80 3 (3.8%) 0 (0%) 3 (3.8%)
S 80 1 (1.3%) 0 (0%) 1 (1.3%)
16 P - 163 36 (22.1%) 18 (11%) 54 (33.1%)
S 163 49 (30.1%) 16 (9.8%) 65 (39.9%)
17 P VA 61 0 (0%) 1 (1.6%) 1 (1.6%)
S 61 0 (0%) 1 (1.6%) 1 (1.6%)
18 P VA 77 2 (2.6%) 0 (0%) 2 (2.6%)
S 77 4 (5.2%) 1 (1.3%) 5 (6.5%)
1 P - 101 41 (40.6%) 17 (16.8%) 58 (57.4%)
S 101 29 (28.7%) 23 (22.8%) 52 (51.5%)
Total P 742 120 (16.2%) 47 (6.3%) 167 (22.5%)
ota S 742 112 (15.1%) 50 (6.7%) 162 (22.8%)
Total VA 956 77 (8.1%) 23 (2.4%) 100 (10.5%)
ota FT 528 155 (29.4%) 74 (14%) 229 (43.4%)
Total 1,484 232 (15.6%) 97 (6.6%) 32@2.2%)

4.11.2 Category 2: Dilemma zone follower

According to previous research on dilemma zoneeaiehers focused on the effect of
dilemma zone on the leading vehicle (if the driwa@t stop or cross and the ways to reduce
the impact of dilemma zone) without paying muclertion to vehicles that are following a

leading vehicle in the dilemma zone.
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In urban shuttle-lane roadworks operated by temgarraffic signals, it was noticed that

when the leading vehicle (leader) decided to ctbhesstop line (amber crossing or red light
violation) due to the presence of dilemma zone (D7 following vehicles may also make a
decision to stop or cross the stop line followihg teader. This will increase the risk of rear-

end collisions or near accidents.

The observed dilemma zone follower violations (Qatg 2) in urban roadworks were
clearly noticed during over saturated cycles witng queues, which possibly triggered
drivers’ frustration. According to Bonneson and Aerman (2004), drivers’ frustration due
to congestion and delays are the main factorsitiflatence the decision of deliberate red
light running (RLR) for drivers which is directlglated to volume/capacity ratio. Porter and

Berry (2001) found that being in a hurry was thestmmportant factor affecting RLR.

Table 4.22 summarises the amber crossing/red Vighdtions that were observed from each
site and for each stream separately for CategqByZ2followers). It can be seen from Table
4.22 that that during the 329 cycles representiatp@bry 2 violations, 95 following drivers
decided to violate (cross the stop line) on eiti@ber or red lights in 82 (24.9%) cycles. It
can also be seen that sites operated by VA sigmae DZ followers in 8 (8%) of the
violated cycles while sites with FT signal have falowers in 74 (32.3%) cycles. This also

indicates the effectiveness of the VA signal cdntraeducing the DZ followers.

Table 4.22 also shows that the primary stream l&afolowers in 48 (28.7%) of the violated
cycles while the secondary stream has 34 (21%gsyaiith DZ followers. This difference
may be attributed to the fact that there are diyglewer observed cycles for the secondary
stream compared with the primary. However, it dobé argued that for vehicles in the
primary stream, they have to change their horidotnggectory (to the opposite lane) to
negotiate the roadwork site layout and the decisistopping on the stop line becomes more

difficult while they are deciding whether to crassher than stop.

It was also observed from site that the number Hff@lowers varies between one and five
vehicles in each cycle. The distribution of the tw@mof vehicles involved in Category 1 and
Category 2 violations are summarised in Table &&8shown in Figure 4.15.
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Table 4.22: Amber crossing/red light violation foategory 2 (DZ followers)

No of

) Amber crossing Red light Overall crossing
Site | Direction | Type é):tztlazsolr?/ violation (Amber + Red)
1 Y% C (%) Y% C (%) Y% C (%)
11 P VA 49 1 1(2) 2 2 (4.1) 3 3(6.1)
S 38 0 0 (0) 2 2(5.3) 2 2(5.3
P 3 0 0 (0) 0 0 (0) 0 0 (0)
12 S VA 1 0 0(0) 0 0(0) 0 0(0)
16 P T 54 6 4(7.4) 3 3 (5.6) 9 7 (13)
S 65 1 1(15) 0 0 (0) 1 1(15
P 1 0 0 (0) 0 0 (0) 0 0 (0
17 S VA 1 0 0(0) 0 0(0) 0 0(0)
18 P VA 2 2 2 (100) 0 0 (0) 2 2 (100)
S 5 1 1(20) 0 0 (0) 1 1(20)
10 P - 58 19 | 19(32.8)] 28| 17(29.3 47 36 (62.11)
s 52 18 | 18(34.6)] 12| 12(23.1 30 30 (57.)7)
Total P 167 28 | 26(15.6) 33| 22(13. 61 48 (28|7)
S 162 20 | 20(123) 14| 14(8.6 34 34 (21)
VA 100 4 4 (4) 4 4 (4) 8 8 (8)
Total
FT 229 44 | 42(18.3) 43| 32(14 87 74 (32]3)
Total 329 48 46 (14) | 47| 36(10.9 95 82 (24.9)

V: number of Vehicles

C: number of Cycles

Table 4.23: Frequency of DZ and DZ follower (Catggb and Category 2)

Category Number of vehicles Erequenc Number Relative
crossing (Amber/Red) g Y | of vehicles Frequency
1 1 329 329 78%
2 30 60 14%
5 3 6 18 4%
4 3 12 3%
5 1 5 1%
Total 424 100%

4.11.3 Category 3: Group violations

In this category, the observed deliberate red hgbfations in urban roadworks were due to
drivers’ frustration and were mainly attributedatdong red phase in the stopped stream due
to failure in the MVD equipment (Microwave Vehiclzetector) and the continuous green
phase from the opposite stream (exceeding the memimue to a double or triple green
phase). This usually happens in multiple violatjod& signals, good visibility and when
there are no vehicles in the opposite stream.
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Vehicle detection error was observed from sitegatpd by VA signals on 10 occasions (10
out of 956 cycles operated by VA signals) and wthenred phase exceeded 75 seconds. In
two out of the 10 cases in which MVD failures ocedl, drivers decided to violate the red
lights in group violations due to the presenceooigl gueues and delays (violations occurred

in groups of 3 and 4 vehicles).

90%
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50%
40%

30%

Relative Frequency %

20%

10% .
0% [ [ —
2 3 4 5
Number of vehicles crossing

Figure 4.15: Distribution of DZ and DZ follower (tégory 1 and Category 2)
4.11.4 Category 4: Single violation

The observed single violations usually occur whesingle vehicle briefly waits at the stop
line at the temporary traffic lights (vehicle waigi time is less than 10 seconds) and
deliberately decides to violate the red lights befthe green phase starts. This type of
violation usually occurs when the visibility is gb@.e. a driver can see the opposite stream)
and there are no vehicles approaching from the sifgostream. Table 4.24 summarises the
observed red light violations for each site and feach stream separately for

Category 4 (single violation).

It can be seen from Table 4.24 that 21 cycles (@%b of 1,484 cycles were violated by a
single crossing and all violations occurred onssikgth VA signals and when visibility was
good. Also, the single violation for the primaryestm is almost equal to the secondary
stream with total violations of 12 (1.6%) and 20b), respectively.
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Table 4.24: Red light violation for Category 4 dmviolation)

Site | Direction | Type | Visibility No of cycles Red crossing
P 260 8(3.1)
11 S VA Good 560 4 (1.5)
P 80 0 (0)
12 S VA Bad 80 0(0)
P 163 0 (0)
16 5 FT Bad 163 0.0)
P 61 3(4.9)
17 S VA Good 61 7 (3.3)
P 77 1(1.3)
18 S VA Good =7 3 (3.9)
P 101
19 FT Bad 0(0)
S 101 0 (0)
| P 742 12 (1.6)
Tota S 742 9(12)
VA 956 21 (2.2)
Total FT 528 0 (0)
Total 1,484 21 (1.4)

Good visibility: drivers from one stream can see ¥khicles from the opposite stream
Bad visibility: drivers from one stream cannot see vehicles from the opposite stream

4.11.5 Summary of observed red light violations

This section summarises the overall observed acrossing and red light violations and also
compares violations at roadworks to signalised tjoncfrom previous studies. Table 4.25
summarises the amber crossing and red light vaslatby category and their frequency are
shown graphically in Figure 4.16.

It can be seen from Table 4.25 and Figure 4.16ttledilemma zone (DZ) has the highest
impact on drivers’ decision to cross on amber drlights in shuttle-lane roadworks with a
relative frequency of 82.9% and 58.1% for amberssiry and red light violations,
respectively. Vehicles following the DZ vehiclesathdecided to cross are the second
factor/category with a relative frequency of 17.8#d 28.1% for amber crossing and red
light violations respectively. The third highestteggory is the single violation which
contributes to 4.7% of the overall violations white group violations caused by MVD error
consist of only 0.4% of the red light violations.
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Table 4.25: Amber crossing/red light violation tategory

. . L Overall crossing
Amber crossing Red light violation (Amber + Red)
Category Relative Relative Relative
Frequency Frequency Frequency Frequency Frequency Frequency
(cycles) (%) (cycles) (%) (cycles) (%)
Category 1
(D2) 232 82.9 97 58.1 329 73.6
Category 2
(DZ follower) 48 17.1 47 28.1 95 21.3
Category 3 NA NA 2 1.2 2 0.4
(Group violations)
_Category 4 NA NA 21 12.6 21 4.7
(Single violations)
Total 280 100 167 100 447 100
80%
70%
60%
« 50%
§ 40%
§ 30%
10%
o N —

Dz DZ follower Group violation Single violation

Category 1 Category 2 Category 3 Category 4

Figure 4.16: Amber crossing/red light violation ¢ategory

Red light violations at roadworks are also compaiedypical signalised junctions from
previous available research and summarised in TABR It is important to clarify that red
light violations are site specific in signalisechgtions and therefore, the numbers shown in
Table 4.26 are averages sampled from previousablaitesearch and could vary from site to
site. It is also important to clarify that signalik junctions consist of various arms and
vehicles are driving in different directions (lefffraight and right) while in shuttle-lane

roadworks, vehicles are driving in one directionhwone arm for each stream.

It is clearly seen from Table 4.26 that red ligholation in signalised junctions are
lower (between 2.7% and 5.3%) than at shuttle-laveelworks (11.3% on average for the

current study and ranges between 12% and 30% frorevéous study that was carried out by
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Samoail and Yousif (1998)). This is deemed todiatively high and could cause a risk of

road accident involving vehicles, pedestrians andkers at the site.

Table 4.26: Comparison of red light violations {bgd signals vs. roadworks)

Total Red light
Sy Clalinis V= Cycles violations
Wei et al. (2010) USA 1,601 77 (4.8%)
Bonneson and Zimmerman Traffic 0
(2004) USA signals 11,266 595 (5.3%)
Koll et al. (2004) Europe 4,997 133 (2.7)
Samoail and Yousif (1998) United 12% — 30%
) Roadworks
Current study Kingdom 1,484 167 (11.3%)
4.12 Signage

Signage is another important element of urban kehlathe roadworks as it provides drivers
with warnings about oncoming hazards or changeoaf rlayout. The Department for
Transport (2011) sets the required signs and gedtmg distances for each type of shuttle-
lane roadworks based on previous research. Faductemply with the design standards will
create unnecessary risks to drivers. Table 4.2 tle required signs at each type of shuttle-

lane roadworks.

According to the Department for Transport (201he minimum and normal maximum
setting distance for the first sign in advancehef fead-in taper (first cone) should be between
20 and 45 metres. It also states that all signsldhmze visible to approaching drivers with a

minimum clear visibility of the first sign at 60 mnes.

For shuttle-lane roadworks controlled by temporagffic signals, signs 1 to 6 should be
used. For Give/Take operation, signs 1, 3 and ¥ simbuld be used. For priority operation,
signs 1, 3, 4, 6 and 7 should be used. All sigasilshbe placed according to the Department
for Transport (2011).

Tables 4.28 and 4.29 summarise the observed sigaagach site and each stream with their
setting distances and comparing each directioheéodesign standards. Sites 1, 8, 9, 10 and
15 are not included in the table as they are nottlshlane roadworks sites (i.e. signalised

junction or traffic calming sites).
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Table 4.27: List of sign for shuttle-lane roadworks

Sign . L
T Sign Description
1 Roadworks ahead
5 Traffic signals ahead (if site is operated by terapptraffic
light)
3 Q A Road narrows on left hand side (used in primagesi)
Road narrows on right hand side (used in secorateggm)
4 Where vehicles should stop at temporary traffinaig
4 Keep right, keep left
6 End of roadworks
7 Give way to oncoming vehicles

Priority over oncoming vehicles

It can be seen from Tables 4.28 and 4.29 thatnqesigns at roadworks were not carried out
correctly according to the design standards at miodte sites. At some sites (i.e. sites 7, 12,
13 and 14), there were missing signs which canecaosfusion to drivers approaching the

roadworks site and may result in an increase imriikeof collision due to driver hesitation or

sudden braking.

It was also observed at most sites (i.e. sites 2, tdl, 14, 15, 78, 18 and19) that signs were
not placed according to the recommended designdatds (signs should be placed at a
distance between 25-50 metres from the first colheyas also observed that not all signs

were visible to drivers at most of the sites (cahsn? in Tables 4.28 and 4.29), were signs

were either covered by parked vehicles or had keenked down.
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Table 4.28: Signs and distances for historical wea#ls sites

Are all
Are all Missing Distance | According | signs clear
Site | Dir. signs signs to first to to '
available sign (m) | standards | oncoming
traffic
5 P 4 - 260 x v
S v - 285 x v
P v - 89 X v
3 s % - 102 x %
4 P 4 - 187 x v
S v - 142 x x
P v - 95 X v
° [ s % . 110 x %
P v - 70 X v
¢ s % - 92 x %
7 P x 1,2,3 21 x x
S x all 26 x x

Table 4.29: Signs and distances for current roakisveites

Are all
Are all Missin Distance | According | signs clear
Site | Dir. signs o nsg to first to to
available 9 sign (m) | standards | oncoming
traffic
P 4 - 55 x v
11 S v - 68 x v
12 P x 1,3 40 v v
S v - 44 v v
13 P x 1,7 25 v x
S x 1,3 20 v x
P v - 30 v X
14 S X all 0 X X
P v - 54 x v
16 5 % : 42 7 7
P v - 89 x x
17 S v - 114 X X
P v - 93 X X
18 s v : 99 x x
3 v - 54 x v
19 S v - 42 v v
P v - 65 x x
20 S v - 52 x x
P v - 32 v v
21 S v - 28 v v
P v - 59 x v
22 S v - 47 v v
[5) v - 48 v v
2 5 % : 30 % %
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4.13Summary

This chapter presented the data analysis stagehvidpgerformed on the data collected from
shuttle-lane roadworks sites and other various cgsurThe analysed data was used in
developing, calibrating and validating the microglation model as described in Chapter 5
and 6.

= Video recordings for over 54 hours (23 sites) wased to analyse the various

information of shuttle-lane roadworks.

= Video recordings were used to extract various sktaformation such as flow level
and profile, following headway (close following ifgating”), Move-up time (MUT)
and Move-up delay (MUD).

= Data taken from over 5.3 million IVD data recordsrev used to calculate car length
and model the probability distribution of car lemgHGVs data collected from both
visited sites and manufacturer catalogues of vetiahd were used to calculate the
HGVs length and distribution.

= Signals type and settings were collected and aedlysing video recordings and

onsite observations.

= Drivers’ compliance with temporary traffic signalsas collected using video
recordings. Information regarding drivers’ comptanincluded drivers crossing

through amber and red light violations per cycle.

= Site observations using a measuring wheel were tgsedllect signage information

and distances at all shuttle-lane roadworks sites.
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CHAPTER FIVE: LIMITATIONS OF THE S-PARAMICS
MICRO-SIMULATION MODEL

5.1 Introduction

The current chapter describes the development ggsookethe S-Paramics micro-simulation
model for studying urban roadworks and specificadliguttle-lane roadworks operated by
temporary traffic signals. The chapter also dessrilihe calibration, validation and

limitations of the S-Paramics micro-simulation miode

S-Paramics is a micro-simulation software packageble of representing the behaviour and
interaction between individual vehicles on the rasdwork. Different road layouts and
features may be simulated and drivers’ behavioaradteristics can be changed relatively
easily as part of the calibration and validation tbe model to replicate actual site

observations.

The S-Paramics also provides outputs and preseatsime visual displays for various
traffic management and road network designs. Vehatynamics (i.e. acceleration and
deceleration rates and vehicle dimensions) cank@sthanged to represent real observations
(SIAS Limited, 2007). In the current study, the &dmics 2010.1 was used to develop,
calibrate and validate shuttle-lane urban roadwonkgo-simulation model operated by FT

signals as discussed in the following sub-sections.

5.2 Development of the S-Paramics model

Geometric layout using AutoCAD drawing was estdidd using aerial photographs before
the model building stage commenced. A model foe $6 was built and a model screen shot
layout is shown in Figure 5.1.

The S-Paramics model consists of nodes and linkdy each node carrying different
characteristics, such as the type of traffic cdnand sight distance. Links carry the
characteristics of traffic and geometric designg.(espeed, visibility, number of lanes,

directional movement, etc.).
Below is a description of the various assumptioasienin the S-Paramics model:

= The model covers a 2 hours period (AM period);
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= The first and last 30 minutes in the model are usedhe warming up and cooling
down periods, respectively;

= Traffic is profiled for the whole of the 2-hour peat with 5-minute profile details

(representing the observed arrival rates of vehieleery 5 minutes);

= Two vehicle classes were modelled namely, carsHBUs with their corresponding
proportions.

Temporary traffic signals were coded in the S-Pazamodel based on observed phases and
values. All the model default values were usedhatstart of the verification and calibration
processes (e.g. minimum gap, headway, visibilitgcederation and deceleration rates,
awareness and aggression level). As part of theemacalibration, these values can be
amended to represent any observed surveyed vadesdour on site as described in details

in the following section.

Figure 5.1: Shuttle-lane roadworks using S-Paramics

5.3 Statistical tests

Statistical goodness-of-fit measurements (testsewarried out between the observed and
simulation output data for calibration and validati purposes. In addition, graphical
representation was also produced. Two goodness-oefisures were introduced, explained
below and were used in the model calibration anbidaton for comparison between

observed and modelled results.
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5.3.1 Root Mean Square Error Percentage (RMSEP)

This test is considered to be a good initial tesnbke a comparison between empirical and
simulated data because it penalises high errofsgater rates than small errors (Toledo,
2003). This test has been used in many simulatimfiies (see for example Wat al (2003),
Panwai and Dia (2005), Wang (2006), Al-Jameel, 2204nd Al-Obaedi (2012)) and is

represented in Equation 5.1.

RMSEP = MVl Equation 5.1

n <=1 g

Where,
n is the number of time intervals
Xi is the observed flow at time interval i;
yi is the simulated flow at time interval i.

5.3.2 Geoffrey E. Havers (GEH)

The GEH statistical test was developed by the Depant for Transport in 1996. The test is
used to compare two sets of readings (modelledoasdrved) in order to test the validity of
the model. The test (which is similar to the Chirmged statistic) is widely used and

recommended by the Department for Transport (1888)is represented in Equation 5.2.

o2
GEH= /Z(Lyl) Equation 5.2
Xi+yi

According to Hourdaki®t al (2003), satisfactory model results will be acky RMSEP

is less than 15%. According to the Design ManualRoads and Bridges (1996), the GEH
should be< 5 for the link flow to be satisfactory. These #irelds are monitored throughout
the calibration/validation process to ensure a@#pt model quality along with other

measures.

5.4 Calibration and validation of the S-Paramics model

Following the S-Paramics model building stage, aasicalibration parameters were used to
obtain the best results (i.e. headway factor, meaa headway and minimum space) and

default S-Paramics values were used for other ulade values.

Although S-Paramics can model complicated confpelrations such as road narrowing using
throttle and could also replicate complicated dsvebehaviour such as cooperative

behaviour as was carried out in a study by Yoes#l (2013). S-Paramics cannot correctly
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replicate shuttle-lane rules such as drivers’ behuavn dilemma zone or amber crossing/red
light violations and also no Move-up time (MUT) anfmation could be extracted. Therefore,
only flow, throughput, headway and queues will bevgled in this section and compared

with observed data with no amber crossing/red Ngbiations results.

The statistical results are presented in Tablgdr.flow and throughput for each 5-minutes
interval and shown graphically in Figure 5.2. Tabl2 shows the output results for following

headway values and Table 5.3 shows the queuegesult

Table 5.1: S-Paramics model statistics - flow dndughput (Site 16a)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput

RMSEP % 15.9 18.4 14.5 18.9
GEH 2.64 3.26 2.72 3.44

Table 5.2: S-Paramics model statistics - headwag (Ha)

o ) Primary Stream Secondary Stream
Headway criteria | Location Observed | Modelled | Diff. | Observed| Modelled | Diff.

Avg. Headway (sec) (BAR) 3.46 3.20 -0.26 3.15 3.08 -0.07
Avg. Headway (sec) (ACR) 2.49 2.77 0.28 2.56 242 -0.14
<2.0 (%) (BAR) 13% 10% -3% 17% 9% -8%
<2.0 (%) (ACR) 38% 27% -11% 33% 34% 1%
<6.0 (veh) (BAR) 242 220 -22 284 321 37
<6.0 (veh) (ACR) 355 398 43 423 459 36

500 500

450 450

400 400

350 350

_ £
= 300 = 300
S~ Q
£ 250 2 250
< 200 g 200
g 150 =
= [ 150 —Observed
100 ‘= "
= —Observed < 100 Modelted
-=-Modelled =
0 0
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
Time slice (5 minutes) Time slice (5 minutes)
(a) Primary Stream (b) Secondary Stream

Figure 5.2: S-Paramics model vs. observed flone(S#a)

91



CHAPTER FIVE LIMITATIONS OF S-PARAMICS MICR-SIMULATION MODEL

It can be seen from Table 5.1 that the S-Parammdeirfails statistically to replicate both

flow and throughput for the primary stream and tgtgout for the secondary stream
according to RMSEP % results. This indicates thgtemt deal of care should be taken in
selecting the default values when using S-Parartucsepresent shuttle-lane roadworks
behaviour. Although the S-Paramics GEH resultsiatiein the acceptable limits, throughput
per cycle could not be represented correctly duthéoamber crossing/red light violations

(drivers’ decisions) observed on site which coudtl lme replicated accurately by S-Paramics.

Results of the average time headway for vehicleplaioons (following headway 6

seconds) were compared between observed and nbdelia for vehicles in both situations
(i.,e. BAR and ACR) as shown in Table 5.2. It cansben from Table 5.2 that the average
time headway between real observed data and siowlatodel output for both streams and
for both situations (BAR and ACR) are in good agreat with a maximum difference of less

than 0.28 seconds for all situations.

It can also be seen from Table 5.2 that the peagenof drivers violating the two-seconds
rule are also in good agreement between modelldsdbbserved data for both streams and all
situations with a maximum difference of -11%. TheaF comparison which is the total
number of vehicles in platoons is also in good agrent between modelled and observed on
all situations (BAR and ACR) with a maximum difface of 13% (37 vehicles).

Queues are reported and a comparison between sieeveld and simulation model output is
shown in Table 5.3 for each stream separately. Alieg to Dowling et al, (2002),
maximum queue (in vehicles) is the maximum obsermyedue in any 5-minutes interval
(over the simulation period). It is a useful meastivat needs to be observed and compared
between real data and the simulation model to atdid the queues will spill back to the next
junction. Average queue in any 5-minutes intervall dotal queued vehicles over the
simulation period are also useful measures to temod compare between observed and

modelled data.

It can be seen from Table 5.3 that the differemcesaximum queues are -40% and 50% for
primary and secondary stream, respectively; whike differences in average queues are
-30% and -43.1% for primary and secondary streaspactively. The differences in the total

reported queues over the simulation period aret98land -20.1% for primary and secondary

stream, respectively. According to Lee (2008), wadidation criterion for the simulated
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maximum and average queue is to be within £20%@fbserved value. Therefore, it can be
concluded that reported simulation queues aremgbod agreement with the real observed
gueues. Therefore, the S-Paramics model fails plicede observed queues and that the
gueues statistics obtained from the S-Paramics huaastantly under-estimates the queues

for both streams.

Table 5.3: S-Paramics model statistics - queuds ($ia)

Primary Stream Secondary Stream
Queue Measure Observed | Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 15 9 -40.0% 14 7 -50.0%
Average queue (veh) 4.0 2.8 -30.0% 51 29 -43.19
Z/Oetf]‘; queued vehicles | 557 245 | -31.4%| 483 386 | -20.1%

5.5 Summary

The current chapter presented the building, cdldmaand validation of the S-Paramics
simulation model using real observed traffic datanf surveyed shuttle-lane roadworks site.
The results showed that the S-Paramics model sgatsstically to replicate both flow and
throughput for the primary stream and throughputtfee secondary stream according to
RMSEP % results. For all time headway statisticean be seen that the observed data and
S-Paramics simulation model output for both streantsfor both situations (BAR and ACR)
are in good agreement. For queue statistics, tRar&mics model fails to replicate observed
gueues and constantly under-estimates the queueddih streams. In addition, the
S-Paramics model could not replicate the aggreshivers’ behaviour of amber crossing/red
light violation observed on site and the preserfatiiemma zone which has an effect on both

safety and capacity.

Therefore, a new micro-simulation model needs taéeloped as part of the current study
to provide more accurate results. The model shalslo have the ability to cover S-Paramics
limitations (the ability to model aggressive dris'ebehaviour and the effect of dilemma

zone).
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CHAPTER SIX: SIMSUR MODEL SPECIFICATION
AND DEVELOPMENT

6.1 Introduction

The current chapter describes the specificationthadstructure of SIMSUR_(SIMulation of
Shuttle-lane _Urban_Roadworks) simulation model &iudying urban roadworks and
specifically, shuttle-lane roadworks operated byngerary traffic signals. SIMSUR
simulation model consists of two sub-models: céiowing and shuttle-lane sub-models.
Each of these sub-models is discussed in detatilsisnchapter. Micro-simulation technique
has been selected in the current study becauses @bility to represent the interaction

between individual vehicles.

The micro-simulation model development require®rmiation about vehicles, drivers and
shuttle-lane roadworks characteristics. It alsaim@s selection and development of suitable
algorithms for car following sub-model. These clteastics and rules need to be
programmed using a suitable programming languagestahe performance of such a model

before it could be applied.

Compag Visual FORTRAN (6.5) programming language waed in the current study to
develop the SIMSUR simulation model. FORTRAN lamggiavas selected for this purpose
because it has been widely used in engineeringcapipins and the current version of visual
FORTRAN could provide a visual representation ofigles’ movements and interactions.
SIMSUR model was built from scratch for the currstudy using over 4,700 lines of coding
and took around 18 months to be developed.

The determination of scanning time for SIMSUR moudels selected based on previous
research that was carried out by Yousif (1993). IBstanning time will result in more time
and cost, whereas long scanning time may affectabelts. Therefore, the default scanning
time of 0.5 sec was adopted for this study, whglhe typical minimum value of drivers’

reaction time (Gipps, 1981).

6.2 SIMSUR model structure

SIMSUR micro-simulation model consists of variousnodels such as car following and

shuttle-lane rules. The simplified micro-simulatimodel structure is shown in Figure 6.1.
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The first process in SIMSUR micro-simulation mogeto define each driver's and vehicle's
characteristics (i.e. assigned speed, desired spkre@r's reaction time, vehicle type and
length, etc.). Vehicles will then be generated assigned into the road network based on
their arrival headway. Vehicle information (i.e.r@nt position and speed) will be updated
every scanning timeAf) for the whole simulated road length including ttwvarm-up and
cool-off sections. Data will be collected and senan output file. The process is carried out
for each stream (i.e. primary and secondary) séggralhe model will be terminated once

the simulation period has been reached which ialdquhe total simulation time (T).

Start

v
Generate / define
characteristics for all
vehicles in each stream

A 4

Load vehicles into the
system

v

Car following subroutine

\ 4

Shuttle-lane roadworks
subroutine

v

Update vehicles (speed and
position) at Time (T)

v

Collecting and outputig data

v

T = Total Simulation time di= Simulaton Yes—» T =T+At

At = scanning time (0.5 seconds) period

No

End

Figure 6.1: General structure of SIMSUR simulationdel
6.3 Drivers’ and vehicles’ characteristics
Various drivers’ and vehicles’ characteristics gemerated before the vehicle entry into the

system. The generations of these characteristcdescribed in the following sections.
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6.3.1 Perception reaction time

Driver reaction time is a very important factorttieantributes to the headway value between
vehicles. The perception reaction time consistéwaf components: the time of seeing or
receiving the stimulus and the application of tegponse (O’Flaherty, 1986). According to
Green (2000), there are various factors affectiegction time values (i.e. expectation,
urgency, age and gender, cognitive load and testinglitions) and it is impossible to derive

a single all-purpose value.

According to Green (2000), participants in the colféd environment drove on either public
or private roads (i.e. test tracks) while a redearcsat in the passenger seat. In most
occasions, the participants knew that he/she isgbtasted (but without knowing the real
purpose of the study). The natural environment fene the researchers set up digital
recording equipment and the drivers’ response waasored (the drivers’ were unaware of
being monitored). The typical natural reaction tistady recorded the interval between a
yellow traffic signal, brake lights of a leading hiele (could possibly be driven by a

researcher) and onset of the naive driver’s brigied.

Various researchers have attempted to study draestion time under various conditions.
Table 6.1 summarises the main studies that wergedaout in natural and controlled

environment.

Table 6.1: Summary of previous studies on driveFattion time

Study Sample size | Min-Max RT mean Situation
and sd
Changet al .
(1985) 1614 NA 1.30(0.74)|  Surprised
Sivaket al '
(1982) 1,644 0.65-2.40, 1.21(0.63 Surprise
Lerner _
(1994) 56 0.7-2.5 1.51 (0.39) Surprised
Johansson 0.73-2.2 0.90 Surprised
and Rumer 321
(1971) 0.54-1.70 0.69 Alerted

Johansson and Rumer (1971) defined the brake oeatttne as representing the perception
reaction time. They studied reaction times in baligrted and surprised situations using a

sample of 321 drivers and the results (cumulatis&iution) are shown in Figure 6.2. Those
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values are adopted and used in SIMSUR model (mimirafi0.73 and maximum of 2.2 for
surprised situation). The conversion factor frompsased to alerted situation is 1.35.

Congested conditions (i.e. density of more thanv8f/km) are considered to be for the
alerted situations as implemented by many previegsarchers (Benekohal, 1986; Yousif,
1993; Al-Jameel, 2012; Al-Obaedi, 2012). Accorditay the Department for Transport

(2011), the roadworks signs warn (alert) driversthed oncoming hazard. Therefore, it is
assumed that the driver is in an alert situatidmefshe approaches the “roadworks start” sign

until he/she approaches the “roadworks end” sign.

00 o — e
90 il
80
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60

50

40

—Alert
30

Cumulative Frequency %

==-surprised
20

10

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Reaction Time (sec)

Figure 6.2: Distribution of drivers’ reaction tinfigr alerted and surprised conditions
(Johansson and Rumer, 1971)
In the current study, drivers' reaction times wetdained from Figure 6.2 cumulative
distribution by generating random numbers from igoum distribution. The random numbers
were set to be equal to the cumulative distribuéisrwas modelled by others (e.g. Al-Jameel,
(2012) and Al-Obaedi (2012)).

6.3.2 Move-up delay

Move-up delay is the time spent by the driver prigygato move when the lights show green
following a stopping situation at traffic signalsis obtained for each driver by generating a
random number from a lognormal distribution basedste observations as discussed in
Chapter 4, Section 4.8.
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6.3.3 Vehicle type and length

In SIMSUR model, vehicle type is assigned to eashicle by generating a random number
from a uniform distribution (Rye). The vehicle will be regarded as a HGV if thedam
number is lower than the percentage of observed $1®Y each site and each stream (i.e.
primary or secondary stream). A random number) (Rill be also generated after the
assignment of vehicle type to obtain vehicle lendthe distribution for vehicle length is
obtained using truncated normal distribution farsaand cumulative distribution for HGVs as
explained in Chapter 4, Section 4.9. The stepsssfgaing vehicle type and length are
illustrated in Figure 6.3.

Generate Ryype

R(ype
<HGV %

No Yes
A 4 A 4
The vehicle is The vehicle is
car HGV
» A 4
Generate R, Generate R
and get length and get length
from Figure 4.12 from Figure 4.14
> End -«

Figure 6.3: Method of obtaining vehicle type anaigh

6.3.4 Desired Speed

Desired speed is the maximum speed at which tiverdmay wish to travel in a road section
without the influence of any other road users (Yipu®93). The desired speed is assigned to
each driver using normal distribution as reportgdplevious studies (Al-Jameel, 2012; Al-
Obaedi, 2012) using a random number generatormigan desired speed used in the current
study is assumed to be the road speed limit of BB M8 km/h) because of the unavailable
observed speed data and the standard deviatjaf 2 mph.
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6.3.5 Buffer space

Buffer space is the space between stopped vehiclder congested conditions (from the
front bumper follower to the back of the leader)sk®wn in Figure 6.4. Buffer space is
assumed to be 1.5 metres which is within the repddrits (Benekohal, 1986; Yousif, 1993;

Al-Jameel, 2012; Al-Obaedi, 2012).
Direction of travel

Buffer space

@«

Figure 6.4: Definition of buffer space

6.3.6 Arrival headway distribution

Arrival time headway represents the time intervatween the arrivals of two successive
vehicles at a given point (datum line), which i®digo generate vehicles arriving into the
system. According to O’Flaherty (1986), the digitibn of the time headway depends on
various parameters such as driver reaction timekihg distance, vehicle composition, and
other factors. The headway distribution that isduse SIMSUR model is the lognormal

distribution for sites with low flow levels (up t600 veh/hr) and the shifted negative
exponential distribution for sites with moderatehigh flow levels (over 500 veh/hr) which

were obtained from observed data as explained aptéh 4, Section 4.5.

6.3.7 Acceleration and deceleration rates

The normal and maximum acceleration rates wereirdatafrom the ITE (1999) and were
also in the updated ITE (2010) as there is an aesefhsuch data from the UK. The normal
acceleration rate (comfortable acceleration) isdulsg the driver to reach his/her desired
speed or when exceeding the desired speed. Thesvlduthe normal acceleration rates are
suggested to be 1.1 m/édor cars and 0.37 m/sefor HGVs. For normal deceleration rates,
the values are 3.0 m/Seand 1.8 m/sécfor cars and HGVs, respectively. The maximum
acceleration rates (which represents the vehioh&shanical ability) rates are shown in Table
6.2 for cars and HGVs for each speed group. Therman deceleration rate is assumed as
4.9 m/set These values were factored down by 75% as sueElyést previous research
studies because of the relatively higher vehiclpabdities in the USA compared with
Europe and the UK (Yousif, 1993; Wang, 2006; Al-éain2012).
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Table 6.2: Maximum acceleration rates (m#séar cars and HGVs (ITE, 1999)

Speed (km/hr) 0-32 32-48 48-64 64-80 >80
Cars 2.4 2.0 1.8 1.6 1.4
HGVs 0.5 0.4 0.2 0.2 0.1

6.4 Car-following model structure
6.4.1 Introduction

The rule governing the relationship between thddeand the follower is the most important
rule (car-following rule) that governs the micropemomodel. The car-following rule that was
developed by Benekohal (1986) CARSIM was adoptedSiMSUR model because it is
realistic and represents the free following as wslstop/go conditions which is the situation

in an urban environment and particularly in sheitilee roadworks.

The car-following sub-model structure which is lthea CARSIM is shown in Figure 6.5 as

used by many previous researchers (see for exaBwgtekohal, 1986; Yousif, 1993; Al-

Jameel, 2012; Al-Obaedi, 2012) with a small modifien to account for shuttle-lane rules,
drivers’ compliance with temporary traffic signasid dilemma zone. The subroutine is
called in SIMSUR every scanning time\t (0.5 seconds) to determine the
acceleration/deceleration value in order to deteenrthe new vehicle speed and the new
position based on the safety rule. The differentebaration/deceleration rates used are

explained in the following sections.

Vehicles new speeds and positions were updatetieaemd of each scanning time using
Equations 6.1 and 6.2.

NSp, = Sp,+ ACC(At) Equation 6.1
NPos, = Pos, + SP,(At) + 0.5ACC (At)
Where,

ACC is the acceleration/deceleration rate of the ‘eliqm/sed).

Equation 6.2

At is the scanning time and it is equal to 0.5 sdson

NSp, andNPos, are the updated speed (m/sec) and position (wvghatlen (at the end
of the current scan time interval).

Sp, and Pos, are the current speed (m/sec) and position (m)hef vehiclen,

respectively.
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6.4.2 Acceleration from vehicle capability (ACG)

Based on the vehicle type, the mechanical capgbilitars will be different from HGVs and
each vehicle will be assigned an acceleration {pesvalue)/deceleration (negative value)
accordingly. These values are assigned based omethiele’s current speed according to
Table 6.2.

6.4.3 Acceleration from comfortable conditions (ACG)

The desired speed is assigned to each vehicleeb#ferentry to the system and the driver
tries to reach his desired speed using normal e@en/deceleration rates if there is no
constraint by the leader or by roadway conditiomshsas speed limits, weather conditions,

etc. The acceleration obtained by this conditiorepesented by the symbol A€C
6.4.4 Acceleration from stopping distance conditions (ACG)

The spacing between the leader and the followavaty time scan is calculated to ensure
that the follower can stop safely even in the situtmof a sudden stop by the leader. The
acceleration/deceleration rates (Ag@hat satisfy this situation can be calculatedoating

to the following equations (Equation 6.3 to Equat5):

PosL — (PosF + SpF (At) + 0.5 (ACC3) At?) — L, — Bs > Equation 6.3
Maximum of Equation 6.4 and Equation 6.5

(SpF + (ACC3) At) Rt Equation 6.4
OR

(SpF + (Accs)(AD)Rt + (SpF+2$§f§;(At))z — z(;sz Equation 6.5
Where,

ACC3is the acceleration due to safe stopping conditjioriseé).

Rt is the reaction time (sec).

At is the scanning time (sec).

PosF, PosLis the position of the follower and leader, respety (m).

SpF, SpLis the speed of the follower and leader, respelstiim/sec).

Bsis the buffer spacing (m).

Ly is the vehicle length (m).

MaxDL andMaxDF are the maximum deceleration for the leader aaddlower,
respectively (m/sé.
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6.4.5 Acceleration from slow moving conditions (ACG)

As the vehicle is moving in a platoon of very slawving traffic, the distance between the
follower and the leader is governed by the bufferce. The acceleration/deceleration used in
this situation is determined according to the feileg equations (Equation 6.6 and 6.7):

PosL — PosF > L, + Bg Equation 6.6
PosL — (PosF + SpF (At) + 0.5 (ACC,) At?*) - L, — By = 0.0 Equation 6.7
Where:

ACC, is the acceleration/deceleration due to slow cammst(m/sed).

6.4.6 Acceleration from stationary conditions (ACG;)

Moving from a stationary situation occurs when lbader stops due to roadway conditions
(e.g. red signals, awaiting a gap to cross thetlsHane site, etc.) which forces the follower
to stop. When the vehicle starts to acceleratetdube absence of that condition (e.g. the
signals turn into green, safe gap is available),etcwill spend some time to start moving
again (move-up delay). The acceleration valuesttiedriver will use (ACg) to accelerate
when moving from stationary conditions are 0.42et¥/and 0.21 m/sédor cars and HGVs,
respectively (Benekohal, 1986; Al-Jameel, 2012).

6.4.7 Acceleration for stopping at traffic signals (ACG)

When the driver approaches temporary traffic sigraadd the traffic lights show amber or
red, the driver starts to calculate the requirezktrFation to stop at the stop line (A§CThe
deceleration rate (AC{ that satisfies this situation can be calculatecbeding to Equation
6.8 and 6.9, which were calculated using the stahdepping distance equation (Gaeis
al., 1960):

Ds(n) = Pos, — StpL Equation 6.8

0.5 (Spn?)

(Spn)(Rt)-Ds(n) Equation 6.9

Accg =

Where,
Ds (n) is the difference between the current positionadfielen and the stop line

StpL is the stop line location
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6.4.8 Selection criteria of the final acceleration rate ACC)

At every At (scanning time), a unique value for the accelemédeceleration rate (ACC) is
calculated, selected and used in updating speedspanitions for each vehicle using
Equations 6.1 and 6.2 shown above. The criterias@&ecting this value is shown in the

flowchart as illustrated in Figure 6.5.

The value of ACgin Equations 6.3 to 6.5 is developed to enablddhewer to stop safely
even if the leader makes a sudden stop by applinmgximum deceleration. The value of
ACC, (in Equations 6.6 and 6.7) is developed for vasianoving in a very slow moving
platoon (the distance between the follower andi¢h€éer is governed by the buffer space).
The ACG and ACGQG values are calculated using an iterative procesating from a

maximum acceleration to a maximum deceleration atfincrement of -0.05 m/sgc

When the driver approaches the temporary traffioas and the traffic lights shows amber
or red, the driver starts to calculate the requdedeleration to stop at the stop line (AEC
The deceleration rate (AGLthat satisfies this situation can be calculatedoeding to

Equations 6.8 and 6.9 using the standard stoppstgnite equation.

At everyAt, a unique value of acceleration/deceleration (a€C) is selected and is used in
updating speed and position of each vehicle usiqgaBons 6.1 and 6.2. The selection
criterion of this value is shown in Figure 6.5. Jtgelected rate should not exceed the
maximum acceleration rate (i.e. AQCIn addition, if the speed of the leader (SpLiigher
than the speed of the follower (SpF) by a certatue (i.e. 5 km/h) and if the distance
headway between the two vehicles is available (:B3;the follower will not apply any
deceleration rate. In all cases, the absolute vafube deceleration rate should not exceed

the absolute value of the maximum deceleration(ftxDL), as shown in Figure 6.5.

103



CHAPTER SIX SIMSUR MODEL SPECCATION AND DEVELOPMENT

ACC1: Acceleration from vehicle capability Acceleration
Routine
ACC,: Acceleration from desired speed
ACC;: Acceleration from stopping distance conditions ¢
ACC
ACC,:Acceleration from slow moving conditions call ACC23
ACCs:Acceleration from Moving from stationary ACCq
ACCq:Acceleration from stopping at traffic signals l
ACC: Calculated Acceleration ACC; =min(ACC;3,ACC,)
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Figure 6.5: Car-following sub-model structure

6.5 Modelling of shuttle-lane roadworks

6.5.1 Introduction

Modelling the correct drivers’ behaviour when véégcare in the influence zone of the
shuttle-lane roadworks (before approaching the teary traffic signals and while crossing
the roadworks site) is a very important aspectiMSJR simulation model.
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Shuttle-lane roadworks subroutine is called eveaneing time At) to determine all possible
decisions that can be taken by the driver baseditenobservations. These decisions are
either to stop at the traffic signals (when theéntggshow amber or red) or to cross (when
lights show green or amber) or to violate the icaffignals (when the lights show red).
Detailed description of the shuttle-lane roadwosksroutine is shown in the following

section and illustrated in Figures 6.6 and 6.7.

6.5.2 Drivers’ compliance with temporary traffic signals

Shuttle-lane roadworks subroutine is explainedigufe 6.6. It can be seen from Figure 6.6
that if the vehicle is inside the roadworks inflaerzone, the value of Ds (using Equation 6.8
above), will be calculated for each vehicle for vieme scanAt). The next step will be to
check if the signal lights show green. In this c#se vehicle will continue using the car
following rule. If the signals does not show greem shows amber, then deceleration rate
(ACCs) will be calculated based on Ds.

If the vehicle is the first to approach the tempyptaaffic signals, then a check will be carried
out to compare the calculated deceleration rateAGnd the maximum deceleration
rate (-4.9 m/s&¥. If ACCs is lower than the maximum deceleration, then ttived could not

possibly stop on time at the stop line. In this egabe/she will cross the site on

amber (unintentionally).

If ACCs is higher than the maximum deceleration and theedhas the capability to stop the
vehicle, a random number generatokdR is called (representing Random number generated
from Amber Crossing for Leaders). If this numberdaser than the percentage of amber
crossing for leading vehicles (Category 1 - DZ)duhen observed data, then the driver will
cross the site on amber. Alternatively, the driwél stop at the stop line using the calculated

deceleration rate.

The observed percentage ohdr is based on three types of amber crossing and red

violations. These are summarised below:

1- Drivers crossed unintentionally because they cammtop due to their speed and
distance to the stop line (crossed the stop linkeabnset of amber);
2- Drivers crossed intentionally (crossed the stop &hthe onset of amber);

3- Drivers decided to cross on amber but the lightsed to red at the time of crossing.
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Figure 6.6: Shuttle-lane roadworks sub-model stmec(green/amber crossing)
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The split between first two types cannot be idédifrom the observed data. Therefore, the
RacL value used in the model will account for inteneibrcrossing only while the
unintentional crossing due driver inability to steqil be accounted using the comparison
between ACgand maximum deceleration rate (as discussed garlie

If the vehicle approaching the temporary traffigrgls is not the leading vehicle, the
subroutine will check the status of the leadingisleh(i.e. whether stopped at the stop line or
crossed on amber). If the leading vehicle stoppgddeastop line, then the following vehicle
must also stop. If the leading vehicle crossedstbe line on amber, then a random number
generator will be called (Rr) and if the random number is lower than the olegrv
percentage of amber crossing for following vehicl@s shown in Table 4.22 for
Category 2 — DZ follower), then the driver will ethe site on amber. Otherwise, the driver
will stop at the stop line.

If the approaching vehicle arrived at the roadwarkkience zone and the temporary traffic
signals show red, then the red crossing (violatsum)routine will be called. The detailed
structure for this case is illustrated in Figur@.6lhe subroutine illustrates Category 2 (DZ
follower crossing on the onset of red light as show Table 4.22), Category 3 (group
violations) and Category 4 (single violation aswhoin Table 4.24), as observed at the

surveyed sites and explained in Chapter 4, Sedtibh.

If the vehicle is the first vehicle approaching temporary traffic signals on the onset of red,
then the visibility will be checked and if the dgivcannot see the first vehicle from the
opposite stream, then the driver will stop at ttog dine and comply with the traffic signals.
Also, if the visibility is good, but there are velds approaching from the opposite stream, the
driver will also stop at the stop line and will nablate the red light (as was the case from
site observations).

Alternatively, if visibility is good and there ameo drivers approaching from the opposite
stream and the vehicle is already stopped at tbp Bbhe (speed equal to zero), then

Category 3 violation criteria are checked.

Category 3 (group violations) occurs on VA signafgl when vehicle waiting time exceeds
75 seconds (as observed from sites due to MVD tletefailures). If all these conditions are

met, then a random number generator will be calfg@c). If this random number is lower
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than the percentage of group violations, then amgad 3 to 4 drivers, as observed from sites,
may cross the site while on red signals, but ifrthenber is higher, then the drivers will stop

at the stop line.

Category 4 (single violations) occurs at both Fd@l &A signals. A random number generator
is called (Rsc) and if it is lowers than the observed percentafgengle violations (as shown
in Table 4.24), then the driver will cross the sitered. Otherwise, the driver will stop at the

stop line.
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) 4
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Leader crossed b4
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l ; No No
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Figure 6.7: Shuttle-lane roadworks sub-model stimgcfred violations)
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If the vehicle approaching the temporary traffignsl is not the leading vehicle, the model
will check if the leading vehicle has crossed orbarfred. If not, then the following vehicle
will also stop. Alternatively, if the leading veleccrossed the stop line on amber, then a
random number generator will be calledk¢B. If this number is lower than the observed
percentage of red crossing for following vehiclas §hown in Table 4.22 for Category 2 —
DZ follower), then the driver is assumed to crdss site on amber. Otherwise, the driver is
assumed to stop at the stop line. Category 3 aegiay 4 violations are built in to the model
but has not been activated as they are contribubngegligible amount of violations as
shown in Table 4.25.

6.6 Modelling of shuttle-lane traffic signals

6.6.1 Introduction

Modelling temporary traffic signals requires applyithe correct system and sequences as
observed on visited sites. Two types of signalsrggt were observed on site namely Fixed
Time (FT) and Vehicle Actuated (VA). Detailed deption of the method of modelling these

systems is explained in the following sections.

6.6.2 Fixed time signals (FT)

Although it is stated by the Department for Transg@008) that temporary traffic signals
should always be operating under Vehicle Actuat&dl) settings and Fixed Time (FT) needs
to be authorised in writing, it was noticed thabtaut of the six visited roadworks sites were
operating under FT settings. Using fixed signalireggs, green time will be fixed to the
maximum recommended green time (which depends tnlangth) without taking into

account the flow level or tidality.

6.6.3 Vehicle actuated signals (VA)

There is no direct reference to the amount of gteae extension which will be given to
each vehicle in the Highways Agency (2005B). It wtted by the Department for Transport
(1999a) that vehicles will be extended by an in@emmof 0.5 seconds until the vehicle
reaches the stop line. It was also noticed ortlsétewhen a stream has the active green stage
running and no vehicles are detected on the oppesitam, the green stage can be extended
for up to 90 seconds before it is terminated. Timepbfied operation of VA signals is

illustrated in Figure 6.8.
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6.7 Other model characteristics

Other SIMSUR model characteristics were added, sisckach vehicle is assigned a unique
vehicle code (serial number). The serial numbersdogt change once vehicles exit the

system and it holds all the characteristics of taduicle for the output analysis.

Warm-up and cooling-down sections were introducgi0 (metres at each end of the model)
representing the generation and exiting points haf inodel and all data on the traffic
behaviour on these sections have been ignored enothput data analysis (road length

excluding both warm-up and cooling-down section® ksns in length).

Warm-up and cooling down periods were also intredu® minutes each) at the start and the
end of the simulation period and data on the trdf@haviour was ignored in the output data

analysis.
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Figure 6.8: Vehicle Actuated (VA) sequence for tenapy traffic signals
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6.8 Model output

There are various types of SIMSUR model output Wexte used for different tasks such as
model verification, calibration, validation, traffmanagement testing, vehicle interaction and
signals extension (i.e. VA signals and safety intdé-lane site). The model output files can

be grouped under four main headings:

=
1

Micro reporting:

= Vehicle position, speed and acceleration (evergprsog time)

N
1

Cyclical reporting:
= Cycle throughput;
= Compliance with traffic signals;
= Queues;
= Move-up time.

w
1

Macro reporting:
= Waiting time (due to stopping at traffic signals);
= Overall travel time;
= Hourly throughput;
= Average vehicle speed.
4- Detector and interactive reporting:
= Time headway for BAR and ACR;
= Arrival flow and headway (when vehicles enter tiigtem);
= Vehicle detection to alter signals settings (VAsi3);

= Vehicle detection for shuttle-lane site safety.

6.9 Model capabilities

SIMSUR model was designed in order to test thecefté different traffic management
controls and layouts (i.e. speed limits, signalirsgs, site length) on travel time, system
capacity and drivers’ behaviour. Furthermore, elthted parameters are easily changed in the

input file in order to assess the effect of appiyififferent values.

SIMSUR model takes into account the limitationgoéviously reported simulation models
(Chapter 2, Section 2.7) such as:
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1- The ability to take into account the effect of wais parameters such as HGVs
percentage, tidal flow, new VA signals specificatio

2- The ability to take into account the effect of dyne acceleration/deceleration
changes for every vehicle;

3- The ability to replicate the actual correct behaviof dilemma zone and red light

violations observed on site and test their effecsystem capacity;

6.10 Summary

This chapter described the development of SIMSURdehdor shuttle-lane roadworks
operated by temporary traffic signals. The carolwlhg and shuttle-lane rules (sub models)
were also discussed in details. The rules usedMS5BR model were based on real data
from sites observations as well as related previatudies. FORTAN programming language
was used with over 4,700 lines of coding. The rehdpter will describe SIMSUR model
verification, calibration and validation stagesngsreal data taken from different shuttle-lane

roadworks sites and other sources.
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CHAPTER SEVEN: SIMSUR MODEL VERIFICATION,
CALIBRATION AND VALIDATION

7.1 Introduction

The reliability of any traffic micro-simulation metl depends on the model’s ability to
produce system’s behaviour that is close enougtredb traffic situations (FHWA, 2004).
According to Al-Obaedi (2012), exact replicationtiffic parameters might not be achieved
as it mainly depends on human behaviour which lgesti to change (randomness) because

of various reasons and that simulation errors shoat exceed the permitted limits.

In the previous chapter, SIMSUR simulation model #re associated sub-models (rules) for
car-following and shuttle-lane were explained inads. The current chapter presents the
verification, calibration and validation stagestbése rules and also for the whole micro-

simulation model.

The model verification process is determining tlmenputer code which implements the
modelling logic and produces the desired outputvéotous sets of input data, observing the
animation of the simulation outputs under a var@tynput parameters (Olstam and Tapani,
2011; Wang, 2006). Model calibration is the adjwestinof model parameters (from real
observations) using optimisation to determine thst lmatch of the simulated outputs with
real observations from sites (May, 1990). Accordiiog Liu and Wang (2007), model

validation is the testing of different sets of détam different time periods or different sites)
using the calibrated model parameters, in whiclissizal measures (goodness-of-fit) are

used to quantify the similarities between the sated model output and the observed data.

May (1990) described the typical structure of amyusation model as shown in Figure 7.1.
The figure shows that the verification, calibratenmd validation processes are dependent and
repetitive since any discovered error may requapisiing the model's assumptions and

parameters.

In this chapter, the statistical tests and theethmedel stages (verification, calibration and

validation) are discussed in details in the follogvsections.
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;t Real Life

Flowcharts
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Computer Code

Validation
Calibration
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——»

Figure 7.1: Micro-simulation model verification,lidaation and validation stages (May,
1990)

Various sites were used for the model calibratiod anodel validation stages as shown
in Table 7.1. Different information (both observéata and assumed values) was used either
as input for, or output from, the SIMSUR model. Thiarmation used as input/output were
also utilised for either model calibration or valithn stage. Table 7.2 provides a summary of

the parameters/measurements which were used BIMBUR model either as an input or

obtained as an output for both calibration/valiolatstages.

Table 7.1: List of sites used for model calibratioralidation stage

Process FT sites VA sites
Calibration = Site 16a = Site 12
Validation = Site 16b = Site 17

= Site 19 = Site 18
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Table 7.2: Data used in model input/output or catibn/validation stage

Parameters/Measurements Observed/Assumed| Input | Output | Calibration | Validation
Arrival flow Observed 4 NA
Throughput Observed v v

HGV % Observed v NA
Site geometric details Observed v NA
Signal timings Observed v NA
Arrival time headway Observed v v
Following time headway Observed v 4
MUT Observed v 4
MUD Observed v NA
e egs | obsened | ¢ G
Close following Observed v v
Queues Observed v 4
Buffer space Assumed 4 4
Reaction time Assumed v v
Shift value Assumed v v
Speed Assumed v NA
Car length Assumed v NA
HGV length Observed v NA
Acceleration Assumed 4 NA

Observed Values taken from site visits
NA: Not applicable (neither used in calibration nalidation)

AssinValues taken from previous literature

Site geometric details Such as site length, location of signs, etc.

Arrival time headway: Time headway between successive vehicles (usgenerate traffic to enter the system)
Following time headway Time headway between successive vehicles intagigi.e. with headway € seconds)
Drivers’ signals compliance % Percentage of vehicles involved in amber crogedadight violations (Rc., Racr Rrcp
Close following Vehicles not complying with the 2 seconds rule. (with time headway < 2 seconds)

7.2 Statistical tests

Statistical goodness-of-fit measurements (testsewarried out between the observed and
simulation output data for calibration and validati purposes. In addition, graphical

representation was also produced. Five new gooebfdésmeasures have been introduced,
explained and used in the model calibration andiaabns for comparison between observed

and modelled results.

7.2.1 Root Mean Square Error (RMSE)

This test is considered to be good initial testnake a comparison between empirical and

simulated data because it penalises high errotsghter rates than small errors (Toledo,
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2003). The test has been used in many simulaticest (see for example Wat al, 2003;
Panwai and Dia, 2005; Wang, 2006; Al-Jameel, 2012 A-Obaedi, 2012) and is shown in
Equation 7.1.

RMSE = \/%Z{’zl(xi — yi)2 Equation 7.1
Where,

n is the number of time intervals

xi is the observed flow at time interval i;

yi is the simulated flow at time interval i.

7.2.2 Coefficient of correlation (r)

The coefficient of correlation is considered a dapgoodness-of-fit measure for testing the
strength of the linear relationship between modeb@d observed data and is shown in
Equation 7.2 (Hourdakist al, 2003).

r=—yn (IR0 Equation 7.2

n-1 oXOoy

Where,
x andox are the mean and the standard deviation for thumlgbserved data

y andoy are the mean and the standard deviation for thalation output

7.2.3 Theil's Inequality Coefficient (U)

Theil's Inequality Coefficient is considered to bwre sensitive and accurate than the
RMSEP or (r) and it is widely used in calibratiamdavalidation of traffic simulation models
(see for example Wang (2006), Al-Jameel, (2012) Ah@baedi (2012)). The U value is
between 0 and 1 with a value of O represent a gieffe It can be determined by the

following equation (Hourdakist al., 2003).

[0 (xi-yi)?
U

] J%Z?=1(xi)2+\/%2}‘=1(yi)2

Equation 7.3
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7.2.4 Bias proportion (Um)

Bias proportion () measures the error that can be used to deterognsistent over-
counting or undercounting of vehicles by comparmgan values and is represented in
equation 7.4 (Hourdakmst al., 2003).

)2
U,= _DCED

YR, (xi—yi)2 Equation 7.4

7.2.5 Variance proportion (Us)

Variance proportion (Us) can measure the degreevaiability of the simulated

measurements compared with actual observed measntiiHourdakiet al, 2003).

n(ox—oy)?

Us= Sn Gioyie

Equation 7.5

According to Hourdaki®t al (2003), the coefficient of correlation (r) is sistered to be a
good measure but it does not provide any additioffakrmation on the nature of the error
(difference) between real measurements and siroanlatTheil’s Inequality Coefficient” is
more accurate and sensitive than RMSEP or r acahitalso be decomposed into three other

coefficients that provide more specific informatiamout the nature of the error.

According to Hourdakigt al (2003), satisfactory model results will be ackiguf (r) is
above 0.8 and (U) is lower than 0.3. According e Design Manual for Roads and
Bridges (1996), the GEH should k& for the link flow to be satisfactory. These 8irelds,
along with other measures, are monitored throughiogitcalibration/validation process to

ensure acceptable model quality.

7.3 Model verification process

According to Al-Jameel (2012), the model verificati process can be described as the
process of checking if the modelling assumptiongsehbeen correctly translated into a
computer code (i.e. debugging the program codethdnsimulation model development, the
model verification can also be achieved by the nlad®n of the model animation and the
simulation output to check if they are reasonabiden various input parameters without

comparing with the real observed input data (Wa096).
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Therefore, the model verification process was edraut at the model development stage by
observing the animation, analysing the model ousimgt debugging the program code for any
warnings and errors. Model animation screenshasishown in Figure 7.2. The verification
was carried out for all input parameters (i.e. mekispeed, arrival headway distribution,

vehicle length distributions, car-following rulesdashuttle-lane rules, etc.).

Figure 7.2: Typical screenshot from the simulatoodel

The normal distribution of the desired speed amcekample, the cumulative distribution of
HGVs length were found to be similar to what wapexted (input into the model) as shown
in Figure 7.3 and 7.4. The same tests were cawoigdfor arrival headway distribution,

reactions time, move-up delay.
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(a) Primary Stream (b) Secondary Stream

Figure 7.3: An example of model verification forsded speed distribution
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Figure 7.4: An example of model verification forhige length distribution (HGVS)

Vehicle trajectory diagram is the most commonlyduparameter to reveal the capability of
vehicle movements in simulation models and is @segart of the model verification process
of vehicle movements and response to traffic sgyriailgure 7.5 shows the trajectories for a
sample of 20 vehicles on the primary stream. VeBialrriving at the shuttle-lane roadworks
site operated by temporary traffic signals will espnce both interrupted and uninterrupted
flow conditions at the traffic signals as illusedtin Figure 7.5.

Figure 7.5 shows an example of the different afriveadways and following headways
between vehicles during the simulation procesalsb shows that interrupted vehicles will
start decelerating before arriving at the tempoteaific signals and stopping during the red
light. Vehicles will start accelerating when thghis show green. On the other hand,
uninterrupted vehicles arrived at the site when tthéfic lights show green will continue

without stopping.
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Figure 7.5: Sample of vehicle trajectories anddffiect of traffic signals

7.4 Model calibration process

This section describes the calibration processhefdar-following sub-model, shuttle-lane
sub-model and the overall simulation model. It $tdcae noted that the model calibration
results were achieved after repetitive iteratiohgshe model's verification and parameter
calibration stages, as mentioned in section 7.1 idastrated in Figure 7.1. During the

iterative processes, the parameters were modifi@lder to achieve a closer fit between real

observed data and simulation output.

7.4.1 Calibration of the car-following model

The calibration of the car-following sub-model is important step to ensure the correct use
of the car-following rule. Due to the very limited unavailable trajectory data in the UK, the
simulation model results were compared with realeobed trajectory data that was collected
by Robert Bosch GmbH Research Group using instrtederehicles to collect relative speed
and space headway between the leader and the &ll@®anwai and Dia, 2005). The

trajectory dataset can be summarised as:

= Speed ranging between 0 and 60 kph;
= The duration of the test is 300 seconds;

= Three stopping situations.
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Panwai and Dia (2005) compared the trajectory aath simulation models such as S-
Paramics, VISSIM and AIMSUM. The comparison usedhbBMSE in metres and EM
(Error Metric) statistical tests to show the goashef-fit between the modelled and observed
value of the spacing between the leader and thewfet. The results of the tests with the
developed SIMSUR simulation model are summarisedlable 7.3 and the graphical

representation is shown in Figure 7.6.

The calibration of the car-following model is a quivated and very sensitive step in
determining the appropriate behaviour of the leddiéower relationship. As the developed

model is based on the safety criteria, the assurakeks of the reaction time and the buffer
space are important and critical factors that weakbrated during this process. Iterative
processes were carried out to select the optimwautios time Rt (starting with Rt of 0.5

seconds and ending with 2.2 seconds) and buffecedpa (assuming Bs of 0.5 to 2.5
metres) which helped to achieve the best fit betwsienulation and observed values as

shown in Table 7.3 and presented in Figure 7.6.

It can be seen from Table 7.3 and Figure 7.6 tlsatguthe RMSE statistics, SIMSUR
simulation model produced the best results (whenpased with observed data) in terms of
the representation of the car-following behavioetween the follower and the leader under
the current test conditions. Using other statisscgh as the EM, the model is considered the
second best after AIMSUM with a very small diffecenThese results were obtained using
an optimum reaction time value of 1.2 seconds ané@imum buffer space value of 1.5

metres following an iterative process.

Table 7.3: Performance of the car-following modethe selected traffic micro-
simulation models (Panwai and Dia, 2005)

o VISSIM (v3.70) _

Statistical | AIMSUN : : Paramics | SIMSUR
measure | (v4.15) | Wiedemann | Wiedemann (v4.1) Model
74 99
RMSE 4.99 5.72 5.05 10.43 3.96

EM 2.55 4.78 4.50 4.68 3.77
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Figure 7.6: Comparison between SIMSUR simulatiomleh@and observed distance between
the follower and the leader

Following the above results which shows a reliafileof the car-following behaviour

between the leader and the follower (which is kndavbe the core of the simulation model),

the model can be used in building the anticipatedtke-lane simulation model.

7.4.2 Calibration of the shuttle-lane model

The calibration of the shuttle-lane rule was carraat by ensuring that the model could
replicate the correct drivers’ behaviour as acalyaas possible (i.e. amber crossing and red
light violations). This step was carried out by Iempenting the drivers’ behaviour rules and
decisions when approaching temporary traffic sig@a discussed in Section 6.5 (illustrated
in Figure 6.6 and 6.7) and also by assuming thaedy are alert when they approach the site

(which affects the reaction time and following heagt).

The calibration of temporary traffic signals viatets was carried out for Category 1 and
Category 2 violations only (as explained in Sectds) using a random number generator in
an iterative process (starting with the observeldles until it reached the final modelled
value as shown in Table 7.4), which compares theegged number with the observed
percentage (i.e. R., Racr, Rrcr €tc.) in order to achieve as accurate resulisoasible for
each site. These percentages (used in SIMSUR dionulaodel as an input) were modified
slightly to take into account the random arrivadl goosition of vehicles at the onset of amber
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as shown in Table 7.4. Calibration results foizRare shown in details in Appendix C
(Tables C.13 and C.14).

For example, the observed percentage gf RRandom number generated from Amber
Crossing for Leaders) is made up of three typesnuber crossing and red violations, which

are summarised below:

1- Drivers crossed the stop line because they coutdstap due to their speed and
distance to stop line (crossed the stop line abttset of amber);

2- Drivers crossed the stop line intentionally (crassbe stop line at the onset of
amber);

3- Drivers decided to cross the stop line on ambertibeitlights changed to red at the

time of crossing.

The split between the first two categories canmoidentified from observed data. Therefore,
the RicL value used in the model will account for intenibrerossing only while the
unintentional crossing due to driver’'s inability sdop will be accounted for using the
comparison between AG@&nd the maximum deceleration rule as discuss&kation 6.5.
The calibration and validation results for the vehof the simulation model are shown in the

following section.

Table 7.4: Summary of observed and calibratggl Ror all sites

: Observed Ry (%) Final Modelled Rac. (%)
Site - -
Primary | Secondary | Primary Secondary
Site 12 3.8 1.3 3.0 0.5
Site 16a 22.5 14.8 18.0 12.0
Site 16b 10.6 25.1 8.0 23.0
Site 17 1.6 1.6 1.0 1.0
Site 18 0.3 19 0.5 15
Site 19b 23.5 27.2 21.0 25.0

7.4.3 Calibration of the simulation model

The calibration for the whole of the simulation rebevas carried out by iterating different
sets of various parameters such as buffer spatexefit reaction time assumptions, different

shift value (for headway distribution of vehicleiaals) and different k| values.
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Regarding reaction time assumptions, two cases ass@med on drivers’ alertness and were
used in model calibration as explained in Sectidh &d summarised below. Results of
following time headway were used as a primary iattic of the validity of the assumptions

and are summarised in Table 7.5.

= Case 1 drivers are alert when density reaches or exc8édseh/km as implemented
by many previous researchers (Benekohal, 1986; i¥dl#93; Da Silva and Stosie,
2010; Al-Jameel, 2012; Al-Obaedi, 2012);

= Case 2 drivers are alert if he/she approaches the “raakisvstart” sign until he/she

approaches the “roadworks end” sign.

Table 7.5: Summary of time headway results foredéht cases for Site 16a

Cases 1&2
Casel .
Direction | Location | Headway (E0 A1)
% difference between observed
and modelled time headway
BAR <9 sec -7 -2
Primary ACR 16 3
BAR <6 sec -9 -9
ACR - 15 10
BAR <9 sec -7 2
Secondary ACR 13 4
BAR <6 sec 3 1
ACR - -14 6
BAR: Before Approaching Roadworks ACR: After Crossing Roadworks

It can be seen from Table 7.5 that the combinedscéi®. cases 1 and 2) of drivers’ alertness
provided closer values (smaller differences) toeob=sd following headway data for both
streams (i.e. primary and secondary streams), sittlations (i.e. BAR and ACR) and for
time headway (for both headway6 seconds and < 2 seconds) for Site 16a. Therdfoth

cases were used in all models and the resultharmensin the following sections.

Different shift values (in the shifted negative erpntial distribution) were calibrated using
various sets of shift value (i.e. 0.2 to 1.0 withiacrement of 0.1 seconds). Table 7.6 shows
the arrival flow statistical tests for both a sé&ecshift value, the final calibrated shift value
(i.e. primary and secondary streams) and the arflia profile is presented in Figure 7.7.

The final selected shift value is 0.5 seconds fanary and secondary streams.
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Various model outputs were also tested to deterrtiaethe model calibration is adequate.

The model outputs are shown below for each sitecacti stream separately:

= Hourly directional flow and throughput (i.e. themioer of vehicles passing through TSS
at every cycle) for each 5-minutes interval;
= Average time headway (for both BAR and ACR);
= Percentage of vehicles in platoons (time headwéyeconds);
= Drivers’ non-compliance with the two-seconds ruisé headway < 2 seconds);
= Drivers’ non-compliance with traffic signals (amlmeossing and red light violations);
= Move-up time;
= Queues.
Table 7.6: Model calibration statistics-flow fornaus shift values (Site 16a)
- Primary Stream Secondary Stream
Statistical : :
Test Shift 1 Ca_llbrated Shift 1 Ca_llbrated
shift value shift value
RMSEP % 15.9 5.6 12.2 115
r 0.836 0.997 0.92 0.89
U 0.08 0.02 0.05 0.07
Un 0.00 0.57 0.01 0.00
Us 0.00 0.20 0.00 0.00
GEH 3.18 1.07 1.8 0.91
Shift 1: is the worst results from a selected skaftie of 0.8 seconds
500 500
450 450
g 400 S 400
% 350 E 350
2 300 é 300
2 250 £ 250
_2 200 2 200 \
3 150 ¥ T&v 150
£ 100 —Observed (veh/hr) | € 100 —Observed (veh/hr)
o Shift 1 < 5 ----Shift 1
: —Calibrated Shift 5 —Calibrated Shift
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
Time Slice (5 mins interval) Time Slice (5 mins interval)
(a) Primary Stream (b) Secondary Stream

Figure 7.7: Arrival flow profile for different shivalues (Site 16a)

The calibration was divided into two categories, &ignals sites and VA signals sites.
The sites used for the calibration process (as shmwTable 7.1) were divided into two
categories, as follows:

= Fixed Time signals (FT):
= Site 16a
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= Vehicle Actuated signals (VA):
= Site 12

These were based on using different ranges ofleitgths to cover a wider range (i.e.
52 metres for Site 16a and 107 metres for Site TB¢. results of the calibrated model are
summarised in the following sections.

7.4.3.1 Fixed time signals (FT)

a. Input Parameters

Input data (as was observed and explained in Chédpfier Site 16a is summarised in Table
7.7.

Table 7.7: Model input parameters (Site 16a)

Observgd_ Parameter Primary Stream | Secondary Stream
Characteristics
Flow Arrival Flow (veh/hr) 263 303
HGVs (%) 55 35
Site Site Length (m) 52
RDW sign (m) 59 52
Signal GT (sec) 20 20
All-Red (sec) 5
*RacL (%) 18.0 12.0
Safety Rack (%) 8.0 15
Rrcr (%) 1.6 0.0

RDW sign: the distance between the “Roadworks Sigrn” and the stop line
* Calibrated value obtained from Table 7.4

b. Flow and throughput

Site 16a traffic flow data (observed data for 2 isoperiod) were compared with simulation
model output for each stream and for each 5-minatesval. Figure 7.8 shows the observed
and modelled traffic flow data for each 5-minutagerval and for each stream separately.
The statistical goodness-of-fit measures for th@gagd flow and signals throughput are

reported in Table 7.8.

It can be seen from Figure 7.8 that the arrivaWflm the simulation model is in good
agreement with the real observed data for eachrbies interval and for both primary and
secondary streams. It can also be seen from Tablthdt all the six statistical goodness-of-

fit results for both flow and throughput for eaciminutes interval are satisfactory.
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Figure 7.8: Model calibration — observed vs. masteflow data (Site 16a)

Table 7.8: Model calibration statistics-flow andahghput (Site 16a)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput
RMSEP % 5.6 6.4 11.5 12.3
r 0.997 0.96 0.89 0.87
U 0.02 0.03 0.07 0.09
Un 0.57 0.04 0.00 0.00
U 0.20 0.04 0.00 0.00
GEH 1.07 1.22 0.91 0.50

Throughput per cycle between observed and moddi¢al at cycle level was also compared
to ensure that the model will not have a lower/Brgmaximum throughput which will affect
the system capacity when the model application estesg carried out. The maximum
throughput per cycle is observed to be 10 vehiatesversaturated cycles which were also

equal to the modelled throughput per cycle fromdingulation model.

c. Following headway

Results of the average time headway for vehicleplatoons (following headwayx 6
seconds) between observed and modelled data wenpaced for the vehicles in both
situations (i.e. BAR and ACR) as shown in Table .@an be seen from Table 7.9 that the
average time headway between real observed datsiamdation model output for both
streams and for both situations (BAR and ACR) arggood agreement with a maximum

difference of less than 0.25 seconds in all situnesti

It can also be seen from Table 7.9 that the peagenof drivers violating the two-seconds
rule are also in good agreement between modelldabserved data for both streams and all
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situations with a maximum difference of -4%. Theafi comparison is the total number of
vehicles in platoons is also in good agreement éetwmodelled and observed data for all

situations with a maximum difference of 9% (34 \oids).

Table 7.9: Model calibration results — time head\{@&iye 16a)

o ) Primary Stream Secondary Stream

Headway criteria | Location Observed| Modelled | Diff. | Observed| Modelled | Diff.
Avg. Headway (sec) (BAR) 3.46 3.40 -0.06 3.15 3.02 -0.13
Avg. Headway (sec) (ACR) 2.49 2.36 -0.13 2.56 2.31 -0.25
< 2.0 (%) (BAR) 13% 11% -2% 17% 19% 2%
< 2.0 (%) (ACR) 38% 41% 3% 33% 29% -4%
<6.0 (veh) (BAR) 242 221 -21 284 286 2
<6.0 (veh) (ACR) 355 389 34 423 448 25

d. Drivers’ compliance

Drivers’ non-compliance with traffic signals werts@ reported in details (amber crossing
and red light violations) and were compared betwagserved and simulation model output
as shown in Table 7.10 (for each stream separatelyfor both default and calibrateddr
value). Drivers’ non-compliance was calibrated gswrarious sets of R percentage as
explained earlier. It can be seen from Table 7hHD the total number of amber crossing and
red light violations for both streams is in goodemment between the real observed and
model simulation data. For violation breakdownlioth categories (i.e. vehicles and cycles),

more details are shown in Appendix C.

Table 7.10: Model calibration statistics — sigraspliance (Site 16a)

Primary Secondary

RacL Violation Stream Stream
Obs. | Mod. | Obs. | Mod.
Default/observed| Total crossing on Amber & Red (veh)| 34 39 49 60
Ract Total crossing on Amber & Red (%) 6% 7% 8% | 10%
Calibrated R Total crossing on Amber & Red (veh)| 34 33 49 49
ACL 1 Total crossing on Amber & Red (%) 6% 6% 8% 8%

Obs. is the observed value from site Mod. issiheulation model output

e. Move-up time (MUT)

Move-up time (MUT) is also reported and a comparibetween observed and simulation

output was conducted as shown in Table 7.11 (fdtdll for all vehicles) and presented
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graphically in Figure 7.9 (for each vehicle) fortlhgtreams. It can be seen from both Table
7.11 and Figure 7.9 that the MUT results betweesenked and modelled data for both
streams are in good agreement with a differenc%f and -6% for primary and secondary
streams, respectively. For complete MUT comparieoreach vehicle position in the queue,

see Appendix C.

Table 7.11: Model calibration statistics — total M{5ite 16a)

MUT (sec)
MUT
Observed Modelled
(P) 12.69 (P) 12.48
Total | g) 1339 (S) 12.53
P is Primary stream S is Secondary stream
3.5 3.5
g 2.5 R g 2.5
@ @
% 15 3 15
3 —Observed S —Observed
2 05 -=-Modelled s 05 -=-Modelled
0 0
1 2 3 a4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Vehicle Position Queue Vehicle Position Queue
(a) Primary Stream (b) Secondary Stream
Figure 7.9: Model calibration — MUT for each vebi¢Bite 16a)
f. Queues

Queues are reported and a comparison between feeveld and simulation model output is
shown in Table 7.12 for each stream separately.oiieg to Dowlinget al, (2002),
maximum queue (in vehicles) is the maximum obseryedue in any 5-minutes interval
(over the simulation period). It is a useful meastirat needs to be observed and compared
between real data and simulation model to indidatiee queues will spill back to the next
junction. Average queue in any 5-minutes intervad d@otal queued vehicles over the
simulation period are also useful measures to teporand compare with observed and
modelled data.
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It can be seen from Table 7.12 that the differemcesaximum queues are -6.7% and 7.1%
for primary and secondary stream, respectively;levthe difference in average queues is
-5.0% and -3.9% for primary and secondary streaspectively. The difference in the total
reported queues over the simulation period is 3&8# -3.5% for primary and secondary
stream, respectively. According to Lee (2008), wadidation criterion for the simulated
maximum and average queue is to be within £20%@fbserved value. Therefore, it can be
concluded that reported simulation queues are wdgagreement with the real observed
queues.
Table 7.12: Model calibration statistics-queues$e($ba)

e [Esmie Primary Stream Secondary Stream
Observed | Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 15 14 -6.7% 14 15 7.1%
Average queue (veh) 4.0 3.8 -5.0% 5.1 4.9 -3.9%
Total queued vehicles (veh) 357 371 3.9% 483 466 | -3.5%

7.4.3.2 Vehicle Actuated signals (VA)

a. Input Parameters

Input data (as was observed and explained in Chépt®r Site 12 is summarised in Table

7.13.
Table 7.13: Model input parameters (Site 12)

Observ_ed. Parameter Primary Stream | Secondary Stream
Characteristics
Flow Arrival Flow (veh/hr) 158 147
HGVs (%) 8.5 9.5
Site Site Length (m) 107
RDW sign (m) 40 42
Signal GT (min, max) (sec) (12,88) (12,60)
All-Red (sec) 20
*RacL (%) 3.0 0.5
Safety Rack (%) 0.0 0.0
Rrck (%) 0.0 0.0

RDW sign: the distance between the “Roadworks Sigrn” and the stop line
* Calibrated value obtained from Table 7.4

b. Flow and throughput

Site 12 traffic flow data (observed data for 2 period) was compared with simulation
model output for each stream and for each 5-minutésrval. Figure 7.10 shows the
observed and modelled traffic flow data for eachifutes interval and for each stream
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separately. The statistical goodness-of-fit measume the assigned flow and signals
throughput for the 5-minutes interval are repoitedable 7.14. These results were obtained
after calibrating the shift value (in the shifteelgative exponential distribution for vehicle

arrival).

It can be seen from Figure 7.10 that the simulathmdel is in good agreement with the real
observed data for each 5-minutes interval and ddin primary and secondary streams. It can
also be seen from Table 7.14 that all the sixstesil goodness-of-fit results for both flow
and throughput for each 5-minutes interval arestattory on all tests as they are within the
limits as suggested by Hourdakisal (2003).
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§ 500 —Observed (veh/hr) § 500 —Obs(;erl\ieg (ve:{}hr)
e ----Modelled (vehhr) S ----Modelled (vehhr)
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123 456 7 8 9 10111213141516 17 18 19 20 21 22 23 24 123 456 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24

Time Slice (5 mins interval) Time Slice (5 mins interval)

(b) Primary Stream (b) Secondary Stream
Figure 7.10: Model calibration — observed vs. miadeflow data (Site 12)

Table 7.14: Model calibration statistics-flow amdaughput (Site 12)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput
RMSEP % 8.6 12.5 11.3 11.6
r 1.00 0.95 0.90 0.96
U 0.04 0.05 0.10 0.10
Un 0.68 0.14 0.00 0.00
U 0.16 0.01 0.01 0.00
GEH 1.28 1.74 2.83 2.69

c. Following headway

Results of the average time headway for vehicleplatoons (following headwayx 6
seconds) were compared between observed and nuwddléa for vehicles before
approaching roadworks (BAR) and after crossing waalls (ACR) as shown in Table 7.15.

It can be seen from Table 7.15 that average tinaelliay between real observed data and
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simulation model output for both stream and formbsituations (BAR and ACR) are in good

agreement with a maximum difference of less thd8 8econds in all situations.

It can also be seen from Table 7.15 that the pé&xgenof drivers violating the two-seconds
rule are also in good agreement between modellddbserved data for both streams and all
situations with a difference of less than 7%. Timalf comparison of the total number of
vehicles in platoons is also in good agreement éetvthe modelled and observed data for all

situations with a maximum difference of 9% (13 \oids).

Table 7.15: Model calibration results-headway (S

o ) Primary Stream Secondary Stream

Headway criteria | Location Observed| Modelled | Diff. | Observed| Modelled | Diff.
Avg. Headway (sec) (BAR) 3.19 3.31 0.12 3.17 3.02 -0.15
Avg. Headway (sec) (ACR) 2.90 2.42 -0.48 2.85 2.44 -0.41
< 2.0 (%) (BAR) 24% 17% -1% 19% 20% 1%
< 2.0 (%) (ACR) 27% 27% 0% 20% 22% 2%
<6.0 (veh) (BAR) 86 93 7 70 75 5
<6.0 (veh) (ACR) 147 160 13 155 160 5

d. Drivers’ compliance

Drivers’ non-compliance with traffic signals was@lreported in details (amber crossing and
red light violations) and were compared betweerenkesl and simulation output as shown in
Table 7.16 for each stream separately (for both défult and calibrated &3 value).
Drivers’ non-compliance was calibrated using vasieets of - percentage as explained
earlier .It can be seen from Table 7.16 that thal toumber of amber crossing and red
violations for both streams is in good agreemeritvben the real observed and model
simulation data. For violation breakdown for bo#tegories (i.e. vehicles and cycles), more

details are shown in Appendix C.

Table 7.16: Model calibration statistics-compliaiiéde 12)

Primary Secondary
RacL Violation Stream Stream
Obs. | Mod. | Obs. | Mod.
Default/observed| Total crossing on Amber & Red (veh)| 3 6 1 4
Ract Total crossing on Amber & Red (%) | 1% | 2% | 0.2% | 1%
Calibrated Racy Total crossing on Amber & Red (veh)| 3 3 1 2
Total crossing on Amber & Red (%) 1% 1% 0.2% | 1%

Obs. is the observed value from site Mod. issiheulation model output
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e. Move-up time (MUT)

Move-up time (MUT) is also reported and a comparibetween observed and simulation
output was conducted as shown in Table 7.17 anskpted graphically in Figure 7.11 for
both streams. It can be seen from both Table 7ntl7 Fagure 7.11 that the MUT results
between observed and modelled data for both streamsin good agreement with a
difference of -5% and -6% for the primary and selawg streams, respectively. For complete

MUT comparison for each vehicle position in the wgpiesee Appendix C.

Table 7.17: Model calibration statistics — total M{(Bite 12)

MUT (sec)
MUT
Observed Modelled
(P) 11.08 (P) 10.52
Total | ()77 37 (S) 10.65
P is Primary stream S is Secondary stream
3.50 3.50
- 3.00 % 3.00
g 2
S 250 S 250
& a
> 2.00 E 2.00
3 3
T 150 § 1.50
Y]
i 1.00 E 1.00
3 g —~0Qbserved
2 050 —Observed 030 -=-Modelled
0.00 0.00
2 3 4 5 6 2 3 4 5 6
Vehicle Position Queue Vehicle Position Queue
(b) Primary Stream (b) Secondary Stream
Figure 7.11: Model calibration — MUT for each veai(Site 12)
f. Queues

Queues are reported and comparison between obsancedimulation model output is as
shown in Table 7.18 for each stream separatelgatt be seen from Table 7.18 that the
differences in maximum queues are 14.3% and 0%pfonary and secondary stream,
respectively; while the difference in average gqseise-12.1% and -16.1% for primary and
secondary stream, respectively. The difference hie total reported queues over the

simulation period is 6.0% and -9.1% for the primaryd secondary stream, respectively.
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Therefore, it can be concluded that reported sitrlaqueues are in good agreement with

the real observed queues.

Table 7.18: Model calibration statistics-queue$e(3R)

Primary Stream Secondary Stream
Queue Measure Observed| Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 7 8.0 14.3% 7 7 0.0%
Average queue (veh) 3.3 29 -12.1% 3.1 2.6 -16.19
Total queued vehicles (veh) 248 263 6.0% 263 239 -9.19

7.5 Model validation process

In the previous section, the main two parts ofdbeeloped micro-simulation model (i.e. car
following and shuttle-lane rules) were calibratew aested using various data from real
traffic information that was observed on sites. ldwer, there is a need to check the overall
model performance against independent sets of fdata the same site or from different
sites. The model validation was also divided imto groups (categories), Fixed Time signals
sites (FT) and Vehicle Actuated signals sites (V&ijes that were used in the validation for
each category are shown below.

= Fixed Time signals (FT):

= Sijte 16b
= Sijte 19

= Vehicle Actuated signals (VA):
= Site 17
= Site 18

7.5.1 Fixed Time signals (FT)

a. Input Parameters

Input data (as was observed and explained in Chaptdor Site 16b and Site 19 is

summarised in Tables 7.19 and 7.20, respectively.
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Table 7.19: Model input parameters (Site 16b)

ChObserv_ed_ Parameter Primary Stream | Secondary Stream
aracteristics
Flow Arrival Flow (veh/hr) 383 379
HGVs (%) 2 1
Site Site Length (m) 52
RDW sign (m) 59 52
Signal GT (sec) 20 20
All-Red (sec) 5
*RacL (%) 8.0 23.0
Safety Rack (%) 3.1 0.0
Rrcr (%) 4.0 0.0

RDW sign: the distance between the “Roadworks Sigrn” and the stop line
* Calibrated value
NA surveyed only for one hour

Table 7.20: Model input parameters (Site 19)

Observ_ed_ Parameter Primary Stream | Secondary Stream
Characteristics
Flow Arrival Flow (veh/hr) 553 408
HGVs (%) 3 4
Site Site Length (m) 38
RDW sign (m) 54 42
Signal GT (sec) 50 35
All-Red (sec) 10
*RacL (%) 21.0 25.0
Safety Rack (%) 16.5 18.2
RrcE (%) 26.1 12.4

RDW sign: the distance between the “Roadworks Stigrt” and the stop line
* Calibrated value obtained from Table 7.4

b. Flow and throughput

Traffic flow data for Site 16b (observed for 1 hquariod) and Site 19 (observed for 2 hours
period) were compared with the simulation modelpatutfor each stream and for each 5-
minutes interval. Figures 7.12 and 7.13 show theenked and modelled traffic flow data for
each 5-minutes interval and for each stream seggralhe statistical goodness-of-fit
measures for the assigned flow and signals thrautgiop the 5-minutes interval are reported
in Tables 7.21 and 7.22. These results were olutaafter calibrating the shift value (in the

shifted-negative exponential distribution for veaiarrival).
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Figure 7.12: Model validation — observed vs. magtbflow data (Site 16b)
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Figure 7.13: Model validation — observed vs. mazteflow data (Site 19)

Table 7.21: Model validation statistics-flow andabghput (Site 16b)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput
RMSEP % 7.1 11.1 3.3 3.2
R 0.989 0.998 0.97 0.97
U 0.04 0.03 0.08 0.00
Un, 0.02 0.19 0.00 0.00
U 0.00 0.01 0.00 0.00
GEH 2.06 1.37 2.18 2.46
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Table 7.22: Model validation statistics-flow andabghput (Site 19)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput
RMSEP % 3.9 4.8 13.0 12.5
r 0.99 0.99 0.95 0.93
U 0.02 0.02 0.12 0.11
Un 0.06 0.06 0.00 0.00
U. 0.00 0.00 0.00 0.00
GEH 0.93 1.03 0.49 1.08

It can be seen from Figures 7.12 and 7.13 thasithelation model for both sites (Site 16b
and Site 19) is in good agreement with the reaéntesl data for each 5-minutes interval and
for both the primary and secondary streams. Italan be seen from Tables 7.21 and 7.22
that all six statistical goodness-of-fit results bmth flow and throughput for each 5-minutes
interval and for both sites are satisfactory orniedts as they are within the acceptable limits.

Throughput per cycle was also compared betweematzs@nd modelled data at cycle level
to ensure that the model will not have a lower/Brgmaximum throughput which will affect

the system capacity when the model applicationestagarried out. The observed maximum
throughput per cycle is also equal to the modeaihedughput per cycle from the simulation

model for each site and each stream.

c. Following headway

Results of the average time headway for vehicleplatoons (following headwayg 6
seconds) were compared between observed and nubddléa for vehicles before
approaching roadworks (BAR) and after crossing wamatls (ACR) as shown in Tables 7.23
and 7.24 for Site 16b and 19, respectively.

It can be seen from Table 7.23 (Site 16b) thatayetime headway between real observed
data and simulation model output for both streachfan both situations (BAR and ACR) are
in good agreement with a maximum difference of kss 0.35 seconds in all situations. It
can also be seen that the percentage of driverswuatate the two-seconds rule are also in
good agreement between modelled and observedatabvath streams and all situations with
a difference of less than 6%. The final comparigbthe total number of vehicles in platoons
is also in good agreement between modelled andnadbedata for all situations with a
difference of a maximum of 7% (13 vehicles).
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Table 7.23: Model validation results-headway (&#é)

e _ Primary Stream Secondary Stream

Headway criteria | Location Observed| Modelled | Diff. | Observed| Modelled | Diff.
Avg. Headway (sec)| (BAR) | 3.46 3.27 -0.19 3.15 2.96 -0.1
Avg. Headway (sec) (ACR) 2.49 2.15 -0.34 2.56 2.21 -0.3
< 2.0 (%) (BAR) 16% 19% 3% 21% 27% 6%
< 2.0 (%) (ACR) 39% 41% 2% 35% 41% 6%
<6.0 (veh) (BAR) 141 134 -7 154 162 8
<6.0 (veh) (ACR) 189 202 13 216 229 13

It can be seen from Table 7.24 (Site 19) that tlezagge time headway between real observed
data and simulation model output for both streantd far both situations (BAR and ACR)
are in good agreement with a maximum differenckesd than 0.20 seconds in all situations.
It can also be seen that the percentage of drivecsviolate the two-seconds rule are also in
good agreement between modelled and observedatdbath streams and all situations with
a difference of less than 9%. The final comparigbthe total number of vehicles in platoons

is also in good agreement between modelled andnadaséor all situations with a difference

of a maximum of 6% (57 vehicles).

Table 7.24: Model validation results-headway (%8¢

o ) Primary Stream Secondary Stream

Headway criteria | Location Observed| Modelled | Diff. | Observed| Modelled | Diff.
Avg. Headway (sec) (BAR) 2.48 2.66 0.18 2.75 2.79 0.0
Avg. Headway (sec) (ACR) 2.33 2.15 -0.18 2.33 2.13 -0.4
< 2.0 (%) (BAR) 38% 32% -6% 30% 21% -9%
< 2.0 (%) (ACR) 47% 52% 5% 45% 48% 3%
<6.0 (veh) (BAR) 932 875 -57 571 555 -16
<6.0 (veh) (ACR) 958 974 16 707 698 -9

d. Drivers’ compliance

Drivers’ non-compliance with traffic signals was@lreported in details (amber crossing and
red light violations) and was compared between ieskeand simulation output for both sites
(Site 16b and Site 19) as shown in Tables 7.257a2@l for each stream separately. Drivers’
non-compliance was calibrated using various seRaef percentage as explained earlier. It
can be seen from Tables 7.25 and 7.26 that thertotaber of amber crossing and red light
violations for both streams is in good agreemeritvben the real observed and model
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simulation data. For violation breakdown for botitegories (i.e. vehicles and cycles), see

Appendix C.
Table 7.25: Model validation statistics-compliaiiége 16b)
. Primary Stream Secondary Stream
Violation
Observed| Modelled | Observed| Modelled
Total crossing on Amber & Red (veh) 34 34 25 26
Total crossing on Amber & Red (%) 9% 9% 7% 7%
Table 7.26: Model validation statistics-compliaiiéae 19)
. Primary Stream Secondary Stream
Violation
Observed | Modelled | Observed| Modelled
Total crossing on Amber & Red (veh) 59 57 49 53
Total crossing on Amber & Red (%) 5% 5% 6% 7%

e. Move-up time (MUT)

Move-up time (MUT) is also reported and a comparibetween observed and simulation

output was conducted as shown in Tables 7.27 &@8&lahd presented graphically in Figures
7.14 and 7.15 for Site 17 and Site 18, respegtiiebr Site 16b, it can be seen from both
Table 7.27 and Figure 7.14 that the MUT resultsvbet observed and modelled data for
both streams are in good agreement with a differenic 3% and 0% for primary and

secondary streams, respectively. For Site 19 nthmaseen from both Table 7.28 and Figure

7.15 that the MUT results between observed and headdata for both streams are in good

agreement with a difference of 3% and 5% for thenm@ry and secondary streams,

respectively. For complete MUT comparison for eaelhicle position in the queue, see

Appendix C.

Table 7.27: Model validation statistics — total M(Hite 16b)

MUT (sec)
MUT
Observed Modelled
(P) 12.26 (P) 12.59
Total | (g 12,54 (S) 12.60

P is Primary stream
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Table 7.28: Model validation statistics — total M(Bite 19)

MUT (sec)
MUT
Observed Modelled
(P) 11.83 (P) 12.23
Total | 515 19 (S) 12.75

P is Primary stream
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-=-Modelled

3 4 5 6 _7 8 9
Vehicle Position Queue

(b) Secondary Stream

Figure 7.14: Model validation — MUT for each vebi¢5ite 16b)
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Figure 7.15: Model validation — MUT for each vebi¢5ite 19)
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f. Queues

Queues are reported and comparison made betweervetisand simulation model output as

shown in Tables 7.29 and 7.30 for Site 16b and Bterespectively. It can be seen from
Table 7.29 (Site 16b) that the differences in maximqueues are -11.1% and 5.6% for

primary and secondary streams, respectively; vihdedifference in average queues is -7.9%
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and 13.7% for the primary and secondary streanspeagively. The difference in the total
reported queues over the simulation period is 18% 3.1% for primary and secondary

streams, respectively.

It can be seen from Table 7.30 (Site 19) that tifferédnces in maximum queues are 3.6%
and 4.5% for the primary and secondary streamgeotisely; while the difference in

average queues is 7.0% and 2.7% for the primarysandndary streams, respectively. The
difference in the total reported queues over theukition period is 6.8% and 8.3% for the
primary and secondary streams, respectively. It marconcluded that reported simulation
gueues for both sites (Site 16b and Site 19) amgood agreement with the real observed
qgueues as all queue measures for both sites ananaitceptable limits (within £20% of the

observed value).

Table 7.29: Model validation statistics-queuesg3i6b)

Primary Stream Secondary Stream
Queue Measure Observed| Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 18 16 -11.1% 18 19 5.6%
Average queue (veh) 6.3 5.8 -7.9% 5.1 5.8 13.7%
Total queued vehicles (veh 303 307 1.3% 294 303 3.1%

Table 7.30: Model validation statistics-queuesq3@)

Primary Stream Secondary Stream
Queue Measure Observed | Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 28 29 3.6% 22 23 4.5%
Average queue (veh) 12.9 13.8 7.09 111 11.4 2.7%
Total queued vehicles (veh) 751 802 6.8% 569 616 8.3%

7.5.2 Vehicle Actuated signals (VA)

a. Input Parameters

Input data (as was observed and explained in Chaptdor Site 17 and Site 18 are

summarised in Tables 7.31 and 7.32, respectively.
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Table 7.31: Model input parameters (Site 17)

ChObserv_ed_ Parameter Primary Stream | Secondary Stream
aracteristics
Flow Arrival Flow (veh/hr) 204 223
HGVs (%) 5 5
Site Site Len_gth (m) 39
RDW sign (m) 89 114
. GT (min, max) (sec 12,54 12,72
Signal lg\II-Red (séc() ! 22 3 G212
*RacL (%) 1.0 1.0
Safety Rack (%) 0.0 0.0
RRrck (%) 0.0 0.0

RDW sign: the distance between the “Roadworks Sigrn” and the stop line
* Calibrated value obtained from Table 7.4
NA surveyed only for one hour

Table 7.32: Model input parameters (Site 18)

Observ_ed_ Parameter Primary Stream | Secondary Stream
Characteristics
Flow Arrival Flow (veh/hr) 179 313
HGVs (%) 3 3
Site Site Lquth (m) 73
RDW sign (m) 91 99
. GT (min, max) (sec 12,76 12,78
Signal ,gII-Red (S()ac() : G210 3 G270
*RacL (%) 0.5 1.5
Safety Rack (%) 0.0 0.0
Rrcr (%) 0.0 0.0

RDW sign: the distance between the “Roadworks Stigrt” and the stop line

* Calibrated value

** observed for 30 minutes (not full hour)

b. Flow and throughput

Traffic flow data for Site 17 (observed for 1 hqeriod) and Site 18 (observed for 1.5 hours
period) was compared with simulation model oututdach stream and for each 5-minutes
interval. Figures 7.16 and 7.17 show the observelddnaodelled traffic flow data for each 5-
minutes interval and for each stream separatelg. statistical goodness-of-fit measures for
the assigned flow and signals throughput for thailutes interval are reported in Tables
7.33 and 7.34 These results were obtained aftdsraahg the shift value (in the shifted-

negative exponential distribution for vehicle aativ
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Figure 7.16: Model validation — observed vs. magteflow data (Site 17)

Table 7.33: Model validation statistics-flow andaibghput (Site 17)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput
RMSEP % 114 13.3 9.4 8.3
R 0.95 0.87 0.90 0.88
U 0.04 0.04 0.05 0.06
Un 0.06 0.04 0.00 0.00
U, 0.04 0.01 0.03 0.01
GEH 1.45 1.40 1.38 2.10

Table 7.34: Model validation statistics-flow andaighput (Site 18)

Statistical Primary Stream Secondary Stream
Test Flow | Throughput Flow | Throughput
RMSEP % 5.0 6.8 11.3 114
r 0.99 0.96 0.87 0.96
U 0.02 0.03 0.10 0.10
Un 0.02 0.02 0.00 0.00
U 0.04 0.01 0.00 0.00
GEH 0.95 1.33 2.94 2.17
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Figure 7.17: Model validation-observed vs. modefled data (Site 18)

It can be seen from Figures 7.16 and 7.17 thasithalation model for both sites (Site 17 and
Site 18) is in good agreement with the real obskdata for each 5-minutes interval and for
both the primary and secondary streams. It cantesseen from Tables 7.33 and 7.34 that all

six statistical goodness-of-fit results for botbwl and throughput for each 5-minutes interval

and for both sites are satisfactory on all testhag are within the limits.

c. Following headway

Results of the average time headway for the vehitieplatoons (following headway 6
seconds) were compared between observed and nuwddléa for vehicles before
approaching roadworks (BAR) and after crossing waalls (ACR) for both sites as shown
in Tables 7.35 and 7.36 for Site 17 and 18, respedgt

It can be seen from Table 7.35 (Site 17) that tleeagge time headway between real observed
data and simulation model output for both streantsfar both situations (BAR and ACR) is

in good agreement with a maximum difference of teas 0.35 seconds in all situations.

It can also be seen from Table 7.35 that the p&agenof drivers who violate the two-
seconds rule are also in good agreement betweemdkelled and observed data for both
streams and all situations with a difference o$ lggn 9%. The final comparison of the total
number of vehicles in platoons is also in good egrent between the modelled and observed

data for all situations with a difference of a nmaxim of 19% (21 vehicles).

It can be seen from Table 7.36 (Site 18) that ayeetane headway between real observed
data and simulation model output for both streantsfar both situations (BAR and ACR) is
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in good agreement with a maximum difference of ks 0.18 seconds in all situations. It
can also be seen that the percentage of driverswuatate the two-seconds rule are also in
good agreement between modelled and observedatabath streams and all situations with
a difference less than 7%. The final comparisotheftotal number of vehicles in platoons is

also in good agreement between modelled and olibetta¢a for all situations with a

difference of a maximum of 11% (18 vehicles).

Table 7.35: Model validation results-headway (Sit§

- i Primary Stream Secondary Stream
Headway criteria - Location Observed| Modelled | Diff. | Observed| Modelled | Diff.
Avg. Headway (sec) (BAR) 341 3.10 -0.31 3.49 3.14 -0.3
Avg. Headway (sec) (ACR) 2.52 2.34 -0.18 2.49 2.52 0.03
< 2.0 (%) (BAR) 17% 13% -4% 19% 17% -2%
< 2.0 (%) (ACR) 42% 43% 1% 39% 30% -9%
<6.0 (veh) (BAR) 58 68 10 78 79 1
<6.0 (veh) (ACR) 108 129 21 123 138 15
Table 7.36: Model validation results-headway (%8¢
_ _ Primary Stream Secondary Stream
Headway criteria | Location Observed | Modelled | Diff. | Observed| Modelled | Diff.
Avg. Headway (sec) (BAR) 3.26 3.27 0.01 2.97 2.79 -0.1
Avg. Headway (sec) (ACR) 2.44 2.26 -0.18 2.41 2.32 -0.Q
< 2.0 (%) (BAR) 20% 13% 1% 26% 25% -19
< 2.0 (%) (ACR) 49% 52% 3% 44% 37% -7%
<6.0 (veh) (BAR) 160 142 -18 358 363 5
<6.0 (veh) (ACR) 240 263 23 475 489 14

d. Drivers’ compliance

Drivers’ non-compliance with traffic signals was@lreported in details (amber crossing and
red light violations) and was compared between ieskeand simulation output for both sites
(Site 17 and Site 18) as shown in Tables 7.37 aB8 for each stream separately. Drivers’
non-compliance was calibrated using various seRaef percentage as explained earlier. It
can be seen from Tables 7.37 and 7.38 that thertotaber of amber crossing and red light
violations for both streams are in good agreemeativéen the real observed and model
simulation data. For violation breakdown for botttegories (i.e. vehicles and cycles), see

Appendix C.
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Table 7.37: Model validation statistics-compliaiiée 17)

L Primary Stream Secondary Stream

Violation Observed | Modelled | Observed| Modelled
Total crossing in Amber & Red (veh) 1 0 1 3
Total crossing in Amber & Red (%) 0% 0% 0% 1%

Table 7.38: Model validation statistics-compliaiiéde 18)

Primary Stream Secondary Stream

Violation Observed | Modelled | Observed| Modelled
Total crossing in Amber & Red (veh) 4 5 6 8
Total crossing in Amber & Red (%) 1% 1% 1% 1%

e. Move-up time (MUT)

Move-up time (MUT) is also reported and a comparibetween observed and simulation
output was conducted as shown in Tables 7.39 a#dl ahd presented graphically Figures
7.18 and 7.19 for Site 17 and Site 18, respectiady Site 17, it can be seen from both Table
7.39 and Figure 7.18 that the MUT results betwé&enobserved and modelled data for both
streams are in good agreement with a difference6®&é and -3% for the primary and

secondary streams, respectively.

For Site 18, it can be seen from both Table 7.40 Rigure 7.19 that the MUT results
between the observed and modelled data for bo#arsts are in good agreement with a
difference of 9% and -4% for the primary and seeondtreams, respectively. For complete
MUT comparison for each vehicle position in the ugiesee Appendix C.

Table 7.39: Model validation statistics — total M{(Hite 17)

MUT (sec)
MUT
Observed Modelled
(P)9.21 (P) 8.64
Total (S) 9.00 (S) 8.70

P is Primary stream is Secondary stream

Table 7.40: Model validation statistics — total M{(Hite 18)

MUT (sec)
MUT
Observed Modelled
(P) 11.36 (P) 12.33
Total | 5)12.90 (S) 12.36
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Figure 7.19: Model validation — MUT for each vebi¢5ite 18)
f. Queues

Queues are reported and compared between obsemdediraulation output as shown in
Tables 7.41 and 7.42 for Site 17 and Site 18, cism@dy. It can be seen from Table 7.41
(Site 17) that the difference in maximum queues &% and 0% for the primary and
secondary streams, respectively; while the diffeeein average queues is -8.7% and -17.2%
for primary and secondary streams, respectivelg difference in the total reported queues
over the simulation period is 11.2% and 3.3% formary and secondary stream,

respectively.

It can be seen from Table 7.42 (Site 18) that ifferdnce in maximum queues is 10% and
-7.7% for primary and secondary streams, respdytiwehile the difference in average

queues is -10% and -17.3% for the primary and s#sgnstreams, respectively. The
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difference in the total reported queues over timeukition period is 6.2% and13% for the

primary and secondary stream, respectively. Thesefib can be concluded that reported

simulation queues are in good agreement with talkeoteserved queues.

Table 7.41: Model validation statistics-queuesg3if)

Primary Stream Secondary Stream
Queue Measure Observed| Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 6 7 16.7% 9 9 0.0%
Average queue (veh) 2.3 21 -8.7% 29 2.4 -17.2%
Total queued vehicles (veh) 232 258 11.2% 275 284 3.3%

Table 7.42: Model validation statistics-queuesq38)

Primary Stream

Secondary Stream

Queue Measure

Observed | Modelled | Diff. | Observed| Modelled | Diff.
Maximum queue (veh) 10 11 10.0% 13 12.0 -7.79
Average queue (veh) 4.0 3.6 -10.0% 5.2 4.3 -17.39
Total queued vehicles (veh) 325 345 6.2% 345 390 13.09

7.6 Summary

0

The current chapter presented the verificatioribcaion and validation of the car-following

and shuttle-lane rules as well as the calibrat@lidation of the whole SIMSUR simulation

model using real observed traffic data from varisusveyed shuttle-lane roadworks sites.

The results showed the validity of SIMSUR modelultssfor various (short to long) site

length  (38m-107m),

various

flow

(uncongested

(134 veh/hr — 888 veh/hr) and for both FT and Vénsils.

and ngested)

levels

Therefore, SIMSUR simulation model provides a sounasis for testing the effect of

different scenarios on the traffic conditions attlle-lane roadworks. The next chapter shows

the model applications that have been carried out.
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CHAPTER EIGHT: SIMSUR MODEL APPLICATION

8.1 Introduction

The current chapter presents a few of the posspldications of the newly developed

SIMSUR micro-simulation model for testing differeamanagement scenarios of shuttle-lane
roadworks operated by temporary traffic signalstides parameters were also tested using
the developed micro-simulation model to study tledfect on capacity and delays (i.e. site

length, signals operation type, HGVs % and directisplit).

The developed simulation model was also used tbitegroved shuttle-lane roadworks

scenarios and their effect on capacity, delaysimmeducing aggressive drivers’ behaviour.

8.2 The effect of site length on system capacity and ldg's

Site length has an effect on shuttle-lane roadweitescapacity. However, previous studies
did not take into account various factors (i.e toqmate signals specifications, amber crossing
and close following behaviour), which are belietedhave an impact on shuttle-lane system

capacity and delays.

For the current test, various site lengths weretetsite length of 25m, 50m to 300m with an
increment of 50m). Various flow levels for two-wélgws (veh/hr) were also tested (flow
level of 250-3000 with 250 veh increment). Tabl& Bsts the main parameters that have
been used to test the effect of site length ontlghlaine roadworks capacity and delays. All
other vehicle and drivers’ characteristics weretKkeqed. Over 1,600 simulation runs were

used to test this parameter.

Table 8.1: Input data for testing the effect oé $&ingth on system capacity and delays

Operation tvpe Site length | two-way flow | HGVs | Direction split
P s (m) (vehihr) % (PIS)
FT
VA 25, 50-300 250-3000 5 50/50
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8.2.1 Effect on system capacity

According to Summersgill (1981), the maximum sitgpacity achieved for shuttle-lane
roadworks operated by temporary traffic signalarsund 1590 veh/hr for two-way flow (as
described in Section 2.6.6).

Figure 8.1 shows the relationship (effect) betwst@ length and site capacity for shuttle-
lane roadworks operated by temporary traffic sigriat both FT and VA modes. In general,
as the site length increases, the capacity de@das®m 1,860 veh/hr to 1,240 veh/hr (for
two-way flow) for FT mode. For VA mode, as the slength increases, the capacity
decreases from 2,060 veh/hr to 1,350 veh/hr (forway flow).

2200
FT

2000 VA

1800 Summersgill (1981)

1600

1400 R*=0.9775

R*=0.984
1200

R?=0.945
1000

Maximum 2-way Throughput (veh/hr)

800
0 50 100 150 200 250 300 350

Site Length (m)

Figure 8.1: Effect of site length on shuttle-lanadworks throughput

The reduction in capacity is around 23 and 26 wefathevery 10 metres of site length for FT
and VA modes, respectively. Maximum system throughare higher than the results
achieved by Summersgill (1981) because of thetlaigaals settings and specifications as
well as various different assumptions (i.e. amb@ssing and close following that were
observed on site and the assumption of directispli). The amount of vehicles crossing on
amber and red due to the presence of dilemma zen&8% and 103 veh/hr (for 25 metres

site length) for FT and VA modes, respectively.
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8.2.2 Effect on delays

Testing the effect of introducing shuttle-lane nvadks operated by temporary traffic signals
on drivers’ delays was also tested. The test wagedaout by comparing the same input data

with and without the presence of roadworks as shioviigure 8.2 for FT and VA modes.

300
250
200
=
g
[8)
Q
=
% 100
T =51
(a] 50 - VA
0
0 500 1000 1500 2000 2500 3000

2-way Flow (veh/hr)
Figure 8.2: Effect of shuttle-lane roadworks séedth on drivers’ delays

It can be seen from Figure 8.2 that the delay aufeiow the typical delay curves for
signalised junctions as presented by HCM (1985) Radphailet al (1996). It can also be
seen that the VA mode reduced average vehicle siddgtyl4% for flow levels of 1,500
veh/hr for two-way flow. The VA mode also has lowdlays per vehicle at maximum
capacity. Drivers’ delays could be higher when dimnal split is slightly imbalanced (i.e.
directional split of 40/60 or 70/30).

8.3 The effect of drivers’ non-compliance on system cagity

Testing the effect of drivers’ non-compliance (deght violations) with temporary traffic
signals on shuttle-lane roadworks capacity wasiezhrout using various non-compliance

percentages (0-40% with 10% increment) as showrabie 8.2.

Table 8.2: Input data for testing the effect ofzdrs’ non-compliance on system capacity

Operation | Site length | two-way flow | HGVs | Direction split Corzlol?a-mce
type (m) (vehihr) % (P/S) 50
0-40
VA 100 250-3000 5 50/50 (10% increment)
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Figure 8.3 illustrates the effect of different partages of drivers’ non-compliance with

temporary traffic signals at shuttle-lane roadwoskstem capacity. The results show that
throughput could increase when drivers’ non-conmgiéaincreases up to 20% (maximum
throughput of approximately 1,740 veh/hr (two-wayljpe throughput might decrease when
drivers’ non-compliance increases over 20%. Thiddde attributed to the fact that drivers
violating the temporary traffic signals on one atre(e.g. primary stream) will restrict the

movement of the other stream (e.g. secondary sjreduen the lights show green (occupying

the shuttle-lane roadworks site).

1800
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1400
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0.0
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Non-Compliance Level (%)

Throughput - 2-way (veh/hr)

Figure 8.3: Effect of drivers’ non-compliance orule-lane roadworks site capacity

8.4 The effect of HGVs percentage on system capacity

Previous studies have suggested that the perceotddeavy Goods Vehicles (HGVs) has a
negative impact on the system capacity and coulglaged to the following reasons:

= HGVs have longer lengths than cars which will ims® headways and hence reduce
capacity.

= HGVs have lower acceleration rate abilities (ITE1Q).

= HGVs have lower desired speeds than those of siaial(Yousif, 1993).

To test the effect of HGVs percentage on shutthe-leoadworks capacity, various HGVs

percentages between 0 and 30 (with 5 percent ad)emere used as shown in Table 8.3.
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Table 8.3: Input data for testing the effect of H&Qdercentage on system capacity

Operation | Site length | two-way flow 0 Direction split
type (m) (vehihr) niSus e (PIS)
VA 100 250-3000 0-30 (5% interval) 50/50

Figure 8.4 illustrates the effect of different HGYercentage on shuttle-lane roadworks
capacity. As the percentage of HGVs increasescélpacity decreases from approximately
1,740 veh/hr (two-way) at 0.0% HGVs to approximate)340 veh/hr (two-way) at 30.0%

(approximate reduction of 23% in system throughptitis shows the great effect of HGVs

presence on system capacity.
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Figure 8.4: Effect of HGVs percentage on shuttleeleoadworks capacity

8.5 The effect of directional split on system capacity
Testing the effect of directional split on shutd&e roadworks capacity was carried out using
various directional split proportions for the prim@and secondary streams as shown in Table
8.4. The tested directional splits are 50/50, 6074830 and 80/20.

Table 8.4: Input data for testing the effect of H&Qdercentage on system capacity

Operation | Site length | two-way flow . Direction split
type (m) (veh/hr) AL (PIS)
VA 50/50, 60/40,
ET 100 250-3000 5 70/30, 80/20
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Figure 8.5 illustrates the effect of different ditienal splits on maximum system throughput
for both FT and VA signals operation. The resulisve that for FT signals operation, the

more the imbalanced directional flow (i.e. 80/20) Wwave a more adverse impact on system
throughput and capacity reduction. The system tilipput decreased from approximately
1,560 veh/hr (two-way) for a directional split d¥/50 to approximately 1,220 veh/hr (two-

way) for a directional split of 80/20 (approximateh reduction of 21.8% in system

throughput).

For VA signals, the throughput is higher than tho6&T signals (VA signals can adapt to
different directional splits and the throughputuetibn only starts with directional split of
70/30 or higher). The system throughput decreasad fipproximately 1,670 veh/hr (two-
way) for a directional split of 50/50 to approximit 1,400 veh/hr (two-way) for a
directional split of 80/20 (approximately a redoctiof 16.2% in system throughput).
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Directional Split

Throughput - 2-way (veh/hr)

Figure 8.5: Effect of HGVs percentage on shuttieeleoadworks capacity
8.6 Estimation of maximum system throughput

Following the testing of different factors thatexdt the maximum throughput of shuttle-lane
roadworks in previous sections using the simulativodel, several proposed relationships
were identified between maximum throughput andedéht factors (i.e. site length, HGVs%,

directional split and type of signals operation)uliyple regression analysis was carried out
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between the identified factors and the maximum ufghput using statistical program
(STATISTICA, version 10).

Equation 8.1 shows the results from the regressiaiysis, which describes the relationship
between the maximum throughput and the testedracto

Qm = 4120 — 2.08(L) — 18.11(HGV) — 1140.5(DSp) — 1708(FT) — 1578(VA) Equation 8.1
Where,

Qm is the maximum two-way throughput of the shutlad roadworks (veh/hr).

L is the site length (metres).

HGVs% is the percentage of Heavy Goods Vehicles.

DSpis the directional split of the primary streamdideal, i.e. 0.5 for 50%).

FT is the type of signals operation-Fixed Time (ki and O if false).

VA is the type of signals operation-Vehicle Actuafed true and O if false).

The coefficient of determination fRvalue of the regression analysis is 0.98 whidticates
strong relationship between the dependent varig@bteughput) with the other independent
variables. According to Equation 8.1, as the valoksite length (L), HGVs% and DSp
increase, the throughput decreases. Whereas, dighals type is FT signals, the throughput
decreases and if it is VA, the throughput increashss effect seems to be consistent with the
description of how these variables affect the tghput of shuttle-lane roadworks as
discussed in sections 8.2 to 8.5.

Equation 8.1 could be used as a more accuratesepetion of the maximum two-way
throughput of shuttle-lane roadworks compared tstigg equation used in analytical models

(i.e. QUADRO), which only depends on one factae.(site length).

8.7 Improved shuttle-lane roadworks operation

The micro-simulation modelling is a very useful ltdor testing various types of traffic
management scenarios without a real disruptionafid and with little cost. As described in
Section 2.7.3, various limitations have been listegrevious studies (i.e. very low flow, very
long site length, no effect of drivers’ behaviooutdated signals specifications) to test an
improved operation of shuttle-lane roadworks opetdty temporary traffic signals.
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Therefore, this step has been taken by this stadiynprove capacity, reduce delays and
improve safety by studying effective factors thafluence the shuttle-lane roadworks’
capacity and safety, such as type of improved ngmnats technology and introducing new

interventions (i.e. speed reduction techniques).

8.7.1 Signals settings

New signals settings have been proposed to impiweperation of shuttle-lane roadworks.
The new signals settings are presented in Tabla®5the maximum green time has been
increased from 90 to 120 seconds. The minimum gtieed is proposed to be 7 seconds
(instead of 12 seconds based on the Highways Ag&@y5B) and the all-red period has
been modified from 10 seconds (based on the Depattfor Transport, 2009) to 8 seconds
(based on ITE, 2010).

Table 8.5: Input data for testing the effect of regnals settings

Parameters Default value New value

Maximum green time (sec) 90 120
Minimum green time (sec) 12 7
All-red time (sec) 10* 8**
Site length (m) 100

two-way flow (veh/hr) 250-3000

HGVs % 5

Direction split (P/S) 50/50
* based on the Department of Transport (2009 ** based on ITE10)

It can be seen from Figure 8.6 that the new sigsetiings can increase the site capacity from
two-way flow of 1,670 veh/hr to 1,730 veh/hr (arcriease of 3.5%) compared with the
original VA settings and an increase of about 11 %Ti signals were used. Figure 8.6 shows
that delays in sec/veh can be reduced from 32 slkedtv 28 sec/veh (reduction of 11% for

VA signals and about 25% when using FT signalg)gitiie new signals settings.
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Figure 8.6: Effect of new signals settings on sédpacity and delays

8.7.2 Detection range

According to the Department for Transport (2008 MVD detector has a detection range
up to 40m. New technology has been adopted by waulibvVD manufacturers to increase the
detection length to 100 metres. There are no pusvitudies about the effect of such a
technology on shuttle-lane roadworks site capadstays and dilemma zone. Therefore,
various MVD detector ranges (60 to 120 with 20nmréncent) have been tested using the

developed simulation model with the input datar@s@nted in Table 8.6.

Table 8.6: Input data for testing the effect of M@Btection range
Operation | Detection range | Site length | two-way flow | HGVs | Direction split
type (m) (m) (veh/hr) % (P/S)
VA 60-120 100 250-3000 5 50/50

It can be seen from Figure 8.7 that the optimum Md¥&ection range that provides the
maximum site capacity (throughput) is at 80 metfé® capacity could be increased for two-
way flow from 1,670 veh/hr to 1,740 veh/hr (by ather 4.2%) when the range increased
from 40m to 80m for VA signals and a 12% where Kjhals are used.

Figure 8.7 also shows that delays in sec/veh resrthie same for a detection range of 80m
compared with the existing 40m MVD for VA signatisere is a slight reduction of about 1%.
However, this reduction is about 14% when compand the use of FT signals.
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Figure 8.7: Effect of MVD detection range on siépacity and delays

8.7.3 Reduction of dilemma zone effect

As discussed in Section 2.6.9.2, the main factéectihg the length of dilemma zone is

vehicle approach speed. Reducing the length ofrdiia zone will reduce the risk of accident
or near accident (Amaest al, 2011 and Medinat al, 2012). Practical speed reduction on site
could be achieved by either installing temporargp@ sign, Speed Indicator Devices (SID)

or by installing temporary speed hump in advancehottle-lane roadworks site stop line.

A temporary 20mph sign might be an effective spestliction measure if accompanied by
other extensive features Department for Trans004). The extensive speed reduction
features will be inappropriate for temporary instibn at shuttle-lane roadworks. On the

other hand, Speed Indicator Devices (SID) can laahkte effect on speed reduction of up to

1.4 mph, which is not significant as indicated bwlt®r and Broughton (2011). Therefore,

temporary speed hump is being chosen as an e#entaasure to test using the developed
SIMSUR simulation model.

Temporary speed hump (i.e. Pittman, easy ridercspeenp) can be installed on the road in
less than an hour using 16inch spikes (bolts). Ating to the Department for Transport
(2007) (LTN 1/07), speed humps are more effectiveeducing vehicles speed on 30mph
roads. The mean vehicle’s speed will be 20mph (udipg on hump dimensions). Speed
reduction were tested in the developed simulati@aehwith input data as shown in Table
8.7 with the position of the speed hump at 30 nsefi@m the stop line.

158



CHAPTER EIGHT SIMSUR MODEL APPLICATION

Table 8.7: Input data for testing the effect ofespeeduction

Operation P05|t|on o1 S Site length | two-way flow | HGVs | Direction split
reduction from 0
type stop line (m) (m) (veh/hr) Yo (P/S)
VA 30 100 250-3000 5 50/50

It can be seen from Figure 8.8 that there is a tivegampact between the introduction of
speed reduction and the increase in site cap&itiy.capacity could be reduced for two-way
flow from 1,670 veh/hr to 1,540 veh/hr (a reductain/.8%) for VA signals and a reduction
of 1.3% if FT signals are used.

Figure 8.8 also shows that delays in sec/veh candreased from 32 sec/veh to 38 sec/veh
(increase of 23% for VA signals) and by an increasabout 4.6% if FT signals is used.
Figure 8.9 shows that the number of vehicles cngsdue to the presence of dilemma zone
could be reduced from 102 veh/hr to 69 veh/hr (vatiheduction of about 33%) for VA
signals and about 64% if FT signals are used. Tddsiction could decrease the effect of
dilemma zone and possible reductions of the risteaf-end collisions. On the other hand it
might reduce site capacity and increase averagg @elr vehicle.
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Figure 8.8: Effect of speed reduction on site capand delays
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Figure 8.9: Effect of speed reduction on dilemmaezeehicles
8.7.4 Reduction of tailgating behaviour

As discussed in Section 2.6.9.1, tailgating is mgeaous drivers’ behaviour and attributes to
a high percentage of road traffic accidents. Acecaydo Michaelet al (2000), the percentage
of drivers that are involved in tailgating could teeluced by 8% using active message signs
(the study was carried out on urban environmenther United States). These signs warn
drivers who follow with headway less than 2 secobgsdisplaying variable signs (i.e.
“Please Don’t Tailgateor “Help Prevent Crashes, Please don’'t TailgatdMessage sign
could have a different effect on shuttle-lane roaks compared with normal urban roads in

different countries.

To implement the effect of the above sign, drivdsaffer space was increased from 1.5
metres to 3.0 metres (which will increase time hemadbetween drivers) and test the effect
on system capacity, delay and vehicles crossingrober/red violations. A message sign is

being tested in the developed simulation model wighut data as shown in Table 8.8.

Table 8.8: Input data for testing the combined iowvpments

Operation | Site length | two-way flow | HGVs | Direction split
type (m) (veh/hr) % (P/S)
VA 100 250-3000 5 50/50

It can be seen from Figure 8.10 that there is atng impact between the introduction of
message signs (assuming 8% reduction on tailgatithgpe achieved) and the increase in site
capacity. Site capacity could be reduced for twg-¥law from 1,670 veh/hr to 1,600 veh/hr
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(reduction of 4.2%) for VA signals and capacityremse by about 2.6% if FT signals are
used.

Figure 8.10 also shows that delays in sec/veh cmgictase from 32 sec/veh to 33 sec/veh
(increase of 3%) for VA signals and delay reductigrabout 8.2% if FT signals are used as a
result of reduced tailgating behaviour. Figure &haws that the number of vehicles crossing
due to the presence of dilemma zone could be redétroen 102 veh/hr to 96 veh/hr (a
reduction of about 4%) for VA signals and a possitgduction of about 48.5% if FT signals
are used. This reduction could reduce the effeatileimma zone and the possibilities of
reducing the risk of rear-end collisions. On théeothand it might slightly reduce site
capacity and increase average delay per vehicle.

1680 40.0
1660 35.0
£ 1640
s 30.0
£ 1620
- __ 250
S 1600 ®
& < 200
' 1580 9
5 @
2 1560 L 150
o 8
9 1540 8 100
o=
-
1520 5.0
1500 0.0
FT VA Reduced Tailgating FT VA Reduced Tailgating
Scenario Scenario
(a) Throughput (b) Delay

Figure 8.10: Effect of tailgating reduction on sitgacity and delays
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Figure 8.11: Effect of tailgating reduction on dima zone vehicles
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8.8 Summary

The current chapter presented the application efdéveloped simulation model in testing

various shuttle-lane roadworks scenarios. The mpaints can be summarised as follows:

= The effect of various parameters on shuttle-lame\w@rks site capacity and delays were
tested (i.e. site length, drivers’ non-compliand&Vs percentage, directional split and

signals type). See Sections 8.2 to 8.5.

= Regression analysis was carried out using diffefaciors (i.e. site length, HGVs %,
directional split and signals operation type). Tlegression analysis can be used in
analytical models to produce more accurate reptaen of system capacity compared

with previous models.

= New signals settings were proposed and testedné&hesignals settings could improve
site capacity and reduce the level of delays (sstich 8.7.1).

= Various MVD detection ranges were tested usingdéhesloped model and the optimum
range was found to be 80m. The new range coulceaser site capacity and reduce

delays (see Section 8.7.2).

= Speed reduction scenario was proposed to reducefféne of dilemma zone on drivers
crossing on amber and violating the red light. diswound that speed reduction scenario
could reduce the effect of vehicles crossing dueilemma zone by up to 33% (see
Section 8.7.3).

= Reduction of tailgating behaviour was tested udimg developed simulation model
based on previous research by Michaelal (2000). The tailgating behaviour was
reduced by 8%. This reduction has little impacsgstem capacity (could be reduced by
reduced by 4%) and delay could be increased by 8#y The reduction in tailgating
behaviour could reduce the amount of drivers cngssin amber/violating the red light
by 4% (see Section 8.7.4).
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CHAPTER NINE: CONCLUSIONS AND

RECOMMENDATIONS

9.1 Conclusions

The main conclusions and findings from this study be summarised as follows:

=

Various discrepancies were found in the designealimds such as site length, maximum
allowed flow levels for each method of traffic opgon (see Section 2.5). Important
factors were not taken into account when selectinglesigning each traffic control
method (i.e. HGV %, directional split, junction gnmity, etc.).

Mathematical and analytical models are inadequatadcurately modelling shuttle-lane
roadworks with the limitation of correctly replioag queues and delays. They also lack
the comparison with real observed data and theilityabo model the effect of any
advanced traffic control techniques (see Secti@h 2.

Simulation models are designed for under-saturatedlitions. Different models also
have various limitations, such as omitting vehiclearious parameters are imbedded
within the program code that the users do not leeess to and the required level of

complicated steps to ensure correct behaviourdf alsystem (see Section 2.7).

None of the mathematical, analytical or simulatiodels took into account the effect of
aggressive drivers’ behaviour (i.e. close followiftgilgating” and red light running)

which may have an impact on site safety and capésse Section 2.7).

Large amount of data under six different categonese collected and analysed. Video
survey site visits were carried out on 23 differsites with over 54 hours of video

recording of traffic data in the area of Greatemigtzester (see Chapter 3).

Various factors were analysed from the survey datluding traffic flow (5-minutes
profile), directional split, HGVs %, vehicle lengtarrival headway, following headway
(BAR and ACR), move-up time and move-up delay Gkapter 4).

Two new extra drivers’ behaviours were studiedeatorary traffic signals which are,

close following “tailgating” and drivers’ compliaaawith traffic signals. It is found that
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the percentage of drivers tailgating increased aftessing the roadworks compared with

before approaching the roadworks (see Section2 dr@l 4.11).

= Drivers’ non-compliance with temporary traffic sada was much higher compared with
normal signalised junctions as reported by previgaesearchers. Drivers’ non-
compliance was broken down into four categories fatidstatistics were provided (see
Section 4.11).

= The developed S-Paramics model fails statisticallyreplicate flow, throughput and
queues. In addition, S-Paramics model could noticap the aggressive drivers’
behaviour of amber crossing/red light violation etved on site and the presence of
dilemma zone which has an effect on both safety eaoacity. Therefore, it was
recommended that a new micro-simulation model néedse developed as part of the
current study to provide more accurate results whih ability to cover S-Paramics

limitations (see Chapter 5).

= The developed SIMSUR car-following model was calibd with the real field data. The
results showed that the developed simulation modeld represent both free following
and "stop and go" conditions (which are similar thee conditions in shuttle-lane
roadworks operated by temporary traffic signalsjhwinore accurate representation
compared with S-Paramics, VISSIM and AIMSUN (seetifa 7.4.1).

= The developed SIMSUR micro-simulation model shovesistactory results when
compared with the collected field data using vasigtatistical measures and tests. The
model was calibrated and validated for both FT ®Adtraffic signals. Moreover, the
calibration and validation results of the developgchulation model show better
compliance than the results obtained from the SwREs simulation model using the
same set of field data (see Section 7.4, 7.5 &jd 7.

= The developed SIMSUR simulation model was thenia@gb test the effect of various
factors and new parameters on shuttle-lane roadsmoaacity, delays and compliance

with traffic signals.

= The effect of site length was investigated using developed simulation model. The

relationship shows that when the site length irs@sa the maximum throughput
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decreases. The results for capacity are highertties® obtained by Summersgill (1981),

see Section 8.2.

= The type of signals operation was also investigatddthe results show that Vehicle
Actuated (VA) signals provided higher throughputmgpared with Fixed Time (FT)
signals for the same flow levels and site lengbealays (sec/veh) were also decreased

using VA signals, see Section 8.2.

= The effect of drivers’ non-compliance with tempgraraffic signals was investigated
using the developed simulation model. The relabgnshows that when the percentage
of drivers not complying with temporary traffic sgs increased up to a maximum of
20%, the maximum throughput increased. When thecep¢sige of drivers’ not
complying with temporary traffic signals increaséoeyond 20%), the maximum
throughput decreased because of the blocking appesite stream (see Section 8.3).

= The effect of HGVs percentage was investigatedgugie developed simulation model.
The relationship shows that when the percentagel®Y¥s increased, the maximum

throughput decreased, see Section 8.4.

= The effect of directional split was investigatedngsthe developed simulation model.
The relationship shows that for FT signals, whemdhectional split is imbalanced (i.e.
60/40 or higher), the maximum throughput decreagdemt. VA signals, when the
directional split is (i.e. 50/50 or higher up to/40), the maximum throughput is the
same and the signals can cope with the imbalanoed For imbalanced directional split
beyond 70/30, the maximum throughput decreasedSgseion 8.5).

= Regression analysis was carried out to test thextetff different factors (i.e. site length,
HGVs %, directional split and signals operationgyplrhe regression equation may be
recommended for use in analytical models (i.e. QAL to provide more accurate
representation of system capacity compared withtiexj equations which only take site

length into consideration (see Section 8.6).

= Modified signals settings (timings) were proposedl aested using the developed
simulation model. The new timings show that theesyscapacity could be increased by

3.5% and delays were reduced by 11% (for VA signdds=T signals were used, the

165



CHAPTER NINE CONCLUSIONS AND RECOMMENDATIONS

system capacity could be increased by 11% and slelayld be reduced by 25% (see
Section 8.7.1).

= Various settings of MVD detection ranges were tkdte study the effect on system
capacity, delays and dilemma zone crossings. fousid that the optimum detection
length would be 80m. The optimum length increasesiesn capacity by an extra 4.2%
and delays were slightly increased by 1% (compavigd VA signals). If FT signals
were used, system capacity could be increased bgxtaa 12% and delays could be
reduced by 14%. See Section 8.7.2.

= A speed reduction scenario was proposed and tasiattoduce a speed limit of 20 mph
at a distance of 30 metres from the stop line uaisgeed hump. Speed reduction could
reduce system capacity by 8%, increased delayS8%y hd possibly reduce the amount
of drivers’ crossing on amber or red (due to thespnce of dilemma zone) by 33% (for
VA signals). If FT signals were used, system cdgaoould be reduced by 1.3% and
delays could be increased by 4.6% and the amowmlotles crossing on amber or red
could be reduced by 64% (see Section 8.7.3).

= Reduction of tailgating behaviour was tested udimg developed simulation model
based on previous research. The tailgating behawes reduced by 8%. This reduction
could reduce system capacity by 4.2%, increasealyd®y only 3% and the amount of
drivers crossing on amber/violating the red liglould be reduced by 4% (for VA
signals). If FT signals were used, system capaatyd be reduced by 2.6% and delays
could be reduced by 8.2% and the amount of vehalessing on amber or red could be
reduced by 48.5% (see Section 8.7.4).

9.2 Recommendations and further research

= Another type of shuttle-lane operation (i.e. ptipperation or stop/go signs) could be
modelled to test various parameters and comparéd ether operation methods by
modifying SIMSUR model to account for gap accepgamales. This could help in
identifying the maximum system capacity using otberational methods compared to

temporary traffic signals.

= The effect of junction proximity on system capadatyd delays needs to be studied using

various junction proximity lengths and flow levddg carrying out extensive site visits.
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This could help in identifying various parameteesg( appropriate operational type,

signal coordination, signal settings)

= Due to the lack of research in studying shuttleelamadworks on junctions, it could be
studied (using more than 2 sets of traffic signads)est the effect of other various
parameters (i.e. the effect of right turners, miaon location from the main road, signals

settings and timings).

= Speed hump (to reduce the effect of dilemma zome) message signs (to reduce
tailgating behaviour) could be tried and testedreal shuttle-lane roadworks sites to

have a real estimate of their impact on systemaigpand on drivers’ behaviour.

= More studies on shuttle-lane roadworks sites ifedght cities and countries could be

carried out to test for similarities and providmare accurate representation.

= Studying the platoon characteristics in shuttleelmoadworks and develop a platoon-

based algorithm with the aim to increase site cdépaad reduce delays.
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APPENDIX A: Shuttle-lane roadworks sites plans

A.l. Site 11

Site Number: 11

Location: Broughton Lane, Salford (between Arrowegt and Milton Street)
Roadwork operation method: Temporary traffic signal

Site Length: 42 metres

Surveyed: Primary and secondary streams

Date: Monday and Tuesday 09 and 10 July 2012

Time: 09:45 to 11:45 and 15:30 to 17:30

Duration: 6 hours

Weather: cloudy

Comments: the site was filmed on 3 separate oatasihe weather was cloudy on the first
occasion so filming from the road was achieved. $beond time it was raining so each
stream was filmed separately on 2 different daysower the peak periods and filmed from

inside parked vehicle.
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Figure A.1: Location map of Site 11
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A.2. Site 12

Site Number: 12

Location: Burton Road, Chorlton (between Evereth@®®Bidsdale Avenue and Darlington
Road)

Roadwork operation method: Temporary traffic signal
Site Length: 107 metres

Surveyed: Primary and secondary streams

Date: Tuesday 10.07.2012

Time: 09:45 to 11:45

Duration: 2 hours

Weather: Rainy

Comments: the site was filmed on once. The fisshera was placed in parked vehicle and
the second was in a barber shop. Was not ablen@aain as the site was movable. It can be
seen from Figure A.4 that only the temporary traffignal sign was present on site in the
direction of primary stream and also illustratedrigure A.5 which is not according to the

standards.
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Figure A.4: Pictures showing Site 12
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A.3. Site 13

Site Number: 13

Location: Brunswick Street, Manchester (betweemBvall Drive and Beamish
close/Wadeson Road)

Roadwork operation method: Priority Signs
Site Length: 8 metres

Surveyed: Primary and secondary streams
Date: Thursday 12 July 2012

Time: 09:45 to 11:45

Duration: 2 hours

Weather: cloudy and sunny

The area was rough and mainly council estate. flthe primary stream and went back to
film the secondary stream but the work was comgldtecan be seen from Figures A.7 to
A.9 the bad practise signage (i.e. knocked downssiguissing signs, etc.) at the roadworks
site which is not according to the standards.
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Figure A.8: Pictures showing Site 13 (primary stn¢a
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A.4. Site 14

Site Number: 14

Location: Liverpool Street, Salford (between Fitzea Street/Athole Street and Bradden
close)

Roadwork operation method: Give or Take

Site Length: 17 metres

Surveyed: Secondary stream (no space to film timegpy stream)
Date: Tuesday 17 July 2012

Time: 09:15 to 10:45 and 15:30 to 17:30

Duration: 3.5 hours

Weather: cloudy and rainy

Comments: There was no safe position to film thengry stream and the weather was rainy.
The area was not safe to film again due to thel loceaumstances (e.g. youth passing by,
vandalism). It can be seen from Figures A.11 an#i2Athat there are no signs in the
secondary stream direction which is not accordintipé standards.
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Figure A.11: Pictures showing Site 14
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A.5. Site 15

Site Number: 15

Location: Langworthy Road, Salford (junction Langtiny Road/Seedley Road/Sandy Lane)
Signalised junction

Date: Wednesday 18.07.2012

Time: 09:25 to 11:25

Duration: 2 hours

Weather: cloudy
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A.6. Site 16

Site Number: 16

Location: High Lane, Manchester (between Acres RoatiChequers Road)

Roadwork operation method: Temporary traffic signal
Site Length: 42 metres

Surveyed: Primary and secondary streams

Date: Monday 04 September 2012

Time: 11:30 to 13:30

Duration: 3.5 hours

Weather: Sunny

Comments: the site was filmed for both directiofise weather was sunny.
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A.7. Site 17
Site Number: 17

Location: New Blackley Road, Manchester (betwedhdtirne Rd and Roch Bank)
Roadwork operation method: Temporary traffic signal

Site Length: 39 metres

Surveyed: Primary and secondary streams

Date: Thursday 06 September 2012

Time: 11:00 to 12:00

Duration: 1 hours

Weather: Sunny

Comments: the site was filmed for both directioflse weather was sunny. It can be seen
from Figure A.18 the on-street parking in closexoroty to the shuttle-lane roadworks site

which makes the signs unclear to the drivers (i ¢econdary stream direction) causing
traffic to stop in advance of the stop line.
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Figure A.18: Pictures showing Site 17
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A.8. Site 18
Site Number: 18

Location: New Blackley Road, Manchester (betwedhdtirne Rd and Roch Bank)
Roadwork operation method: Temporary traffic signal

Site Length: 73 metres

Surveyed: Primary and secondary streams

Date: Monday 17 September 2012

Time: 16:30 to 18:00

Duration: 1.5 hours

Weather: Sunny

Comments: the site was filmed for both directioflse weather was sunny. It can be seen
from Figure A.21 the on-street parking in closexoroty to the shuttle-lane roadworks site

which makes the signs unclear to the drivers (@ghmary stream direction) causing traffic
to stop in advance of the stop line.
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Figure A.20: Location map of Site 18
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Figure A.21: Pictures showing Site 18
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A.9. Site 19
Site Number: 19

Location: Frederick Road, Manchester (between €@hbldm Street and Lissadel Street)
Roadwork operation method: Temporary traffic signal

Site Length: 38 metres

Surveyed: Primary and secondary streams

Date: Thursday 27 September 2012 and Tuesday @berc2012
Time: 09:15 to 11:15

Duration: 3.5 hours

Weather: Sunny

Comments: the site was filmed for both directiofise weather was sunny.
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Figure A.23: Location map of Site 19
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A.10. Site 20

Site Number: 20
Date: 12.12.2011
Location: Manchester Road, Swinton (between Eaistelzmd Hospital Road)

Roadwork operation method: Priority Rules

Site Length: 67 metres

Comments: The signage at site was very poorly dedig@and causing confusion to drivers.
The signs were also covered behind parked vehadesthiown in Figures A.26 and A.27.
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Figure A.25: Location map of Site 20
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Figure A.27: Pictures showing Site 20 (seconda®asih)
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A.11. Site 21

Site Number: 21
Date: 17.07.2012
Location: Silk Street, Salford (between North Geo8&jreet and Cannon Street)

Roadwork operation method: Give or Take

Site Length: 19 metres
Comments: The visibility was very poor becausehefhend and the site could not be filmed
as there is no safe location to park a vehicletands as shown in Figures A.29 and A.30.

Roadworks duration was for 2 days.
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Figure A.28: Location map of Site 21
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Figure A.29: Pictures showing Site 21 (secondaseash)
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Figure A.30: Pictures showing Site 21 (primary atng
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A.12. Site 22

Site Number: 22

Date: 21.12.2012

Location: University Road, Salford

Roadwork operation method: FT temporary trafficsig

Site Length: 79 metres

Comments: Traffic flow was too low. No access pded to pedestrians which is not
according to the design standards as shown in &i§L83 and A.34.

°‘1(,, % Seeaiey - A ,b*’-w 8 7 &
i & W"Y g c; %& 5 S
face Ellor g, & & e Ry > Tl S 3 %
o N %%, %
o s
n=n < & Yea, : g
gdmund Alpha St ﬁ ﬂ—% 2 g
StW § 0 s x 3
87 84 ® 4
<= .32 (&7
2 2 £ ’14/‘.,] mversﬁy
b4 Wy $W, of Salford a
:) m 2 E Wq’ 5§ 7
SIHEtege| 2V S
) £ 20z § o ¢ 7
z FildSt » 8 & 3 & 9o & 3 E
f i 3 F o Bt
a||& 2 & 3 % > 2
o & D= Clarendon oSt 2 %Q. 1-:
@ * Park & A6 o
ps Nl i W,,,m (o ~ Meadow
> Park T 5
@ 73 3 ve . s 4
g ® & Blodwey st ‘g e, Ling® Mo f & Crescert AS
g2 Omstiz 3 g ¥ P g
=28 e § § < e
[+ 5 >
2 2 () ) Vap,
< < erpog, o 5 1
- H
Yo g e 5 Pest
t 2 >
&$éo; St J
u?: - Livey, COWL”
& Holiday Inn Hotel Pooj g
i ? %NMRG  11602] s Manchester-West
©
@ g F Mty
S 5 . “wood §
MO'I"D, d sy ;’ SfEeplc oX 3 - Asy
& oders o, "Gent
: £ > Prens §
» T _

Figure A.32: Location map of Site 22
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Figure A.33: Pictures showing Site 22 (secondaseash)

Figure A.34: Pictures showing Site 22 (primary &tng
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A.13. Site 23

Site Number: 23

Date: 21.12.2012

Location: University Road West, Salford

Roadwork operation method: FT temporary trafficsig
Site Length: 68 metres

Comments: Traffic flow was too low. Roadworks tqu&ce under a bridge.
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Figure A.36: Location map of Site 23
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A.14. Temporary traffic signal control equipment

Figure A.38 shown the inside of the temporary tcaffignal head. The buttons can be
changed easily to set the site leng.th and theraart will change the all-red period and
maximum green time accordingly. The controlleres ® a TA 47/85 which is out of date

(superseded) and the new settings should be uggpdeFA.39 shows the full signal head and
the battery.

Figure A.39: Photo of the signal control equipmatntemporary traffic signal
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Data Analysis

B.1

APPENDIX B: DATA ANALYSIS

Flow levels and profile
Table B.1: Flow statistics for each site
Minimum | Maximum Average Directional HGVs
Site No. | Hour Flow Flow Flow Split Percentage
(veh/hr) (veh/hr) (veh/hr) (%) (%)
1 (P) 144 (P) 216 (P) 184 (P) 44 (P)6
Site 11a (S) 144 (S) 300 (S) 232 (S) 56 (S) 4
5 (P) 168 (P) 336 (P) 249 (P) 48 (P) 4
(S) 168 (S) 432 (S) 268 (S) 52 (S) 3
1 (P) 168 (P) 504 (P) 322 (P) 53 (P) 2
Site 11b (S) 192 (S) 360 (S) 279 (S) 47 (S)5
5 (P) 264 (P) 468 (P) 373 (P) 54 (P)1
(S) 204 (S) 408 (S) 313 (S) 46 (S) 3
1 (P) 72 (P) 216 (P) 142 (P) 51 (P) 10
Site 12 (S) 84 (S) 192 (S) 134 (S) 49 (S) 10
5 (P) 108 (P) 252 (P) 174 (P) 52 (P)7
(S) 96 (S) 264 (S) 159 (S) 48 (S) 9
1 (P) 228 (P) 372 (P) 307 (P) 53 (P)7
Site 13 (S) 168 (S) 444 (S) 273 (S) 47 (S) 5
5 (P) 192 (P) 348 (P) 265 (P) 52 (P) 4
(S) 156 (S) 324 (S) 245 (S) 48 (S) 3
1 (P) 96 (P) 444 (P) 258 (P) 57 (P) 2
Site 14 (S) 96 (S) 312 (S) 198 (S) 43 (S) 4
s0mins| (P)216 (P) 312 (P) 276 (P) 61 (P) 2
(S) 120 (S) 324 (S) 178 (S) 39 (S) 1
1 (P) 168 (P) 336 (P) 265 (P) 48 (P)7
Site 16a (S) 240 (S) 372 (S) 283 (S) 52 (S) 2
5 (P) 168 (P) 396 (P) 261 (P) 45 (P) 4
(S) 240 (S) 408 (S) 322 (S) 55 (S)5
. (P) 264 (P) 468 (P) 383 (P) 50 (P) 2
Site16b| 1 | g)300 | (s)468 | (S)379 (S) 50 (S) 1
Site 17 1 (P) 156 (P) 264 (P) 204 (P) 48 (P)5
(S) 180 (S) 276 (S) 223 (S) 52 (S)5
1 (P) 156 (P) 384 (P) 233 (P) 35 (P) 4
Site 18 (S) 336 (S) 516 (S) 442 (S) 65 (S) 2
30 mins (P) 180 (P) 300 (P) 250 (P) 41 (P) 2
(S) 252 (S) 456 (S) 366 (S) 59 (S) 3
1 (P) 816 (P) 888 (P) 854 (P) 65 (P) 2
Site 103 (S) 216 (S) 636 (S) 450 (S) 35 (S) 2
5 (P) 816 (P) 888 (P) 832 (P) 71 (P) 1
(S) 216 (S) 480 (S) 334 (S) 29 (S) 2
1 (P) 564 (P) 816 (P) 683 (P) 61 (P) 2
Site 16b (S) 336 (S) 588 (S) 444 (S) 39 (S) 5
5 (P) 336 (P) 528 (P) 422 (P) 53 (P) 4
(S) 264 (S) 468 (S) 372 (S) 47 (S) 2
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Figure B.1: Vehicle arrival profile for Site 11a
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Figure B.2: Vehicle arrival profile for Site 11b
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Figure B.3: Vehicle arrival profile for Site 12
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Figure B.4: Vehicle arrival profile for Site 13
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Figure B.5: Vehicle arrival profile for Site 14
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Figure B.6: Vehicle arrival profile for Site 16a
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Figure B.7: Vehicle arrival profile for Site 16b
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Figure B.8: Vehicle arrival profile for Site 17
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Figure B.9: Vehicle arrival profile for Site 18
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Figure B.10: Vehicle arrival profile for Site 19a
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Figure B.11: Vehicle arrival profile for Site 19b

B.2 Time headway distribution
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Figure B.12: Time headway distribution for Site 11
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Figure B.13: Time headway distribution for Site 12
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Figure B.14: Time headway distribution for Site 16
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Figure B.15: Time headway distribution for Site 17
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B.
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Figure B.16: Time headway distribution for Site 18
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Figure B.17: Time headway distribution for Site 19
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Figure B.18: Cumulative distribution for time headwfor Site 11

223



APPENDIX B Data Analysis

100% 100%
90% 90%
80% 80%
T 0% T 0%
3 o 3 oox
% ok ACR % S ACR
E 40% ;‘E a0%
E £
20% 20%
10% 10%
0% 0%
025 075 125 175 225 275 325 375 425 475 525 5.75 025 075 125 175 225 275 325 375 425 475 525 5.75
Time Headway (seconds) Time Headway (seconds)
(a) Primary Stream (b) Secondary Stream
Figure B.19: Cumulative distribution for time heafor Site 12
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Figure B.20: Cumulative distribution for time headwfor Site 16
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Figure B.21: Cumulative distribution for time heawfor Site 17
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Figure B.22: Cumulative distribution for time heawfor Site 18
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Figure B.23: Cumulative distribution for time headwfor Site 19
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Figure B.24: Distribution of MUT for Primary Stream Shuttle-lane Roadworks
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Headway distribution of the 2nd vehicle - Secondary Headway distribution of the 3rd vehicle - Secondary
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Figure B.25: Distribution of MUT for Secondary Sire in Shuttle-lane Roadworks
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B.5 VA detection failure
Table B.2: VA signals detection failure
Site | Direction | Time Comments
00:03:39 1. The green phase was terminated and only 8 secatasthe green
_ 00:30:20 phase was resumed again with vehicles already oqgeun the
Site 11a S primary stream.
. The green phase terminated and only 8 seconds tla¢egreen phase
resumed again with vehicles already queuing omtheary stream.
The green phase was terminated and only 30 setatedsthe green
P 00:59:35 phase was resumed again with vehicles already ngeui the
secondary stream.
Site 12 The green phase was terminated and only 30 set¢atedsthe green
s 00:18:01 phase resumed again with vehicles already queuirteprimary
stream.
The green phase was terminated and only 8 secataisthe green
Site 17 S 00:53:26 phase was resumed again twice with no vehiclesingen the
primary stream.
. Vehicles stopped 45 m away from the stop line ancemot been
detected by the MVD as an effect of invisible WAHERE SIGN.
. Green time stayed for 75 seconds with no continaorigal of
00:04:45 vehicles forcing vehicles in the secondary streawidlate the red
P 00:57:11 light
01:12:01| 3. The green phase was terminated and only 12 setatedsthe green
Site 18 phase was resumed again with vehicles already ngeui the
secondary stream. This happened twice until 0101&43ich forced the
queued traffic on the secondary stream to violaetaffic light
. The green phase was terminated and only 10 setatedsthe green
00:04:41 phase was resumed again with vehicles already ngeui the
S 00j40j51 primary stream. This happens twice until 00:06:40.

. The green phase was terminated and only 10 setatedsthe green

phase was resumed again.
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APPENDIX C: MODEL CALIBRATION AND VALIDATION

Table C.1: Model calibration statistics — signaingiance (Site 16a)

- Primary Stream Secondary Stream
Violation Observed | Modelled | Observed | Modelled
Number of Amber crossing (veh) 22 21 33 34
Number of Amber crossing (%) 4% 4% 5% 6%
Number of Red violations (veh) 12 12 16 15
Number of Red violations (%) 2% 2% 3% 3%
Total violations on Amber & Red (veh) 34 33 49 49
Total violations on Amber & Red (%) 6% 6% 8% 8%
Crossed cycles on Amber (cycles) 16 14 32 30
Crossed cycles on Amber (%) 13% 12% 27% 19%
Violated cycles on Red (cycles) 9 9 16 15
Violated cycles on Red (%) 8% 8% 13% 13%

Table C.2: Model calibration statistics - MUT (Sitéa)

Vehicle MUT (sec)

Position | - opserved Modelled
) (P) 2.24 (P) 2.69
(S) 2.60 (S) 2.58
3 (P) 2.22 (P) 2.18
(S) 2.35 (S) 2.25
4 (P) 2.15 (P) 2.02
(S) 2.21 (S) 2.00
c (P) 2.12 (P) 1.99
(S) 2.16 (S) 1.86
5 (P) 2.07 (P) 1.93
(S) 2.09 (S) 1.94
7 (P) 1.89 (P) 1.86
(S) 1.98 (S) 1.90
(P) 12.69 (P) 12.48
Total 1 g) 13,39 (S) 12.53

P is Primary stream is Secondary stream
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Table C.3: Model calibration statistics - compliar{Site 12)

- Primary Stream Secondary Stream
Violation Observed | Modelled | Observed | Modelled
Number of Amber crossing (veh) 3 2 1 1
Number of Amber crossing (%) 1% 1% 0% 0%
Number of Red violations (veh) 0 1 0 1
Number of Red violations (%) 0% 0% 0% 0%
Total violations on Amber & Red (veh) 3 3 1 2
Total violations on Amber & Red (%) 1% 1% 0% 1%
Crossed cycles on Amber (cycles) 3 2 1 1
Crossed cycles on Amber (%) 4% 3% 1% 1%
Violated cycles on Red (cycles) 0 1 0 1
Violated cycles on Red (%) 0% 1% 0% 1%

Table C.4: Model calibration statistics - MUT (Si2)

Vehicle MUT (sec)
Position | opserved Modelled
) (P) 2.38 (P) 2.30
(S) 2.48 (S) 2.33
3 (P) 2.21 (P) 2.20
(S) 2.24 (S) 2.32
4 (P) 2.33 (P) 2.10
(S) 2.10 (S) 2.00
s (P) 2.16 (P) 2.04
(S) 2.14 (S) 2.00
5 (P) 2.02 (P) 1.88
(S) 2.42 (S) 2.00
(P) 11.08 (P) 10.52
Toal |\ 9y1137 | (s)10.65

P is Primary stream S is Secondary stream
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Table C.5: Model validation statistics - compliariSge 16b)

- Primary Stream Secondary Stream

Violation Observed | Modelled | Observed| Modelled
Number of Amber crossing (veh) 25 24 22 23
Number of Amber crossing (%) 7% 6% 6% 6%
Number of Red violations (veh) 9 10 3 3
Number of Red violations (%) 2% 3% 1% 1%
Total violations on Amber & Red (veh) 34 34 25 26
Total violations on Amber & Red (%) 9% 9% 7% 7%
Crossed cycles on Amber (cycles) 15 13 17 18
Crossed cycles on Amber (%) 25% 22% 28% 30%
Violated cycles on Red (cycles) 8 8 3 3
Violated cycles on Red (%) 13% 13% 5% 5%

Table C.6: Model validation statistics - MUT (Sitéb)

Vehicle MUT (sec)

Position | opserved Modelled
) (P) 2.42 (P) 2.87
(S) 2.51 (S) 2.92
3 (P)2.11 (P) 2.22
(S) 2.19 (S) 2.18
4 (P) 2.05 (P) 1.97
(S) 2.04 (S) 1.95
s (P) 1.95 (P) 1.87
(S) 1.98 (S) 1.90
5 (P) 1.92 (P) 1.86
(S) 1.92 (S) 1.84
. (P) 1.81 (P) 1.80
(S) 1.90 (S) 1.80
(P) 12.26 (P) 12.59
Toal |9y 1054 (S) 12.60

P is Primary stream is Secondary stream
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Table C.7: Model validation statistics - compliariSée 19)

- Primary Stream Secondary Stream
Violation Observed | Modelled | Observed| Modelled
Number of Amber crossing (veh) 38 36 31 34
Number of Amber crossing (%) 3% 3% 4% 4%
Number of Red violations (veh) 21 21 18 19
Number of Red violations (%) 2% 2% 2% 2%
Total violations on Amber & Red (veh) 59 57 49 53
Total violations on Amber & Red (%) 5% 2% 6% 7%
Crossed cycles on Amber (cycles) 19 23 20 22
Crossed cycles on Amber (%) 30% 37% 32% 35%
Violated cycles on Red (cycles) 17 18 19 19
Violated cycles on Red (%) 27% 29% 30% 30%

Table C.8: Model validation statistics - MUT (Sit8)

Vehicle MUT (sec)

Position | opserved Modelled
) (P) 2.32 (P) 2.79
(S) 2.40 (S) 2.85
3 (P) 2.02 (P) 2.14
(S) 2.09 (S) 2.26
4 (P) 1.97 (P) 1.95
(S) 2.01 (S) 1.98
c (P) 1.89 (P) 1.83
(S) 1.91 (S) 1.93
5 (P) 1.83 (P) 1.78
(S) 1.90 (S) 1.86
. (P) 1.81 (P)1.74
(S) 1.88 (S) 1.86
(P) 11.83 (P) 12.23
Toal |5y 1919 (S) 12.75

P is Primary stream is Secondary stream
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Table C.9: Model validation statistics - compliariSée 17)

- Primary Stream Secondary Stream
Violation Observed | Modelled | Observed | Modelled
Number of Amber crossing (veh) 0 0 0 2
Number of Amber crossing (%) 0% 0% 0% 0%
Number of Red violations (veh) 1 0 1 1
Number of Red violations (%) 0% 0% 0% 0%
Total violations on Amber & Red (veh) 1 0 1 3
Total violations on Amber & Red (%) 0% 0% 0% 1%
Crossed cycles on Amber (cycles) 0 S 0 2
Crossed cycles on Amber (%) 0% 4% 0% 2%
Violated cycles on Red (cycles) 1 0 1 1
Violated cycles on Red (%) 1% 0% 1% 1%

Table C.10: Model validation statistics - MUT (Sit€)

Vehicle MUT (sec)

Position | opserved Modelled

) (P) 2.43 (P) 2.39

(S) 2.59 (S) 2.50

3 (P) 2.22 (P) 2.36

(S) 2.16 (S) 2.20

4 (P) 2.31 (P) 2.00

(S) 2.25 (S) 2.00

c (P) 2.25 (P) 1.90

(S) 2.00 (S) 2.00

(P)9.21 (P) 8.64

Total (S) 9.00 (S) 8.70
P is Primary stream S is Secondary stream
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Table C.11: Model validation statistics - compliar{Site 18)

- Primary Stream Secondary Stream
Violation Observed | Modelled | Observed| Modelled
Number of Amber crossing (veh) 4 S 5 6
Number of Amber crossing (%) 1% 1% 1% 1%
Number of Red violations (veh) 0 0 1 2
Number of Red violations (%) 0% 0% 0% 0%
Total violations on Amber & Red (veh) 4 S 6 8
Total violations on Amber & Red (%) 1% 1% 1% 1%
Crossed cycles on Amber (cycles) 4 5 5 6
Crossed cycles on Amber (%) 4% 5% 5% 6%
Violated cycles on Red (cycles) 0 0 1 2
Violated cycles on Red (%) 0% 0% 1% 2%

Table C.12: Model validation statistics - MUT (Si8)

Vehicle MUT (sec)

Position | opserved Modelled

) (P) 2.20 (P)2.31

(S) 2.20 (S) 2.28

3 (P) 2.00 (P) 2.13

(S) 2.18 (S) 2.14

4 (P) 1.83 (P) 2.05

(S) 2.19 (S) 2.07

5 (P) 1.83 (P) 1.97

(S) 2.19 (S) 2.04

5 (P) 1.75 (P) 1.95

(S) 2.07 (S) 1.95

. (P) 1.75 (P) 1.92

(S) 2.06 (S) 1.88

(P) 11.36 (P) 12.33

Total |5y 12,90 (S) 12.36
P is Primary stream S is Secondary stream
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Table C.13: Rc. calibration values for all sites (primary stream)

Site Obs. Obs. Iter. 1 Iter. 1 Iter. 2 Iter. 2 It(;:rgt?(l)n It;gt?tl)n
% value % Value % Value 0
Yo value
Site 12 3.8 3 3.8 6 3.5 5 3.0 3
Site 22.5 34 22.5 39 21.0 37 18.0 33
16a
Site 10.6 34 10.6 39 10.0 37 8.0 34
16b
Site 17 1.6 1 1.6 3 1.4 3 1.0 0
Site 18 0.3 4 0.3 6 0.4 6 0.5 5
?gg 23.5 59 23.5 65 23.0 63 21.0 57
Obs.: is the Observed value

Iter.:

is the Iteration, which is the averagel6fsimulation runs (each simulation run requirepragimately 2 hours of
running time)

Table C.14: Rc. calibration values for all sites (secondary stream

Site Obs. Obs. Iter. 1 Iter. 1 Iter. 2 Iter. 2 It(;:rgt?én IteI::r:t?oln
% value % Value % Value
% value

Site12| 1.3 1 1.3 4 1.0 3 0.5 2

Site 14.8 49 14.8 60 14.0 58 12.0 49

16a

fétﬁ 25.1 25 25.1 32 24.5 30 23.0 26
Site17| 1.6 1 1.6 5 1.4 4 1.0 3
Site18| 1.9 6 1.9 10 1.6 8 15 6

fgg 27.2 49 27.2 61 26.5 58 25.0 53

Obs.: is the Observed value

Iter.:

running time)
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