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ABSTRACT

Deceleration speed-change lanes (SCLs) and exit ramp terminals on freeways are 

typically designed to allow vehicles to depart o ff the freeway in an organized and 

efficient driving manner. Freeway diverge areas with adequate SCL lengths should 

enable the exiting drivers to diverge o ff the freeway through traffic, decelerate to the 

desired ramp speed, and exit the freeway safely and comfortably. Safety problems can be 

expected if  drivers are forced to reduce speed on the main traffic lanes or to decelerate at 

a very high rate. In Canada and the US, the current design guides suggest that operation 

and safety could be enhanced on freeway SCLs by increasing their lengths. In this study, 

the driver behaviour at freeway diverge areas was examined using data collected on 

thirteen exit ramp terminals on Highway 417 in the City o f  Ottawa, Canada. The speed, 

geometric, and traffic data were collected and employed to m odel 85th percentile speeds 

and deceleration rates using linear regression analysis. The m odelling attempts integrated 

in this study resulted in 34 statistically significant predictive models at 5% level o f  

significance. Design charts were developed for easy use by highway professionals.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 BACKGROUND

The safe and efficient m ovem ent o f people and goods from one place to another is 

the main purpose o f  the road network. According to the respective function in terms o f  

the character o f a roadway, the road network is classified into four basic groups; namely: 

locals, collectors, arterials, and freeways. The Highway Capacity Manual (HCM  2000) 

defines a freeway as a divided highway with full control o f  access and two or more lanes 

for the exclusive use o f traffic in each direction. Generally, a freeway has no traffic 

lights, stop signs, or any other regulations requiring travelling vehicles to stop for 

crossing traffic at-grade intersections.

Access to and exit from a freeway are constrained to the use o f interchange to 

guarantee uninterrupted flow conditions. An interchange is a road junction that utilizes 

grade separation to permit traffic on a crossing roadway to pass through the junction 

without interrupting the freeway main traffic stream. According to the Geometric Design 

Guide fo r  Canadian Roads o f the Transportation Association o f Canada (TAC 1999), the 

basic function o f  an interchange is to facilitate the safe and efficient movement o f 

vehicles to and from a freeway. Generally, interchanges may connect two freeways, a 

freeway with an arterial, or two arterial roadways. For any o f  these cases, interchanges 

use roadway links, known as loops and ramps, to provide access to and exit from 

freeways.

The loops and ramps that form a specific interchange are usually designed to help 

the safe and efficient traffic operation o f vehicles to and from freeways. The entrance o f

1
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drivers to and their exit from the freeway is accomplished through on-ramp (entrance 

terminal) and off-ramp (exit terminal), which permit travellers to proceed to their 

destinations in an organized and efficient driving manner. There are many factors that 

affect the freeway traffic operation and safety performance on these areas. M ost 

importantly, the distances available for travellers to accelerate, decelerate, or change 

lanes while entering, exiting or perform ing lane change manoeuvres on a freeway are 

common factor affecting freeway operational and safety performance.

On a freeway, an acceleration speed-change lane (SCL) always follows an 

entrance ramp terminal while a deceleration SCL always precedes an exit ramp terminal. 

Typically, a freeway merge area would follow an entrance ramp while a freeway diverge 

area would go before an exit ramp. Freeway diverge areas with adequate lengths o f SCLs 

adjoining the freeway basic lanes should enable exiting vehicles to diverge o ff  the 

freeway flow traffic, decelerate to the advisory ramp speed, and exit the freeway in a safe 

and relaxed manner. Relatively, short distances between freeway interchanges would not 

enable highway designers to provide adequate SCL lengths that drivers could efficiently 

and safely use to enter or exit a freeway.

1.2 PROBLEM DEFINITION

The 1920s saw the origin o f  the concept o f  controlled access facilities for 

movement o f vehicular traffic at high speeds with isolated grade separations. From  that 

time up until today, there has been a continuing evolution in geometric design o f 

freeways and interchanges. Nonetheless, as noted by Koepke (1993), many o f  the design 

criteria for interchanges are based on data that is 50 to 60 years old. During last decades
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3

and with an effort to improve and increase the efficiency o f  the freeway deceleration SCL 

and the associated exit ramp, relatively few researchers, outstandingly Fisher (1948), 

M iller Jr. (1951), and Conklin (1959), have made exhaustive studies o f  vehicle operating 

characteristics in an attempt to establish the safest and m ost efficient design criteria. W ith 

such limited research o f SCL design, it becomes obvious that more studies are still 

required. Inconveniently, the interchange design criteria, derived from data collected 

back in the 1940’s and 1950’s, are still reflected in the m ost recent editions o f geometric 

design guides o f  highways and streets published by the American Association o f State 

Highway and Transportation Officials (AASHTO 2004) and the Transportation 

Association o f Canada (TAC 1999). Understandably then, the applicability o f such data 

and research findings to current drivers, driving patterns, or vehicles may be legitimately 

questioned.

There are numerous factors that play a role in causing freeway collisions 

including driver behaviour, freeway design, weather and other factors. The most w idely 

discussed factor related to freeway traffic collisions is the speed o f drivers, Kockelman et 

al. (2004). Hutabarat (2004) also m entioned that the m ost significant source o f driver 

error on roadways found to be excessive speed. Since choice o f speed (noteworthy cause 

o f driver error) has a direct impact on safety and is undeniably the element under full 

control by the road users, research studies have shown that traffic collisions not always 

occur in a direct proportional manner to drivers’ error. This means that, in addition to 

road users’ error, road characteristics play a major role in collision occurrence on the 

freeway segments. In addition, Lum and Reagan (1995) stated that approximately 30%  o f  

the reasons behind collisions are associated with road related factors, and thus the
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designers, to a high extent, have responsibility towards the occurrence o f  unsafe driving 

manoeuvres.

The most obvious benefit o f  a freeway is the ease o f  travel that it provides to its 

users. Unfortunately, the benefit o f  travel can be adversely affected by the cost associated 

with road traffic collisions, which impose a huge public health burden worldwide. 

Thousands o f people are killed on the w orld’s roads each day, with several millions more 

injured due to traffic collisions. For example, during 2002 in the US, 42,815 deaths and 

almost three million non-fatal injuries were reported due to traffic collisions. According 

to Sleet and Branche (2004), traffic collisions are one o f  the leading causes o f injury- 

related death worldwide. In fact, the total m onetary costs o f collisions are substantial. For 

example, costs for the year 2000 were estimated to be well over $200 billion. In Canada, 

although there were considerable improvements in the roadway safety in the past 

decades, the Canadian M otor Vehicle Traffic Collision Statistics (Transport Canada 

2004) reported that there were 2,730 people killed on the highway network with 212,347 

injuries in only the year o f 2004.

Moreover, a number o f research studies have identified interchanges as the m ost 

likely area for freeway collisions to occur, especially as it relates to the number and 

severity o f collisions. For instance, based on data provided by the US Fatality Analysis 

Reporting System (FARS) and General Estimates System (GES), M cCartt et al. (2004) 

reported that an estimated 82,609 interstate freeway collisions (24,996 injuries and 544 

fatal) were reported at interchanges in year 2001. Although freeway interchanges 

approximately comprise less than 5% o f the total mileage o f  freeways, the report further 

revealed that 18% of all interstate freeway crashes, 17% o f  injury crashes, and 11% o f
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fatal crashes occurred at interchanges. Additionally, Janson et al. (1998) acknowledged 

that, in the US, as m uch as 30% o f  all freeway truck crashes occur on or near on or o ff 

ramps, not even taking into consideration an additional 10-15% that occur at the 

intersection o f such ram ps and surface streets.

1.3 OBJECTIVES

Driver behaviour evaluation at freeway diverge influence areas is the main 

objective o f this research. Freeway-to-freeway connectors, which are usually facilitated 

through high speed ram ps, are different from those connecting a freeway to an arterial 

roadway (i.e. exit ramp terminal). Exiting the freeway to arterials is usually associated 

with substantial change in speed. Speed disparities m ight still exist between the freeway 

through and exiting vehicles although ramps and SCLs are provided to allow speed 

transitions.

In examining the diverge areas o f a freeway, issues related to speed and safety 

become more critical than those associated with freeway merge areas, due to the higher 

speeds involved with the deceleration lanes as opposed to acceleration lanes (where speed 

is gradually increasing). The length o f  the deceleration lane is critical to allow the safe 

reduction o f speed w ithin the designated area. As stated by Park et al. (2001), collisions 

are m uch more likely if  the speed o f  the lead vehicle at a diverge area is underestimated. 

As mentioned earlier, m ost design guide criteria are decades old and therefore, efforts 

were performed in this study to examine various aspects of freeway deceleration SCLs in 

connection with diverge areas from both operational and safety performance points o f
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view. Based on the aforementioned information, the key objectives o f  this research study 

were set as follows:

•  Review relevant research related to freeway diverge areas and more specifically 

deceleration lane.

•  Develop statistical models to assist in predicting driver speeds on freeway 

deceleration SCLs and the adjacent right lanes.

•  Develop statistical models to assist in predicting deceleration behaviour and 

effective deceleration distances on freeway deceleration SCLs.

• Develop statistical models to assist in predicting collisions on the freeway 

diverge areas using five-year collision data.

1.4 SCOPE OF RESEARCH

The scope o f this study is limited to freeway interchanges as interchanges are not 

only restricted for use with freeways. The study area selected contained 13 interchanges 

along Highway 417 located within the City o f  Ottawa, Ontario, Canada. The selected 

sites varied in terms o f geometric features, traffic, and land-use. This would help capture 

the effect o f  length o f  deceleration SCLs and the prevailing traffic on driver behaviour 

due to that variation. The speed data collected for 3,098 vehicles on selected sites in this 

study are lim ited to dry pavement conditions and daytime. This means that wet pavement 

surface conditions and poor climate conditions such as rain, snow, or windy 

circumstances are not considered in this study. M oreover, the speed data collection was 

confined to free-flow traffic conditions during off-peak hour periods only.
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1.5 THESIS ORGANIZATION

After presenting the introduction o f  this study in Chapter 1.0, Chapter 2.0 presents 

a review o f the design guide criteria with the literature review o f the previous studies 

related to the thesis topic. Chapter 3.0 presents in detail the data collection and 

preparation process. Then, Chapter 4.0 shows the descriptive analysis o f the database 

collected for this study. In Chapter 5.0, the regression modeling techniques for predicting 

various driving parameters on freeway deceleration SCLs and the adjacent right lanes are 

presented. Chapter 6.0 provides the application examples o f the developed models. 

Finally, Chapter 7.0 presents a summary o f  the study findings with recommendations for 

future research.
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CHAPTER TWO 

2.0 LITERATURE REVIEW

This chapter covers a review o f  the current highway design guides and the 

previous relevant research that addressed the effect o f  different design criteria on driving 

behaviour on freeway diverge areas. Section 2.1 presents the review o f current highway 

design guides o f  the Transportation Association o f  Canada (TAC 1999) and the American 

Association o f State Highway and Transportation Officials (AASHTO 2004), as well as 

the Highway Capacity Manual (HCM  2000). Section 2.2 presents a review o f  the 

available literature related to freeway deceleration speed-change lanes (SCL) and freeway 

diverge areas. In addition, the literature review discuses the freeway safety performance 

from both an implicit and explicit points o f  view.

2.1 REVIEW OF DESIGN GUIDES

This section will provide a b rie f review o f  the design criteria and basic definitions 

provided by current design guides including AASHTO (2004) and TAC (1999). These 

primary design guides in North America were reviewed concerning interchange design 

including the freeway diverge areas, interchange ramp terminals, and SCLs.

2.1.1 Design Criteria and Interchange Configurations

An interchange is defined by TAC (1999) as “a system o f  interconnecting 

roadways in conjunction with one or more grade separations that provides fo r  the 

movement o f  traffic between two or more roads on different levels”. The obvious 

distinction between an interchange and a typical at-grade intersection is that an

8
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interchange allows for much higher traffic volumes on freeways with relatively safer 

operations and coordinated traffic flow at higher speeds. In addition, the traffic is 

protected from continual stops and starts that m ight be seen frequently in other road 

types. Freeway interchanges prevent crossing o f  different traffic streams as well as 

minimize turning conflicts, allowing a smoother flow between traffic movements in 

different travel directions. As mentioned in AASHTO (2004), interchange configurations 

include a wide variation ranging from simply one ramp connecting a surface street to the 

freeway to relatively complex designs that connect two or more freeways. Figure 2.1 

illustrates different configurations o f interchanges as presented in AASHTO (2004).

T H R E E  L E G  
D I R E C T I O N A L r- A -

T R U M P E T

D I  A M ON O

- C -

O N E  Q U A D R A N T - D -

P A R T I A L  
C L O V E R L E A F

- E -
SINGLE-POINT 

URBAN INTERCHANGE
- F  -

F U L L
C L O V E R L E A F

H -
- G - A L L  D I R E C T I O N A L  

F O U R  L E G

Figure 2.1: Basic Interchange Configurations (AASHTO 2004, pp. 744)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Freeway interchanges are located at points along the roadway and these locations 

are typically based on two basic requirements. First requirement involves the need for 

additional interchanges order to provide additional access for communities in close 

proximity to the freeway. This is normally needed in central business district (CBD) or 

highly congested areas, where additional traffic flow would naturally necessitate 

interchanges. The second requirement is providing enough spacing for drivers to navigate 

properly that would not result if  interchanges were located too closely together. Properly 

balancing these two diverse, but equally important, needs provides the appropriate design 

for an efficient freeway operation. Ideal spacing, as cited in TAC (1999), ranges from  3 

to 8 km in rural areas, while in highly populated urban areas, such a lengthy separation 

between interchanges would not properly serve the surrounding land use. Subsequently, 

TAC (1999) recommends an optimal spacing o f interchanges in urban areas o f 2-3 km. 

There becomes a fine line between the need to provide freeway access to commuters in 

urban areas and safety concerns. “Freeway collision rates tend to increase as interchange 

spacing decreases in urban areas. This effect on collision rates is an important 

consideration in urban area interchange spacing''. (TAC 1999, pp. 2.4.3.1)

Furthermore, AASHTO (2004) recommends even shorter distances betw een 

interchange spacing than the values mentioned in TAC (1999). These distances are stated 

to be at least 3 km in rural areas while a separation o f  only 1.5 km  is suggested for the 

densely populated urban areas. However, collector roads could be utilized if  there is a 

necessity for shorter distances between interchanges than the suggested values. 

Moreover, “the ideal average interchange spacing over a reasonable long section (8 to 

10 km) o f  freew ay is 3 km or greater. The minimum average interchange spacing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



considered possible over a substantial length o ffreew ay is 1 km”, (HCM  2000, pp. 10-6). 

Upon a quick review, it becomes obvious that there is no universally accepted ‘best’ 

distance between interchanges in either rural or urban settings.

2.1.2 Freeway Diverge Areas

Generally, a freeway diverge area precedes an off-ramp. The Highway Capacity 

M anual (HCM 2000) defines a freeway diverge area as “the area at which a single traffic 

stream is divided into two separate streams”. At freeway diverge areas, vehicles 

separating from the freeway traffic flow initially occupy the deceleration lane and then 

reduce their speed from a higher speed on the freeway to a lower speed on the exit ramp. 

Practically, it is therefore critical for the highway designers to provide diverge areas with 

proper lengths to ensure the safe operations o f  vehicles exiting the freeway.

HCM (2000) provides an important method for studying diverge areas. In their 

assessment o f evaluating freeway diverge areas, the primary methodology tends to limit 

the negative effects caused by the volume o f  exiting traffic. The freeway two through 

lanes adjacent to the SCL as well as the SCL itself are logically the m ost affected by the 

diverging traffic. Freeway through traffic vehicles in these areas m ight hence prefer to 

move away from those lanes, as long as volume permits them to do so. Based on HCM 

(2000), the effective range o f  these manoeuvres would extend 450 m  from the physical 

gore o f the exit ramp terminal.

Moreover, TAC (1999) indicates that there is no evidence so far that diverge 

manoeuvres affect the capacity o f  the freeway mainline. According to HCM  (2000) view, 

the freeway capacity at a diverge area is either the capacity upstream the diverge area (Ci
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in Figure 2.2) or the capacity o f  the freeway basic segment downstream the diverge area 

(C 2  in Figure 2.2) in addition to the capacity o f  the exit ramp (C 3  in Figure 2.2). 

However, if  the demand o f exit volumes through the off-ramp exceeds the capacity, a 

failure will likely to occur. A t the same time, HCM  (2000) states that the flow occupying 

the first two lanes adjacent to the SCL including the off-ramp (C 4  in Figure 2.2) cannot 

exceed 4400 pc/h for off-ramps.

Total diverge capacity cannot be more than the upstream basic freeway capacity (ct) or die total downstream 
capacity of the basic freeway (c,) plus the ramp (c3).
c4 = maximum freeway flow in Lanes 1 and 2 that may enter the diverge influence area (4,400 pc/h).

Figure 2.2: Capacity o f Diverge Areas (HCM 2000, pp. 13-23)

2.1.3 Interchange Ramp Terminals

2.1.3. a Definition

TAC (1999) defines an interchange ramp as “a  connecting roadway, usually one

way, carrying traffic between two grade-separated through roads”. Interchange ramps 

have different configurations as shown in Figure 2.3. An interchange ramp consists o f an 

exit terminal, the ramp itself (or a connecting roadway), and the entrance terminal. A 

freeway segment is described as the distance between two successive ramps. The spacing 

o f  these ramp terminals includes the distance between interchanges or within the same
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interchange (i.e. the entrance and exit ramps). Freeway segments are generally classified 

as four primary types: (1) entrance-entrance; (2) entrance-exit; (3) exit-entrance; and (4) 

exit-exit. These classifications are simply based on the type o f the first and second ramp 

for each individual segment.

L O O P  a  S E M ID IR E C T

-D -
OUTER CONNECTION

- E -
d i r e c t i o n a l

Figure 2.3: General Types of Ramps (AASHTO 2004, pp. 824)

The length o f  each freeway segment is m easured from the physical nose at the 

gore o f  the first ramp to the physical nose at the gore o f the second ramp -  (see Section

2.1.3.d for definition o f gore area and physical nose). The empirical values for ramp
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terminal spacing (i.e. distance betw een two successive ramp terminals) set by TAC 

(1999) are shown in Figure 2.4.

successive  exits on a  freeway exit followed by entrancesu ccess iv e  exits o n  a  ram p

en trance followed by exit successive  en trances on 
opposite sides 
(applicable to  express- 
collector system s)

su ccess iv e  entrances

main line design speed  (km/h) 
100  110 13080 90 120

3GG
200

325
225

375
275

400 425
300 325

150 175150 175 200200

Based on weaving requirements Subsection 2.1.7.3
Sufficient to allow for acceleration and merging length before second entrance 
60% of Ls

Note: 1. Minimum lengths from bull nose to

Figure 2.4: Ramp Terminal Spacing (TAC 1999, pp. 2.4.6.16)

The empirical values, published by TAC (1999) and shown in Figure 2.4, were 

based on various criteria to allow the freeway users to make safe and sufficient driving 

manoeuvres. These criteria are as follow:

•  In  the case o f two successive exit terminals, the spacing distance should be 

based on the provision o f  adequate signing.
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• In the case o f  two successive entrances, the distance should be based on the 

m erging manoeuvre length required for vehicles joining the freeway from  the 

first entrance.

• In the case o f an entrance followed by an exit terminal, the spacing should be 

based on the weaving requirements.

• In the case o f an exit terminal followed by an entrance terminal, the length 

between these two terminals should be sufficient for vehicles on a through 

lane to be prepared for the next freeway merge area.

2.1.3. b Design Consistency o f Ramps

The design guides (TAC and AASHTO) have always stressed on the importance 

o f  ramp consistency or uniformity, which is a special application o f  general design 

consistency concepts. Consistency between the ramps is one critical factor that should 

guarantee safe and smooth traffic flow on freeways. There are a number o f  ways to 

ensure ramp consistency along a freeway, including maintaining single exits ahead o f 

structures on a specific freeway length. Due to the fact that they are more visible to the 

driver, which enables the selection o f  proper speeds and vehicle positioning, ramps 

located before overpass structures are preferred over exit ramps positioned after the 

structure. W hile left-hand exit ramps are used in some areas, TAC (1999) does not 

recommend such a design. From the standpoint o f consistency, the right-hand ramp is 

much more widely known and anticipated by drivers. In an effort to m aintain 

consistency, left-hand ramps should be avoided unless they are absolutely necessary to 

maintain the local traffic flow.
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Included in the recommendations o f TAC (1999) is the importance o f a consistent 

design for a series o f interchanges on a specific section o f a highway in order to increase 

driver comfort, which in turn would increase safety. TAC (1999) presented graphically 

two sets of consistent and inconsistent exit designs as seen in Figure 2.5.

beyond structure before structure two exits before structure

Inconsistent exits

all single exits before structure

—►

consistent exits

Figure 2.5: Consistency of Exits (TAC 1999, pp. 2.4.4.3)

In Figure 2.5, the consistency concept as described in TAC (1999) is illustrated. 

The design scheme at the top o f this figure illustrates interchanges with a mix o f single 

and double exits. The ramps are placed in some cases before the overpass structure, while 

in other cases they are located after the structure, which would lead to driver confusion. 

On the other hand, a consistent and uniform design scheme is further shown in the lower 

section of Figure 2.5. Each interchange in this second part has a single exit before the 

structure. This kind o f consistency would enable the driver to maintain proper 

concentration without causing any confusion to the driver and hence, improved operation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

and safety on freeway. Therefore, it is desirable for interchanges on a freeway to have 

some degree o f uniformity in exit design to support driver expectancy. This certainly 

emphasizes the crucial relationship between design consistency o f different roadway 

elements along a freeway and safety. While a definitive relationship between interchange 

design features and safety has yet to be quantified (TAC 1999), the interest in explaining 

such a relationship has become more predominant in transportation engineering.

An identical concept is highlighted by AASHTO (2004) stating that designing a 

series o f interchanges should consider the consistency of the interchanges in addition to 

each individual interchange. In fact, AASHTO (2004) uses the term “ interchange 

uniformity’'’ specifically to apply to the concept o f  using consistent exits and entrances on 

freeways. “Considering the need fo r  high capacity, appropriate level o f  service, and  

maximum safety in conjunction with freew ay operations, it is desirable to provide 

uniformity in exit patterns” , (AASHTO 2004, pp. 807).

2 . 1 . 3 . C  Ramp Width and Speed

Design speeds o f ramps m ust be carefully set in order to maintain the uniformity 

or consistency concept for freeways. Table 2.1 lists the recommended design speeds for 

ramps as covered in TAC (1999). Theoretically, the design speeds o f  ramps should be as 

close to the speed o f  the freeway as possible, m aking the transition o f exiting from and 

entering the freeway as smooth as possible. For that reason, the design guide 

recommends the upper limits o f  the ramp design speeds in Table 2.1 (i.e. the design 

domain). TAC (1999) also recommends that the minimum ramp design speed should be 

40 km/h. Suitable ramp widths, according to TAC (1999), range from 4.8 m to 5.0 m for
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single ramp designs. Ramps utilizing two lanes w ould more appropriately use a minimum 

width o f 3.7 meters, and should be widened for controlling ramp curve o f radius > 50 m, 

TAC (1999).

Table 2.1: Ramp Design Speed (TAC 1999, pp. 2.4.6.1)

Roadway D esign Speed  
(km /h)

Ram p Design Speed, D esign Dom ain  
(km /h)

60 50-40
70 60-40
80 70-40
90 80-50
100 90-50
110 100-60
120 110-60
130 110-70

2.1.3. d  Gore A  rea and  Physical N ose

AASHTO (2004) defines the term gore as “an area downstream fro m  the 

shoulder intersection po in ts” as shown in Figure 2.6. The physical nose is defined by 

AASHTO (2004) as “a po in t upstream from  the gore, having some dimensional width, 

occurring at the separation o f  the roadways”, while the painted nose is defined as “a 

point, having no dimensional width, occurring at the separation o f  the roadways”, (see 

Figure 2.6). AASHTO (2004) states that the geometric layout o f  such terms (gore, 

physical nose, and painted nose) is a significant part o f  the exit ramp terminal design. The 

gore area is considered as a decision point area where drivers should evidently see and 

understand the entire area as they approach the exit ramp terminal. It is desirable to have 

consistent gore areas that have same appearance to drivers along a freeway. The width at 

the gore nose is typically between 6.0 m to 9.0 m  including the shoulders o f  both the
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mainline and ramp, but AASHTO (2004) recommends increasing these values if  the 

speeds in excess o f 100 km/h are expected to be common.

SHOULDER

CORE

GORE HOSE

Figure 2.6: Typical Gore Characteristics (AASHTO, 2004: pp. 10-59)

The term  "gore" generally refers to the area between a through roadway and a 

diverging exit ramp or a converging entrance ramp, as published by the TAC design 

guide. TAC (1999) referred to the gore as the "bullnose" and states that the collision rates 

near gore areas are higher than at other locations. For this reason, the gore area is 

recommended to be kept free o f  obstructions as possible and to offset the exit ramp away 

from the freeway main stream to provide a recovery area for errant vehicles. TAC (1999) 

did not suggest offset values at the bullnose, rather it states that such separations vary 

depending on the speeds o f  the roadway.
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2.1.4 Speed-Change Lanes

2.1.4. a Definition

TAC (1999) defines a speed-change lane (SCL) as “the added lane adjoining the 

travelled way o f  the roadway and does not necessarily imply a definite lane o f  uniform  

w i d t h Figure 2.7 shows two types o f deceleration SCLs as shown in the TAC (1999) 

design guide.

(ii) d irec t tap e r exit

R efer to S u b sec tio n  2.4.B.3 fo r  Lt a n d  Ld .

Figure 2.7: Deceleration Speed-Change Lane Types (TAC 1999, pp. 2.4.6.4)

The design guide also describes the SCL to be part o f  the elongated ramp terminal 

area. The length o f  a SCL needs to be sufficient to ensure the safe and comfort operation 

o f any vehicle using it. TAC (1999) states that the length o f  a SCL is based on the 

following three factors:

1. The running speed on the through lanes — this is the speed at which drivers 

manoeuvre into a deceleration lane.
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2. The control speed o f  the ramp proper -  this is the speed at which drivers drive 

the controlling ramp curve.

3. The manner o f  decelerating — this is the manner o f  which the drivers 

decelerate on the speed-change lane.

Characteristically, parallel and direct taper are the two types o f speed-change lane 

designs used on freeways. The parallel SCL type is a lim ited lane that consists o f the 

following two basic design elements; (1) Ly. a constant w idth for gradual speed change 

between the freeway and the ramp, or (2) Lt: a gradual change in width to guarantee an 

adequate rate o f  lateral movement. On the other hand, the direct taper SCL type is a 

limited lane that consists o f the L t element to assure a gradual change in lane width along 

the lane’s entire length. This second SCL type works on the principle o f  a direct entry or 

exit at a flat angel (TAC 1999).

The SCL was also described in AASHTO (2004) as an auxiliary lane including 

tapered area mainly for deceleration o f vehicles leaving the through-traffic lanes o f the 

freeway. AASHTO (2004) defined an auxiliary lane as ‘’The portion o f  the roadway 

adjoining the travelled way fo r  speed change'". In general, the purpose o f  the SCL was 

stated “to comply with the concept o f  lane balance, to comply with capacity needs, or to 

accommodate speed  changes, weaving, and manoeuvring o f  entering and leaving traffic” 

(AASHTO 2004, pp. 814).

It is important for a freeway to minimize the disturbance o f the through traffic 

operation at diverge areas. This occurs using properly designed SCLs that enable drivers 

to make the necessary speed change between the freeway and the ramp in a comfortable 

manner. AASHTO (2004) also recommended that the width o f  the auxiliary lane should
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match the width o f  the through lane. Although some drivers use small portion o f  the 

available speed-change lanes, the lanes are still necessary to improve the flow o f  traffic 

on freeways, knowing that the extent o f  drivers’ use o f speed-change lanes depends on 

the freeway traffic volumes. AASHTO (2004) additionally comments that the use o f  

SCLs with a long taper fits more the behaviour o f  most drivers.

In addition, AASHTO (2004) recommends the use o f  continuous auxiliary lanes 

between exit and entrance ramps in any o f the following three cases: (1) when there are 

two interchanges that are close to each other, (2) when the distance between the end o f  

the taper on the entrance terminal and the beginning o f the taper on the exit terminal is 

relatively short, or (3) when local frontage roads do not exist. Figure 2.8 shows the basic 

alternative methods o f  dropping auxiliary lanes on freeways.

AUXILIARY LAME DROPPED ON EXIT RAMP

AUXLIARY LANE BETWEEN CLOVERLEAF UOOPS OR CLOSELY 
SPACED INTERCHANGES DROPPED ON SINGLE EXIT LANE -

AUXILIARY LANE DROPPED AT PHYSICAL NOSE

n±500-1000ftj| -D- 

AUXIL'ARY LANE DROPPED WITHIN AN INTERCHANGE

[±i5oo nj{±1OOO ft]

AUXILIARY LANE DROPPED BEYOND AN INTERCHANGE

Figure 2.8: Alternative Methods of Dropping Auxiliary Lanes (AASHTO 2004, pp. 815)
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As shown in Figure 2.8, the auxiliary lane could be term inated by either a two- 

lane exit ram p (Figure 2.8.A), or single-lane exit ramp (Figure 2.8.B). An additional 

method o f  term inating an auxiliary lane is to carry the full width auxiliary lane to the 

nose before tapering it into the throughway (Figure 2.8.C). In case a single-lane exit 

experience disturbance due to vehicles attempting to get back on the through lane, the 

recovery lane should be extended 150 to 300 meters before the taper (Figure 2.8.D). 

Whereas in the case o f  large interchanges, the design should extend the auxiliary lane for 

approximately 750 m eters to allow for proper merging o f vehicles onto the freeway 

(Figure 2.8.E).

Nevertheless, it was also stated in AASHTO (2004) that it is not exactly known 

what should be the effective length o f  the introduced auxiliary lane for any o f the 

abovementioned circumstances. But experience indicates that a minimum  distance o f 

about 750 m  for auxiliary lanes should produces the desired operational conditions, 

balance for the traffic load, and maintain a more uniform level o f  service on the freeway.

2.1.4. b Length o f Deceleration Lane

A ccording to TAC (1999), as mentioned earlier, the design domain for 

deceleration SCLs is based on three dominant factors for determining SCL lengths. Table 

2.2 shows the design domain for lengths o f  deceleration lanes in single-lane exits on 

grades equal to or less than 3% published by TAC (1999). Moreover, TAC (1999) stated 

that the third factor for determining the length o f deceleration lane -  the m anner o f 

deceleration -  includes a domain o f  two different concepts. These two domains are
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provided on the basis o f  the lower and the upper values o f  the design dom ain shown in 

Table 2.2.

Table 2.2: Design Length for Deceleration (TAC 1999, pp. 2.4.6.3)

Speed of Roadway Length of 
(km/h) Taper (m) 

L,

Length of Deceleration Lane Excluding Taper (m)

U

Design
Assumed
Operating Stop

Condition

Design Speed of Turning Roadway Curve (km/h) 

20 30 40 50 60 70 80

60 55-60 55 90-115 85-110 80-105 70-90 55-60
70 63-70 65 110-145 105-140 100-130 90-120 75-105 60-70
80 70-80 70 130-170 120-165 115-160 105-150 95-130 80-105
90 77-90 80 150-195 140-185 135-180 125-170 115-160 100-135 80-110
100 85-100 85 170-215 160-210 155-205 145-200 135-185 120-165 100-145
110 91-110 90 185-250 175-245 170-240 160-230 150-220 140-205 120-190 100-165
120 98-120 95 200-320 190-315 185-310 180-305 170-300 155-280 135-270 120-240
130 105-130 100 215-340 205-335 200-330 190-325 180-320 170-300 150-285 135-270

Notes: 1. The selection of ramp design speed as discussed in Subsection 2.4.6.2 should be referred.
2. The upper limit values are based on deceleration-distance curves in the Geometric Design Standards for Ontario 

Highways.17 _________________________________________________________

For both design concepts, TAC (1999) assumes that the drivers diverge from the 

freeway through lanes onto the deceleration SCL and travel at the beginning o f the SCL 

(start o f  taper section) at the operating speed. Afterward, the drivers are to maintain their 

operating speed until the end o f  taper in the case o f parallel lane type or until the SCL is 

3.5 meters in width in the case o f  taper lane type. On one hand, regarding the first design 

concept, TAC (1999) assumes that braking begins at the start o f  the parallel section 

(parallel type lane) or at the 3.5 m wide point (taper type lane) to decelerate to the ramp 

controlling speed. On the other hand, regarding the second design concept, TAC (1999) 

assumes that the vehicle travels for 2-4 seconds in gear without braking before 

performing a braking action in a relaxed m anner until reaching the ramp controlling

speed.
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For the case o f two-lane exit terminals, the driver actions while exiting a freeway 

are different from those on a single-lane exit. TAC (1999) states that two-lane exit ramp 

terminals require more distance for SCLs than that for single-lane exit terminals. The 

determination o f  the SCL length with a two-lane exit ramp is based on a different concept 

and thereby the manoeuvre o f  the vehicle exiting using the left-hand lane o f  the two-lane 

exit ramp is governed by the ramp curve to the physical nose o f  the exit terminal. TAC

(1999) m entions that for mainline roadway design speeds o f  100 km/h or greater, a SCL 

(including taper) o f 400-450 m  in length is recommended by both AASHTO and the 

Geometric Design Standards for Ontario Highways.

In addressing deceleration lanes and referring to AASHTO (2004), the minimum 

deceleration SCL lengths for various design speeds o f  both highway and ramp roadway 

as suggested by the design guide are shown in Table 2.3.

Table 2.3: Minimum Deceleration Lane Lengths for Exit Terminals with Flat 
Grades of 2 Percent or Less (AASHTO 2004, pp. 851)

D eceleration  leng th , L  (m) for d e s ig n  s p e e d  o f ex it cu rv e FN (km /h)

Highway 
design  

sp e e d . V  
(km/h)

Stop
condition 20 3 0 4 0 50 60 7 0 8 0

reach ed , 
Va (km/h)

F o r a v e ra g e  runn ing  s p e e d  o n  ex it cu rve  f ’’ (km /h)
0 2 0 28 3 5 4 2 51 63 70

50 47 75 7 0 6 0 45 — — — —

60 55 95 9 0 8 0 65 5 5 — — —

70 63 110 105 95 85 7 0 55 — —
80 7 0 130 125 115 100 9 0 80 55 —

9 0 7 7 145 140 135 120 110 100 7 5 6 0
100 8 5 170 165 155 145 135 120 100 8 5
110 91 180 180 170 160 150 140 120 105
120 9 8 200 1 95 185 175 170 155 140 120

K  = d es ig n  s p e e d  o f  highway (km /h)
V„ =  a v e ra g e  running sp e e d  o n  highw ay (km/h) 
FN  — d e s ig n  s p e e d  o f exit curve (km /h)
I  '  —  a v e ra g e  running s p e e d  on  ex it curve (km/h)

PARALLEL TYPE TAPER TYPE
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AASHTO (2004) recommends that the length o f a parallel type deceleration lane 

should be at least 240 meters. However, the entire SCL is recommended to be 400-450 m 

for highway speeds o f 100 km  or above, with two lanes exiting the freeway. AASHTO 

(2004) further suggests that a short taper should be used on such ramps, since they allow 

drivers to be more aware o f  the approaching added lane. AASHTO (2004) states that the 

length o f a taper type deceleration lane is usually m easured from the point where the right 

edge o f  the tapered section is 3.6 meters away from the right edge o f  the freeway right 

most through lane to the point where the first horizontal curve on the ram p starts. On the 

other hand, the length o f a parallel type deceleration lane is measured from the point 

where the added lane (that should attain a 3.6 meters width) to the point where the right 

edge o f  the freeway right m ost through lane intersects with the left edge o f  the exit ramp, 

AASHTO (2004).

TAC (1999) states that an auxiliary lane that is to be extended beyond an entrance 

terminal to the following exit ramp terminal should be continued for a distance o f 700 m  

to 900 m to allow the entering and exiting traffic to merge into and diverge away from 

the freeway through lanes. The length o f the weaving segment, as suggested by HCM

(2000), is measured from a point where the right edge o f the freeway through lane is 0.6 

meters away from the left edge o f  the entrance ramp, to a point where the freeway right 

edge and the exit ramp left edge are 3.7 meters apart. An illustration o f  a weaving area is 

shown in Figure 2.9, as published by the HCM (2000). TAC (1999) similarly 

recommends a weaving measurement starting at the entrance gore, where the spacing 

between the two pavement edges (right edge o f  freeway through right most lane and left
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edge o f  exit ramp) is 0.5 meters, and ending at the exit gore where the two pavement 

edges are 3.7 meters apart.

-3.7 m

Length of Weaving Segment

Figure 2.9: Length of Freeway Weaving Section (HCM 2000, pp. 13-18)

2.2 REVIEW OF PREVIOUS RESEARCH

After the brief review o f the design guides that was presented in the previous 

section, this section extends to include the previous studies that addressed the effect o f 

design criteria on driving behaviour specifically on freeway diverge areas. The main 

focus o f  these studies is the freeway deceleration SCLs. This section also provides a 

review that focuses on freeway safety performance at freeway diverge areas.

2.2.1 Driving Characteristics on Freeway Diverge Areas

In early 1950’s, there have been debates on advantages and disadvantages o f 

using the two main types o f freeway off-ramps; namely: parallel lane and direct taper 

lane. Conklin (1959) compared the operating characteristics o f  the two types o f  ramps. 

Two locations were selected for the study on the R. H. Baldock freeway, a part o f  the 

Interstate Highway System between Salem and Portland. The use o f portable radar units 

assisted in recording speeds at the beginning, center, and near the gore point o f  the off
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ramps. The speeds o f through vehicles in the outside lane o f the freeway were also 

recorded for the study with a m inimum o f  100 vehicles sample. M oreover, the lateral 

placement at which vehicles cleared the outside lane o f the freeway was also determined. 

Conklin (1959) concluded that the direct taper design is definitely superior to the parallel 

type in terms o f  vehicle operating characteristics. The reason was that a direct taper is 

more closely follows the path that m ost drivers select when approaching the ramp. 

Vehicles using the direct taper type off-ram p consistently leave the freeway at about the 

same location and the m anner the SCL was designed. This indicates a smooth and m ore 

orderly movement o f the traffic at the diverge area. Exiting vehicles were also observed 

o f leaving the outside lane o f the freeway at relatively high speeds, reducing possibilities 

o f collision occurrence on these areas, fn the case o f the parallel type off-ramp, drivers 

used the SCL in different manners, ft was concluded that vehicles exiting the freeway 

using the parallel type lanes did not follow a particular manner, rather varied from full 

use o f the deceleration lane to almost no use o f the lane. This indicates unsafe freeway 

areas with high collision potential.

Berry et al. (1963) studied the effect o f different operational aspects on three left- 

hand exit ramps compared to a right-lane exit ramp on a six-lane section o f the Congress 

Street Expressway in Chicago, Illinois. The research attempted to carry out detailed 

analyses o f  volume, speeds, density, existing paths, and hazardous manoeuvres to study 

the operational behaviour patterns o f  traffic at high-volume left-hand exit ramps. M any 

o f  the states interviewed for the study had designed extra length into left-hand 

deceleration lanes in an attempt to minimize possible safety issues. Based on the 

information gathered in this study, it was concluded that there were no appreciable
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increases in percentage o f  total volumes than at an approach to a right-lane exit ramp. 

Traffic speeds were not also affected by left-hand exit ramp design. In addition, no 

noticeable increases in density upstream left-hand exit ramps were found during the 

study. It was also concluded that no indications o f  hazardous manoeuvres were 

highlighted due to the locations o f directional signing in advance o f the required lane 

change manoeuvre.

Fukutome and M oskowitz (1963) studied traffic behaviour at off-ramp terminals 

on a number o f  California freeways. The data for the study were collected using Traffic 

Analyzer equipment furnished and operated by personnel o f  the U.S. Bureau o f Public 

Roads. This equipment recorded the flow o f  traffic over the exit ramps. Freeway off

ramps in California are designed with a direct taper rather than the parallel deceleration 

lane. After it was observed that almost no drivers actually followed the reverse curve 

alignment required by the parallel design, the design standard was changed to use direct 

taper type off-ramps. Flowever, several aspects such as reported accidents indicated that 

the deceleration distance associated with direct taper lanes were not adequate in m any 

cases. Therefore, the study was conducted to determine whether the deceleration distance 

to the ramp curve past the curb nose is adequate and has any effect on operating speed o f  

exiting vehicles. The researchers collected speed data at 8 existing off-ramps for studying 

the operating characteristics o f  the traffic as it leaves the freeway. It was concluded that 

in designing an off-ramp every effort should be made to provide a high-speed design 

keeping in mind not to provide geometries that might attract through vehicles onto the 

off-ramp. However, the driver should be provided with sufficient length to decelerate to
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the speed o f the terminal control. This length o f  the deceleration lane should be 

controlled by the ramp terminal curve.

The study that was carried out by Davis and Williams (1968) considered different 

operating characteristics such as headways, speeds, lateral placements, and deceleration 

rates on six various types o f  outer loop and diam ond exit ramps located on Highway 401 

in the Toronto area, Ontario, Canada. Vehicle movements o f  1,574 vehicles were 

recorded on film for operational pattern analysis on deceleration lanes as well as the 

adjacent through lanes. Among the key findings o f the research was that there is 

sufficient evidence that deceleration lanes are not being used as designed. This is 

primarily due to the fact that many vehicles do not enter the deceleration lane at its 

beginning. This may cause inconvenient interfering with drivers who desire to maintain 

full speed in the through lanes. It was suggested that a direct taper design at exit ramps 

would be preferable to possibly eliminate ant traffic conflicts. Davis and Williams (1968) 

concluded that the variation o f  vehicle’s speed in diverge areas m ay influence even more 

than resulted by speeding drivers on a freeway basic section.

Pahl (1972) notes that there are specific driver-related problems that may be 

intensively observed at interchanges -  particularly when drivers approach an off-ramp. In 

a study conducted in the Los Angeles area o f California, photographic shots o f  vehicles 

upstream off-ramps were recorded. It was found that a driver approaching an off-ramp 

reacts in a different way than that on a freeway through lane. Typically, while drivers 

attempt to pass slower vehicles in the right lane, drivers would slow down to remain in 

contact with the right lane when they tend to exit the freeway. As the study admits, “such 

differences in lane-change characteristics o f  exiting vehicle drivers in the vicinity o f  their
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intended exit from  those o f  through vehicle drivers may result in special operational and  

safety problem s in the vicinity o f  off-ramps”.

Another study conducted by Livneh et al. (1988) addressed vehicle behaviour at 

deceleration lanes. The focused on traffic behaviour at three rural deceleration lanes: one 

on a m ajor freeway, the second on an expressway, and the third on a two-lane two-way 

highway. Paths o f cars and trucks were recorded through continuous video photography 

o f the traffic flow on selected deceleration lanes. Speed profiles were obtained for the 

recorded vehicles along both deceleration and through lanes, ft was noticed in this study 

that the actual behaviour o f  drivers on deceleration lanes is not always consistent with the 

assumptions listed in the AASHTO design guide. The researchers based their conclusion 

on three primary observations: (1) the speeds o f diverging vehicles at the beginning o f  the 

deceleration lane were lower than those for the through vehicles; (2) the deceleration 

values obtained were lower than values suggested by AASHTO; and (3) the average 

initial deceleration in gear lasted three times as long as the value (3-seconds) assumed for 

design purposes. The study findings led to the formulation o f a deceleration lane length 

model that could be written as follow:

I  =  7 . 7 5 x O T > 6 6 7 x a ? - ( m ) I ]
2d

W here, L = length o f  deceleration lane (m); ST  = average running speed o f 

vehicles on freeway through lane (m/s); SR = average running speed o f  vehicles 

on ramp (m/s); and d  = deceleration rate while braking (m/s2).

Nevertheless, Livneh et al. (1988) stated that although the developed m odel for 

determining the length o f  a deceleration lane is based on limited data, it is preliminary in 

its nature. The developed model uses the average running speed on freeway and ramp as
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well as it does not require the determination o f  speed at the end o f the braking 

(deceleration) behaviour on the deceleration lane.

In the study by Fazio et al. (1990), a general behavioural model o f  diverging from 

a freeway to an exit area was developed. M athematically, the developed model defined 

three sequential response elements that together characterize the length o f  speed-change 

lanes. These three elements were reported as: (1) a criterion for a driver to diverge from a 

freeway (based on the angular velocity o f  the exit ramp gore), (2) the distance required 

for a driver to complete a steering-control manoeuvre on SCL, and finally (3) the distance 

at which a driver begins to brake to move from a SCL to a curve o f  an exit ramp. The 

researchers compared the distances predicted from the developed model to observed 

existing deceleration distances using video records o f  traffic on seven exit ramps and 

concluded that the model is a reasonable representation o f the existing driving 

manoeuvres. The model offered a rational basis for deceleration speed-change lane 

design rather than the usual empirical means based on vehicle characteristics.

Harwood and Mason (1993) examined the relationship between ramp speeds and 

design considerations. This study focused on operational and safety issues that may result 

from ramp design speeds that are too low. The study concluded that the important factor 

for designers to consider is the relationship between ramp design speed and freeway 

design speed. An effort must always be made for these two speeds to be as close together 

as safely feasible.

Koepke (1993), compared between taper and parallel ramps using a survey o f  45 

states. It was mentioned that 4 states preferred the use o f  the parallel design, 11 used a 

taper design exclusively, and 30 states used a combination o f both designs. However,
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those 30 states that use a combination o f both designs use taper type exclusively for exit 

ramps and use parallel type for entrance ramps. These results would seem to indicate that 

the taper design style is highly preferred for exit ramps on nearly all freeways. However, 

Koepke (1993) noted that the gore o f  exit ramps appears to be the area where many 

freeway collisions occur. It was also mentioned that many drivers have problem s with 

driver gap acceptance on freeways and in proximity to exit terminals. The conclusion was 

that a majority o f  drivers either does not know how to properly use the speed-change 

lanes or simply choose not to use them properly.

Al-Kaisy et al. (1999) also studied freeway diverge areas with an emphasis on 

capacity and operational performance. Their research discussed the use o f  computer 

traffic simulations to examine five variables related to the diverge area including (1) total 

upstream demand, (2) off-ramp demand, (3) length o f  deceleration lane, (4) off-ramp 

free-flow speed, and (5) number o f lanes at mainline. Using these variables, the 

researchers considered key geometric characteristics and traffic conditions as they related 

to operational performance and highway capacity. The study used a typical section o f  a 

Canadian freeway. The findings indicated that, contrary to HCM (1994 and 1997) 

procedures, drivers’ manoeuvres at diverge areas would significantly impact freeway 

capacity at these areas. Additionally, it was found that the proportion o f diverge traffic 

had a more significant on performance during times o f  heavy to moderate traffic 

volumes.

Retting et al. (2000) discussed the effect that pavement marking has on speeds at 

freeway exits. In their study, the effect o f narrowing the lane width o f the curve along 

with a portion o f  the tangent section leading into the curve was examined. The narrowing
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o f the lane was done by using a gradual inward taper o f existing edge line. Speeds were 

measured six weeks prior and two weeks after installing the pavement m arking that 

narrowed the lane w idth in the ramp approach. The authors focused on the changes that 

took place in mean speeds, 90th percentile speeds, and percentage o f  passenger vehicles 

exceeding posted advisory speeds by more than specific values (16.1 km/h and 8 km/h). 

The study concluded that installing the marking resulted in a drop in the percentage o f 

passenger vehicles traveling more than 16.1 km/h above the posted speed by 6%, 13%, 

and 17% for three sites out o f the four sites examined. No results were gathered from the 

fourth site. Significantly, the proportion o f large trucks found exceeding the posted 

speeds by 8 km/h have decreased by 22%, 17%, and 19% for the same three sites.

Liapis et al. (2001) studied operating speeds (V$s) on curved sections o f  the ramp 

proper. The rate o f  change o f curvature (CCR), superelevation rate (e), pavement width, 

width o f paved shoulder, sight distance, grade configuration, and the operating speed data 

for twenty on and off-ramps in Greece were collected for that study. Liapis (2001) 

succeeded in developing two prediction models, one for on-ramps (R 2 = 0.73) and other 

for off-ramps (R2 = 0.75). However, CCR and the superelevation rate were the only two 

statistically significant parameters that explained the variability in the operating speeds 

on the collected sites. It was also concluded that speeds on on-ramps were higher than 

those on off-ramps by approximately 10 km/h for the same CCR and superelevation rate.

According to a study by Dutta et al. (2002), poor sign location and arrangement 

may be a contributing factor in some cases o f poor driver performance on freeways. That 

study assessed the effect o f the design o f overhead signs on driver behaviour during 

weaving manoeuvres. The signs located on freeways in the area o f  Logan International
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Airport in Boston, M assachusetts were examined to determine their affect on safety. It 

was stated that poorly designed exit signs could lead to missing the desired exit or 

making a decision at the last moment to switch lanes, leading to potentially unsafe 

manoeuvres. Problems were found with the existing signs, including non-centered 

positioning over lanes, which lead to directional arrows pointing at the improper lane. 

Using a simulation, D utta et al. (2002) tested the performance o f  drivers with four 

different types o f overhead signs. In general, the study recommended that better 

performance could be achieved on weaving sections by using more clear and 

understandable signs.

Garcia and Rom ero (2005) studied the behaviour o f vehicles on deceleration lanes 

o f  various lengths in Valencia, Spain. The study proposed a kinematic m odel for 

deceleration lanes o f  tapered type. The model is based on the behaviour o f passenger cars 

since heavy trucks need longer distances to decelerate. However, longer deceleration 

lanes are not recom mended since average speed for heavy vehicles are lower than those 

for passenger cars. The researchers suggested that a longer deceleration could actually 

impact safety since it would provide too much distance for deceleration allowing 

following vehicles to overtake a preceding vehicle on the lane. It was stated that exiting 

freeways is carried out based on two manoeuvres, (1) lane change w ith deceleration and 

(2) braking. The study found that i f  deceleration lanes are too long, an acceleration 

manoeuvre may become necessary, and if  it is too short, the lane change m anoeuvre 

occurs within the braking deceleration. In conclusion, they found the length that balances 

the effects on the m ain roadway with the best functionality and safety o f  the deceleration 

lane is the one that allows successful joining o f the two manoeuvres.
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2.2.2 Safety Performance

According to Harwood (1995), who studied geometric design improvements, 

there is little coordination between operational improvements and safety considerations in 

most freeway design. The study noted that, “in the real w orld o f  highway design, there is 

a clear need fo r  operational analysts and  geometric designers to be fam ilia r with existing 

accident patterns at a site  and  the likely safety performance o f  candidate alternative 

s o l u t i o n s The overall recommendation o f the study was to encourage producing 

geometric design policies that fit the needs o f  each specific roadway, which may require 

making exceptions to currently accepted standards.

Worldwide, many researchers have dedicated their research w ork to develop 

models that are capable o f  estimating individual consistency m easures for design 

consistency evaluations and safety concerns on two-lane highways. In fact, less 

consistency and safety work has been conducted for freeways. Nevertheless, following 

are the relevant research w ork related to freeway deceleration SCLs and diverge areas.

In one o f  the earliest studies o f its kind, Lundy (1965) studied 722 freeway ramps 

being used by a total o f two billion vehicles. It was discovered that 32%  o f  the ramps had 

experienced no collisions at all, while a total o f  1643 collisions were experienced on the 

remainder o f the ramps. The ramps considered for the study experienced 18% o f the total 

collisions on the freeways they were connected with. Lundy’s study was designed to 

classify the geometric features o f ramp types and examine the relationship between each 

type and related safety issues. The researcher concluded that there was no statistically 

significant difference between ramps that had experienced collisions and those that 

experienced no collisions. As has been the case in many other studies under review, it
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was determined that exit ramps have a much higher rate o f accidents than entrance ramps. 

Recommendations included using an acceleration lane length o f  243 m  (800 ft) or greater 

and a deceleration lane length o f  274 m (900 ft) in order to increase the safety in these 

areas. In spite o f this, there were two limitations evident in this study. First, collisions 

were assumed to be related to traffic volumes only, regardless o f the length o f  the ramp. 

Second, using the collision rate has recently been considered unsatisfactory since it is 

based on the false assumption o f  linear relationship between number o f  collisions and 

traffic volumes.

Cirillo (1970) investigated the relationship between the geometry o f  an interstate 

highway system and safety. This study included the effect o f weaving length, acceleration 

and deceleration lanes on safety performance for specific segments. The study examined 

the accident rate per hundred million vehicles using accident data from 2,288 highway 

sections, collected during 1961-1965 in twenty US states. It was concluded that 

increasing the length o f weaving sections is recommended to increase safety, specifically 

by reducing collision rates. Therefore, additional length o f both acceleration and 

deceleration speed-change lanes would be beneficial to reduce the collision rates for these 

areas. Nevertheless, the increased length o f acceleration lanes appeared to produce a 

greater sensitivity o f  safety improvement than increasing the length o f  deceleration lanes. 

This is primarily due to the fact that deceleration lanes are generally safer than 

acceleration lanes regardless o f  the length o f lanes or extent o f  traffic flow on diverge or 

merge area.

Harwood and Mason (1993) stated that AASHTO policies for freeway ramp 

design are adequate to maintain a high level o f  safety, as long as drivers regulate their
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speed to levels less than or equal to the design speed. For vehicles, especially trucks, 

travelling with higher speed than the design speed on ramp curves, safety problem s are 

more likely to arise. The study reported that the m ost critical conditions m ay occur on 

horizontal curves with lower design speeds o f 20 to 30 mph (32 to 48 km/h). A  truck on a 

curve with a 20 mph (32 km/h) design speed has a very small margin o f error since it can 

rollover when travelling at or with only 25 m ph (40 km/h) and may skid o ff  the road 

under serious wet-pavement conditions when travelling at about 27 mph (43 km/h). 

Additionally, a truck on a ramp curve with a 30 mph (48 km/h) design speed can 

experience a rollover at a speed o f  about 38 mph (61 km/h). Harwood and M ason (1993) 

further recommended that the design policy for horizontal curves should ensure an 

adequate safety margin in an attempt to prevent both rollover and skidding at the actual 

speeds used by vehicles in reality. In other words, the design o f  the ramp curve should 

consider how fast drivers will actually be travelling on the ramp, and not simply be an 

exercise in design for its own sake.

Models for predicting accident rates using 1988 and 1989 data were developed by 

Persaud and Dzbik (1993). The macroscopic m odel in this study used annual accident 

rates per kilometre in addition to the average daily traffic volumes data from nearly 500 

segments o f freeways in Ontario, Canada. The researchers determined that there was a 

lower risk for collisions on freeways consisting o f  four lanes as opposed to those with 

more than four lanes. The higher risk for collisions on the larger freeways was due higher 

volumes o f  traffic at rush hour in urban areas.

Twomey et al. (1993) conducted a study on the safety o f  interchange design 

features, reviewed in terms o f accident rates per 100 million vehicles. This research
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indicated that by providing an enhanced geometric design to both entrance and exit 

terminals, safety could be increased. The recommendation was for auxiliary or 

acceleration lanes to have a minimum length o f 800ft (244m) and deceleration lanes to be 

900ft (274m) in length. Lengthening these lanes was only one step that the study 

concluded to improve the safety o f freeway operation. Other factors also included adding 

ramp lanes, optimizing existing ram p lanes or installing new traffic signals, adding 

collector-distributor roads and lengthening weave areas.

Bauer and Harwood (1997) evaluated the relationship between traffic accidents, 

geometric design features and volum e of traffic through development o f  several 

statistically significant models at 10%-20% significance level. These models included 

interchange ramps as well as SCLs w ith R2 o f 0.10 to 0.42. The 3-year traffic collision 

data on 551 ramps in W ashington State (US) from 1993 to 1995 were used in the 

modelling attempts using the negative binomial regression technique. The models 

showed that the variability in the collision data were explained by different parameters 

such as ramp average annual daily traffic (.AADT), ramp type (rural or urban), ramp 

configuration (exit or entrance), and combined length o f  the ramp and the speed-change 

lane (including taper). The developed models showed that the independent variables 

explained 10% to 42% o f  the variability in the collision data. It was noted that about 

between 50% and 80% o f  the ramps have experienced no collisions or only one collision. 

The study used the taper length as well as the length o f  the SCL in the analysis, as a lack 

o f necessary data in the design guides on how to determine the SCL length. It was 

concluded that modelling the total num ber o f collisions occurred on ramps in addition to
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the adjacent SCL were more significant than those resulted from disaggregating the 

collision data into two separate parts.

Awad and Janson (1998) studied the prediction o f commercial truck collisions on 

freeway ramps in the W ashington State. All collisions that took place on ram ps, 

acceleration/deceleration lanes, or in the lanes adjacent to the acceleration/deceleration 

lanes were included in this study. In the study, 82 out o f the total 391 interchanges were 

examined and have experienced no collisions at all during the study period o f the study. 

The analysis encompassed four ramp categories; namely: diamond, loop, outer connector, 

and directional. Additionally, a dataset that contained records o f 1,030 truck collisions, 

which occurred at 581 ramps, was used to model truck collisions. The research revealed a 

total o f  ten factors that accounted for m ore than 75% o f the total variation in the collision 

data. However, out o f those ten factors, only four were found to be sufficiently relevant to 

the study. These four factors were (1) the distance between the gore and the taper, (2) 

volume o f  traffic on ramps, (3) volume o f  traffic on through road, and (4) the percentage 

o f truck traffic on the main road. O ther factors that were considered insignificant 

included ramp length, truck percentage on the ramp, weather conditions, urban/rural 

location, visibility, and road surface conditions. Either Poisson or negative binomial 

regression was favoured in the study rather than the traditional linear regression 

modelling.

Khorashadi (1998) studied the relationships between ramp configuration, ramp 

type, ramp geometry, and collisions using a three-year collision data retrieved from 

13,325 ramps on the California State Highways. This study found no statistically 

significant difference in collision rates between different types o f  ramps. The m ost
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common areas to experience high collision rates per million vehicles were scissor ramps, 

rest area ramps, and slip ramps. Rural ramps were notably safer, accounting for only 

2.82% of the collisions occurring on rural highways. On the other hand, urban ramps 

accounted for 18.41% o f  the collisions occurring on the urban highways.

Bared et al. (1999) studied safety and economic evaluation techniques related to 

acceleration and deceleration lanes in the W ashington State. The study used previously 

developed collision models (developed based on a sample o f 276 exit ramps and 192 

entrance ramps) to help highway planners and designers assess safety improvement 

benefits for interchange ramps and the adjacent speed-change lane. Using previously 

reported statistical relationship between collision frequency and speed-change lane 

length, a benefit/cost analysis were conducted to evaluate the effect o f increasing the 

length o f speed-change lanes to achieve an economically acceptable design. Considering 

interchanges for reconstruction or when they are experiencing higher collision 

frequencies, the proposed methodology is a useful tool for safety evaluation especially 

when existing collision records are not required. It was recommended that lengthening 

deceleration lanes in particular would be more beneficial, as they experience a higher 

number o f collisions than the acceleration lanes.

Khan et al. (1999) developed collision models for urban and rural segments 

separately using ten-year collision data on an interstate highway 1-25 (between Denver 

and Pueblo) in Colorado, US. The collision data included injury, property damage, and 

total collisions o f 97 segments o f Highway 1-15 covered a portion o f  160 miles (258 km). 

The developed models used Poisson regression with log-transformed parameters for two 

different sets o f variables (1) segment length (SL) and average daily traffic (ADT) and (2)
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vehicle miles traveled ( VMT). It was established that both SL and A D T  were m ore 

significant in predicting injury and damage collisions, while the VMT  was m ore 

significant for predicting fatal collisions only.

Golob and Recker (2003) used linear and nonlinear multivariate statistical 

analysis to determine how the various types o f  freeway collisions are related to weather, 

volume of traffic, and lighting condition. Six freeways in Southern California were used 

as the basis o f  the study. The data collected from nearly 1200 vehicle collisions during 

the year 1998 were used in the research. The collisions were grouped according to the 

type and location o f  the collision, number o f  vehicles involved, and collision severity (in 

terms of injury versus property damage only).The study stated that wet road surfaces 

were more likely to produce collisions involving vehicles hitting a side-object as well as 

collisions involving multiple vehicles. However, these same kinds o f  collisions were also 

found to be related to relatively stable traffic flow characterized by low volumes and high 

steady speeds. It was interesting that the study also found that rear-end collisions were 

m ore likely to occur on dry roads during daylight hours, where there is a high disparity in 

relatively low speeds. The primary factor influencing collision severity, according to 

Golob and Recker (2003), is the volume o f  traffic. In general, the higher the traffic flow, 

the greater the risk for severe collisions.

Kockelman and M a (2004) examined average speed and speed variation patterns 

and their relationship with collision occurrence. Six orange country freeways in 

California were used to collect data upstream and within 2,000 ft (610 m) o f the collision 

locations using single loop detectors. The study concluded that speed has no significant 

influence on collision occurrences on freeways.
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McCartt et al. (2004) examined a sample o f  1,150 crashes that occurred on 176 o f 

heavily traveled urban interstate ramps in Virginia. Nearly ha lf o f these collisions 

occurred when at-fault drivers were exiting the freeway while 36% occurred when drivers 

were entering the freeways. Additionally, only six percent o f  collisions occurred on m id

point o f  access roads or on ramps connecting tw o separate freeways. Research concluded 

that the crash type most frequently associated w ith exiting was run-off-road, while the 

crashes most common with vehicles entering the freeway were rear-end or sides wipe/cut

o ff types. Suggestions to enhance safety performance included increasing the ramp 

design speeds, extension o f the acceleration lanes and enforcement o f existing laws.

Sarhan (2004) developed several m odels for the prediction o f  five-year collisions 

using data from 94 segments and 26 interchanges o f  Highway 417 located in the City o f 

Ottawa, Ontario. The study objective was to quantify the effect o f  ramp terminal spacing 

and traffic volumes on safety performance o f  freeways through regression analysis. 

Negative binomial regression was found to better fit the collision data over the Poisson 

regression. The study resulted in 24 statistically significant models at 95% confidence 

level. Several explanatory variables were examined including traffic volume, traffic 

exposure, type and length o f speed-change lane, number o f lanes, weaving types, and 

advisory speed on exit ramps. Sarhan (2004) recommended the use o f two specific 

significant models, out o f  the 24 models developed, as useful ones in improving the 

safety performance o f  freeway merge and diverge areas. These two models had a unique 

characteristic that the explanatory variables explained the variability in the dependant 

variables and appeared in the models are design elements that can be controlled for safer
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operational conditions on freeways. The model for predicting the number o f collision on 

diverge areas was given as follows:

T C q I  — g(2.7238+0.0136(£xpo)-0.0015(IDec)+1.2143(DecCo)

Where, TCol = Total five-year collisions for a freeway segment including the 

diverge area; Expo = Traffic Exposure in million-vehicle-km o f travel; LDec = 

Length o f deceleration lane in meters; DecCo  = Code o f  deceleration lane (0 for 

limited length type SCL and 1 for extended length type SCL).

Additionally, Sarhan (2004) concluded that increasing the number o f  exiting 

vehicles at a specific freeway segment would cause number o f  collisions on this segment 

to increase. Additionally, the number o f  collision is expected to increase while carrying 

the full width o f the SCL from an entrance term inal to the following exit terminal. The 

study recommended use o f tapered portion at the beginning o f  a deceleration SCL, and 

did not recommend extending the SCL to the next ram p in cases where the basic number 

o f lanes is to be increased or decreased.

Maze et al. (2005) studied the characteristics o f  safety performance on 

expressway segments near at-grade intersections using a three-year collision data (1999- 

2001 in Minnesota and 1998-2000 in Iowa). The study developed two statistical models 

for M innesota and Iowa State Expressways. It was concluded that safety is highly 

affected by traffic volumes (ADT) and crash density. The researchers recommended the 

use o f  grade separation with full access control for safety benefits on high-volume 

expressway segments, as safety found to deteriorate with increasing the traffic volumes.
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2.3 SUMMARY

Based on the information presented in this chapter that addressed the effect o f 

different design criteria on driving behaviour at freeway diverge areas and SCLs, it is 

evident that inconsistency in some design criteria existed. Such inconsistent design 

criteria would not properly represent current driving behaviours on freeways. To date, 

relatively little research has been given to the synchronization and effect o f geometric 

design elements o f freeway diverge areas on driver behaviour. Therefore, this study is 

intended to examine and model driver speeds and deceleration behaviours on deceleration 

SCLs using geometric features and traffic volume. M oreover, this study will attempt to 

model safety performance o f  freeway deceleration SCLs using related speed, geometric, 

traffic, and collision data. It is hoped that the models to be developed in this study, i f  any, 

would be in assistance for highway designers in selecting the proper geometry o f 

deceleration SCLs for efficient and safe operation o f  freeway diverge areas.
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CHAPTER THREE

3.0 DATA COLLECTION AND PREPARATION

This chapter covers a detailed description o f the database collected and prepared 

for the purpose o f  this study. Based on the study objectives and the literature review 

presented in previous chapters, proper data have been collected and prepared for 

developing operational and safety performance models that would help evaluate and 

predict drivers’ behaviour on deceleration speed-change lanes (SCLs) and the adjacent 

right lanes o f  freeways. The data included operating speeds, traffic counts, freeway 

geometric, and collision data for candidate sites selected for this study. The speed data 

were collected from  deceleration SCLs and the adjacent right most through lanes on 

Highway 417 in Ontario, Canada. Two research students had worked together in the 

speed data collection process for the purpose o f this study and another concurrent 

research study (Ahammed, 2005).

Section 3.1 presents the study area and the sites selected with the relevant 

constraints behind this selection. Then, Section 3.2 provides a description o f the 

equipment used for collecting the speed and traffic data. The speed data collected as well 

as the preparation o f different speed and deceleration parameters (driving behaviour 

measures) useful for the modelling procedures are presented in Section 3.3. Then, Section 

3.4 describes the geometric plans used to extract the needed geometric data for the 

selected sites, and Section 3.5 presents the traffic data preparation. Finally, Section 3.6 

presents the collision data used for safety modelling activities.

46
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3.1 SITE SELECTION

This section describes the proposed study area, site investigation process, and 

finally the sites selected for the purpose o f this study. As previously mentioned, the main 

objective o f this study is to develop operational and safety performance prediction 

models to help evaluate drivers’ behaviour on freeway deceleration SCLs and the 

adjacent right lanes. Therefore, a suitable and acceptable database with adequate numbers 

o f observations is necessary to accomplish the study goals.

3.1.1 Study Area

The study area included in this research covered a long portion o f Highway 417, 

also known as the Queensway. Highway 417 is a major freeway in Ontario, Canada that 

extends from Route 40 (the Quebec border) in the east to Highway 17 (Am prior town) in 

the west. The selected study area covers the section from Interchange 110 (intersection 

with Walkley Road) east to Interchange 145 (intersection with Highway 7) west. 

Queensway is the only freeway running through the City o f  Ottawa, Ontario, Canada, 

serving a high level o f  commuter traffic with a speed limit o f  100 km/h. Under favourable 

traffic conditions, drivers are more likely to select speeds close to or above the 

Queensway’s speed limit, whereas during the rush hours periods, congestion builds up 

and drivers are forced to reduce their operating speed.

Shown in Figure 3.1 is the selected study area that covers two distinctive land-use 

types located w ithin the City o f  Ottawa. The Eastern and W estern regions o f  the study 

area are classified as urban commercial and industrial areas, while the central region is 

classified as central business district (CBD) area. M oreover, the central region is
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associated with higher numbers o f interchanges and limited right-of-way, serving the city 

core, resulting in shorter spaces between the successive ramp term inals in both directions 

o f the freeway (i.e. shorter SCLs). Furthermore, the traffic along the Queensway varied 

from one interchange to another depending on the type o f  the land-use being served.

tOnhwv

Figure 3.1: Selected Study Area of Highway 417

The selected study area was found to exhibit a noticeable variability in the 

geometric and traffic data from one interchange to another along the freeway. Such 

variability should help reveal any existing effects on drivers’ behaviour on deceleration 

SCLs and the adjacent right lanes o f freeway diverge areas from operational and safety 

performance points o f  view.
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3.1.2 Site Investigation

After visiting the proposed study area, 27 interchanges with 43 exit ramp 

terminals, in both directions o f the freeway, were available for study including the newly 

constructed interchange (Castlefrank Road -  IC# 139). The section o f  the Queensway, 

between Eagleson Road (IC# 110) and Terry Fox Drive (IC# 140) interchanges, where 

the Castlefrank Road is located, was designated as a construction area but open for public 

use. During the speed data collection process, this section o f the freeway was still under 

the responsibility o f M orrison Hersfield -  a m ultidisciplinary engineering and 

management firm. Therefore, M orrison Hersfield were consulted regarding their 

permission for use o f the Castlefrank overpass as well as the pedestrian overpass, that 

was reconstructed near the Castlefrank interchange.

Excluding freeway-to-freeway exit ramps, 40 exit ramp terminals were the 

candidate sites to select amongst them the suitable locations for speed data collection. 

The selection o f the appropriate locations for the speed data collection process from the 

Queensway was controlled by the following key constraints:

• Operator’s visibility. Locations with limited visibility o f  deceleration SCLs 

and the adjacent right lanes to the operators were excluded.

• D river’s distraction : Locations where the operator would be visible to the 

drivers and thus could affect their driving behaviour were excluded.

• Operator’s safety. Locations that represented over due hazard to the operators 

were excluded.

Based on those constraints, four possible alternative equipment (operator) 

positions were established. These four possible locations were: (1) an overpass o f an
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interchanges, (2) a pedestrian overpass, (3) roofs or upper floors with side windows o f 

elevated buildings adjacent to the Queensway, or (4) nearby m all parking areas. 

Subsequently, 27 exit ram p terminals were excluded from  the study area due to the 

following reasons:

• The site has not satisfied any o f  the four alternatives.

• Property owners o f  the buildings, adjacent to the freeway that were chosen for 

operators’ positions, refused to authorize the use o f their property for speed 

data collection activities.

• The traffic volume on the exit ramp was less than five veh/h.

Finally, the site investigation process resulted in 13 exit ramp terminals at 11 

interchanges. The following sub-section (Section 3.1.3) describes the sites selected for 

the purpose o f this study. Since the Queensway is a provincial property, the Ontario 

Provincial Police (OPP) patrols it. All other local streets o f  the City o f  Ottawa, Ontario 

(including freeway overpasses) are under the jurisdiction o f  the Ottawa Police. For that 

reason, both the OPP and the Ottawa Police were informed about the dates, times and the 

equipment used regarding the speed data collection activities. In addition, the M inistry o f  

Transportation (MTO) and the OPP were updated on a weekly basis o f  the schedule o f 

the speed data collection process, while the Ottawa Police were updated on a daily basis 

before heading to the designated site(s).

3.1.3 Selected Sites

With regard to the information previously mentioned, 13 exit ram p terminals at 11 

different interchanges were selected and used for collecting actual speed data for the
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purpose o f this study. The speed data from 12 exit ramp terminals (deceleration SCLs and 

the adjacent right lanes) were collected using the interchange overpasses, while the speed 

data for the Bronson W -NS exit ramp terminal were collected from the roof o f an 

Ottawa-Carleton School Board building located next to the Queensway. Table 3.1 

provides a summary o f the sites selected for the purpose o f  this study. As shown in the 

table, seven sites were classified as limited length type SCLs (parallel or taper length 

type), while the other six sites were classified as auxiliary deceleration SCLs (extended 

length type). In addition, there were eight sites located on the eastbound direction while 

five on westbound direction.

Table 3.1: Summary of Selected Sites

# SCL Name Equipment/Operator Position SCL Type

1 St. Laurent Blvd (W-NS) Belfast Rd Overpass Extended (Dual-Exit)

2 Vanier Pkwy (W-NS) Vanier Pkwy Overpass Extended (Dual-Exit)

3 Woodroffe Ave (E-NS) Woodroffe Ave Overpass Extended (Single-Exit)

4 Woodroffe Ave (W-NS) Woodroffe Ave Overpass Extended (Single-Exit)

5 Greenbank/Pinecrest Rd (E-NS) Greenbank/Pinecrest Rd Overpass Extended (Dual-Exit)

6 Parkdale Ave (W-NS) Parkdale Pedestrian Overpass Limited (Taper)

7 Prom Island Park Dr (E-N) Parkdale Pedestrian Overpass Limited (Taper)

8 Terry Fox Dr (E-NS) Castlefrank Rd Overpass Limited (Parallel)

9 Moodie Dr (W-NS) Moodie Dr Overpass Limited (Parallel)

10 Terry Fox Dr (W-NS) Terry Fox Dr Overpass Limited (Parallel)

11 Ch. Carp Rd (E-NS) Ch. Carp Rd Overpass Limited (Parallel)

12 Eagleson Rd (W-NS) Castlefrank Pedestrian Overpass Extended (Single-Exit)

13 Bronson Ave (W-NS) Ottawa-Carleton School Board Building Limited (Taper)
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3.2 FIELD SCHEME AND EQUIPMENT USED

After the selection o f the 13 exit-ramp sites for collecting actual (operating) speed 

data and prevailing traffic data on freeway deceleration SCLs and the adjacent right 

lanes, it was important to select the appropriate equipment that can be used to achieve the 

study goals. The equipment used for the data collection process in the field included the

following:

1) SpeedLaser® Equipment

2) Video Camera

3) Laptop Computer

4) Tripod(s)

5) M easuring Tape

6) GPS Unit

7) Reflective Safety Jackets and Traffic Cones

The SpeedLaser®  is a laser-based speed gun, manufactured by Laser Atlanta, 

which has several advantages including the ability to precisely target and record 

continuous speed profile and/or speed values o f a single vehicle on busy roadways. The 

foremost advantage o f SpeedLaser®  as compared to a radar gun is that the SpeedLaser®  

is capable o f  measuring and recording speed, distance, and time values o f a target vehicle 

on a roadway as it travels along its path. The SpeedLaser®  calculates the time it takes a 

pulse o f  a Class 1 eye-safe laser light to travel from the equipment position to the target 

vehicle for determining the relative distance (i.e. the vehicle’s position from  the 

operator). Hence, the equipment combines individual distance and time measurements to
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determine relative speed measurements. The SpeedLaser®  captures data point readings 

(speed, distance, and time) and records these readings on a PCM CIA type II SRAM card.

Moreover, SpeedLaser®  has the advantage o f  recording the speed o f  both 

approaching (oncoming) and receding targets and can easily differentiate between the 

two types by means o f  ±  sign, displayed next to the speed values on the rear panel 

display. A negative sign means that the target is receding away from the operator’s 

position, while a positive sign means that the target is approaching the operator. 

Furthermore, the use o f  the monocular accessory facilitates the operator’s operation o f  

the device by improving the coordination between his/her eye-focus and hand-stability 

while aiming the laser beam  on the target vehicle. Figure 3.2 shows an image o f  the 

SpeedLaser®  used and the associated accessories. M oreover, Table 3.2 provides a 

summary o f  the technical specifications o f  SpeedLaser®  equipment.

K Monocular

Trigger

B a ttery

Figure 3.2: SpeedLaser® and Accessories, Laser Atlanta
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Table 3.2: Technical Specifications of SpeedLaser®

Dimensions w l l .5  x  h l9 .0  x d21.5 cm
Weight 2.2 kg, w ith battery
Laser Classification Class 1 eye-safe
Speed Range M axim um  o f 1,220 m
Speed Accuracy ± 1 .6  km/h
Speed M easurement Limits 16 km /h to 320km/h
Distance Range 1.5 -9 ,1 4 6  m
Distance Accuracy ± 0.3 m
Data Capture PCM CIA SRAM Type 2 card and slot
Operating Temperature -30 C to 60 “C

Two SpeedLaser®  devices were used in the field to record operating speed data 

for vehicles diverging onto the freeway deceleration SCLs, in addition to vehicles 

travelling on the freeway adjacent right m ost through lanes. Hence, two operators worked 

together (side-by-side) to collect such vehicular speed profiles data on freeway 

deceleration SCLs and the adjacent right lanes.

On site, three tripods were used to support the two SpeedLaser®  devices to record 

speed data and a video camera for recording the traffic volumes on freeway diverge 

areas. While collecting the speed data, the PCM  card sometimes reached its full capacity 

depending on the data recorded. When the PCM  card got full, a laptop computer was 

used to transfer and store the recorded data. In addition, traffic cones were placed 

between the outer edge o f the local traffic lane and the curb/sidewalk edge on overpasses 

with narrow sidewalk areas, to heighten the alertness o f the m otorists on the overpass.

Part o f the field scheme was to determine the horizontal and vertical offsets o f  the 

equipment position with respect to the centerline o f the individual SCL or the adjacent 

right lane designated for collecting the speed data. The horizontal offsets, measured on 

the overpass surface from the equipment position to the centerline o f the respective SCL
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or the right lane, were determined by means o f  a measuring tape. On the other hand, the 

vertical offset values, measured from the pavem ent surface to the mid-point between the 

two front lenses o f the SpeedLaser®, were determined using both the SpeedLaser®  and 

the measuring tape. First, the distance from the pavement surface to the top edge o f the 

overpass fence was measured using the SpeedLaser®. Then the distance from the top 

edge o f  the overpass fence to the mid-point betw een the equipm ent’s two lenses was 

measured using the measuring tape. However, the vertical offset from the pavement 

surface to the top o f  the roof o f  the Ottawa-Carleton School Board building, and the 

vertical offset from the pavement surface to the top o f the bridge deck at Parkdale 

pedestrian overpass, were both determined using a GPS unit. W hereas, the vertical offset 

between the pavement surface and the top o f  the bridge deck at Castlefrank pedestrian 

overpass was obtained from Morrison Hersfield. It should be noted that m any o f the 

horizontal offset values associated with the selected sites resulted in zero values, where 

the equipment position is exactly located on the centerline o f the targeted lane.

As previously mentioned, two operators were collecting speed data for vehicles 

on the freeway deceleration SCLs and adjacent right lanes from the thirteen sites selected 

for this study. At each individual site, the first operator recorded speed data on the 

deceleration SCL while the other operator recorded speed data on the adjacent right lane. 

The speed data collection process involved targeting several vehicle movements with 

respect to the occupied lane on the freeway diverge area. For this purpose, a worksheet 

was prepared prior to the speed data collection process to manually record different 

vehicle movements o f  randomly targeted vehicles in the field. In addition, the worksheet 

was used to record all the information associated with the relevant site like the lane
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description, the horizontal and vertical offset measurements, and the vehicle 

classification. Table 3.3 shows a sample worksheet for Greenbank (E-NS) with examples 

o f all possible vehicle movements expected to occur on a freeway diverge area with an 

extended (dual exit) deceleration SCL.

Table 3.3: Worksheet Sample for Recording Vehicles’ Class and Movement

DATE: Oct. 27th IC#: 129
LANE DESCRIPTION: (E-NS) Extended. Dual IC NAME: Greenbank/Pinecrest Rd
OPTERATOR POSITION: Greenbank Overpass HWYDIRECTION: Westbound
HORIZONTAL OFFSET: SCL = 5.2 . RL = 0 VERTICAL OFFSET: SCL = 8.19 . RL = 8.33

SPEED CHANGE LANE (SCL) RIGHT LANE (RL)
File# Vehicle Movement HV File# Vehicle Movement HV

001 (Start) 001 (Start) V

007 D 003 ML V
032 ■/ 004 Ex
044 ML 014 D
062 D 080 D V
082 Out 087 Out

135 (End) 155 (End)
HV = Heavy Vehicle 
D = Diverged from RL onto SCL
ML = Already Occupying SCL and Merged Left onto Inner Lane
Blank = SCL -  Already Occupying SCL & Depart; RL -  Continued Through on Right-Lane 
Ex = Exit onto Left-hand Ramp Lane of two-lane off-ramp from RL (Weaving Type B only) 
Out = Corrupted File -  Target Vehicle Lost

The vehicle movements associated with an auxiliary (extended length type) SCLs 

were different from those associated with limited length type SCLs (parallel or taper). For 

extended length type SCLs, there would be vehicles already occupying the SCL after 

entering the freeway from the previous entrance ramp terminal o f the preceding 

interchange. Those vehicles may either continue on the SCL (i.e. the auxiliary lane) and 

exit the freeway, or merge left onto the freeway through lanes. M oreover, other vehicles 

would diverge from the freeway right most through lane onto the extended SCL for 

exiting the freeway. Alternatively, for limited length type SCLs, all vehicles exiting the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



freeway are those diverging from the freeway right m ost through lane onto the limited 

SCL. W hereas, the vehicles movement on the freeway adjacent right lanes would perform 

one o f  the following driving actions: merge left onto the inner lane, diverge onto the SCL 

(extended or limited), or continue through along the freeway right lane. Exit ramp 

terminals with two-lane off-ramps provided an additional alternative for vehicles 

travelling on the freeway right most through lane and willing to directly exit the freeway 

using the left-hand ramp lane. Figure 3.3 and Figure 3.4 show two field photos o f  an 

extended length type SCL and a limited length type SCL, respectively.

On extended length type SCLs (Figure 3.3), vehicles already occupying the SCL 

and exiting the freeway were targeted from a point upstream  the freeway diverge area and 

along the SCL until the gore area (physical nose). W hile vehicles already occupying the 

SCL that decided to merge left onto the freeway right lane, were targeted until the 

individual target vehicle is half-way between the SCL and the freeway right lane. 

Likewise, vehicles diverging from the freeway right lane onto the limited or the extended 

SCLs were targeted from a point where the individual target vehicle is about to 

completely perform a lane change manoeuvre and along the SCL until it reaches the gore 

area.
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Figure 3.3: Field Photo of an Extended Length Type SCL, St. Laurent Blvd (W-NS)

Figure 3.4: Field Photo of a Limited Length Type SCL, Carp Rd (E-NS)
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For both cases o f  extended and limited SCLs, vehicles on the freeway right lanes 

were targeted upstream  the freeway diverge area and along the freeway right lane until 

the individual target vehicle would perform  one o f  the following driving decisions:

• Merge left onto an inner freeway through lane,

• Diverge onto the deceleration SCL,

• Continue through on the freeway right most lane until it passes the limits o f  

the exit ramp area, or

• Exit the freeway using the left-hand lane o f the two-lane exit ramp terminals.

As previously mentioned, the targeted vehicles were manually recorded on the

worksheet in the field according to their movement and vehicle classification. From 

Table 3.3, a corrupted file that is m arked as “Out” is a speed data profile o f an individual 

vehicle that was m issed while being targeted. This could happen because another 

following vehicle had obstructed the targeted vehicle or because the disturbance o f the 

SpeedLaser®  equipment, due to the vibration o f  the overpass produced by the movement 

o f a heavy vehicle, caused the operator to lose his target. Fortunately, not m any vehicles 

were recorded as corrupted files during the speed data collection process, confirming the 

high performance o f  the operators in the field. Later, the corrupted files were deleted 

from the database right after transferring the speed data profiles to the laptop computer.

Additional w ork o f the field scheme was to determine a typical height o f  a target 

vehicle travelling on the freeway. Therefore, the heights o f  a target vehicle’s front and 

back reflective sides were measured, using a measuring tape, from  the pavement surface 

to an approximate point where the laser light-beam o f the SpeedLaser®  is aim ed while 

targeting the vehicle on the roadway. First, it was important to determine the height o f  the
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target vehicle approaching or receding away from the equipment position. As mentioned 

earlier, the travelling vehicles were targeted either from the front or from the back 

reflective side o f the vehicle. Therefore, the front and the back average heights o f  three 

different passenger car types, in addition to four different heavy vehicle types were 

calculated and used for the speed correction process (only w ith respect to the vertical 

offsets). Table 3.4 shows the types o f  the vehicles with their front/back heights used for 

calculating the average vehicle heights for a target vehicle.

Table 3.4: Average Heights of Front and Back Reflective Sides for PCs & HVs

Passenger Cars (PCs)
Front Back

Vehicle Type
Sedan 0.51 1.00
M inivan (MPV) 0.52 0.97
4x4 (SUV) 0.57 1.05

Average Target Height 0.53 m 1.01 m
Heavy Vehicles (HVs)

Front Back

Vehicle Type

Medium Truck 1.35 1.88
Bus 0.93 1.47
Heavy Truck 1.20 2.75
Semi-Trailer Truck 0.87 2.00

Average Target Height 1.09 m 2.03 m

From Table 3.4, the typical average passenger-car front and back heights used in 

the speed correction procedures were 0.53 meters and 1.01 meters, respectively. On the 

other hand, the typical average front and back heights for a heavy vehicle were 1.09 

meters and 2.03 meters, respectively.
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3.3 SPEED DATA

The speeds o f  3,098 vehicles were recorded on the 13 freeway diverge areas 

selected on Highway 417 (i.e. the Queensway) in the Ottawa region to examine 

operational driving patterns on freeway deceleration SCLs and the adjacent right lanes. 

The speed data were collected during the off-peak hour periods (between 10:00 am to 

3:00 pm) for a two-month period o f October-to-November 2004. Subsequently, the speed 

data files were processed to prepare appropriate speed and deceleration driving 

parameters (meaningful behaviour measures) useful for modelling vehicular behaviour on 

freeway diverge areas, from operational and safety performance points o f  view. The 

following sub-sections cover the speed data retrieval (Section 3.3.1), the speed data 

processing procedures (Section 3.3.2), and finally the preparation o f  aggregated driver 

behaviour measures for the next stage o f  the study (Section 3.3.3).

3.3.1 Speed Data Retrieval

Preparation for the equipment before a field workday involved the inclusion o f 

null files (called zero-length files) onto the PCM cards. By the end o f  a field workday, the 

speed data readings recorded on the PCM  cards were retrieved to a laptop computer for 

later processing. For this reason, more than 350 zero-length files were created and saved 

on the laptop computer to be transferred to the PCM cards in the field after the files on 

the PCM card were utilized and retrieved. The zero-length files were created w ith zero 

capacity using the DOS language for recording speed data readings for the targeted 

vehicles. The recorded speed data readings are readable by the M S-Excel software, and
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Figure 3.5 shows a sample output file o f the SpeedLaser®  speed data readings for an 

individual vehicle recorded on the deceleration SCL on Bronson Ave (W-NS).
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Figure 3.5: SpeedLaser® Speed Data Readings File Sample

As seen in Figure 3.5, the SpeedLaser®  output files include speed, distance, and 

time measurements per each reading row. On each row, the distance o f a vehicle’s 

position from  the equipment position is given in meters along with the relative speed 

value in km /h These output data points o f a vehicle represent the driver’s behaviour 

along the freeway section travelled by the vehicle while being targeted. Flence, the 

recorded data were first processed and then used to extract meaningful operational 

parameters (driving behaviour measures) that help model the drivers’ behaviour on 

freeway diverge areas (i.e. deceleration SCLs and the adjacent right lanes).
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3.3.2 Speed Data Processing

First, a visual review for all speed data profiles (excel files), collected from the 

thirteen SCLs and the adjacent right lanes, was carried out to detect and delete the data 

points (rows) that have no readings or have repeated distance and time readings. 

Generally, the data points that have no readings resulted from the equipm ent’s trigger 

release by fault or the loss o f  the targeted vehicle and then retargeting it. While, the 

repeated distance and time readings result from the equipment’s precisions for speed, 

distance, and time measurements. The SpeedLaser®  precision o f 0.1 km/h, 0.01 meters 

and 0.01 seconds for speed, distance, and time, respectively, would sometimes allow the 

speed readings to be recorded with no change in the distance or time readings.

Further visual reviews regarding the identification o f the data points that do not 

integrate within an individual speed profile, due to the targeting o f another vehicle on the 

roadway, were successfully completed for all the data profiles collected for the purpose 

o f this study. Afterwards, the conversion o f  negative speed data readings recorded for 

vehicles receding away from the operator’s position were also performed successfully. 

Finally, the 3,098 speed profiles collected for the purpose o f this study (1,550 on freeway 

SCLs and 1,548 on the adjacent right lanes) were grouped based on the vehicle 

classification (passenger cars and heavy vehicles), and their movement on the freeway. 

This was executed by utilizing the relevant field worksheets that were used to record 

vehicle class and movement on the freeway diverge areas (refer to Table 3.3).

Afterwards, all the speed data profiles were used for correction calculations with 

respect to the vertical and horizontal offsets that were measured on the field for the 

relevant selected sites. Next is a detailed description o f the methodology carried out for
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the speed correction procedures for all the speed data profiles collected on the freeway 

SCLs and the adjacent right lanes.

3.3.2. a Correction for Vertical and Horizontal Offsets

As mentioned earlier, the heights o f the equipment from the freeway’s pavement 

surface to the mid-point between the two lenses o f  the SpeedLaser®, measured at each o f 

the respective sites selected for this study, were determined for the purpose o f  the vertical 

and horizontal offset corrections. Again, the vertical offsets ( Y) were calculated as the 

height o f the equipment (HEq) (m easured from the freeway pavement surface) minus the 

typical average height o f the target vehicle (Hveh) (presented in Table 3.4). O n the other 

hand, in case o f an equipment position not located on the extension o f the centerline o f 

the respective lane o f  the targeted vehicle, the horizontal offsets (X) were m easured on 

the overpass’s sidewalk surface from  the equipment position to the extension o f the 

centerline o f the occupied lane. The vertical and horizontal offsets for all sites ranged 

from 7.26 meters to 12.59 meters and from 0.0 m eters to 5.2 meters, respectively.

Depending on the equipm ent position to the respective lane occupied by a 

targeted vehicle on the freeway, there were two possible positions to be considered when 

correcting for speed data profiles. First, when the equipment was located on the extension 

o f the centerline o f  the occupied respective lane, the speed profile o f a targeted vehicle is 

to be corrected for the vertical offset only. W hile, the other possible position to be 

considered was when the equipm ent was shifted away from the extension o f the 

centerline o f the occupied respective lane, and so the speed profile o f a targeted vehicle is 

to be corrected for both the vertical and horizontal offsets. Figure 3.6 and Figure 3.7
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graphically show the two possible equipment positions while targeting a travelling 

vehicle on the freeway lane (SCL or through right lane).

Y = Vertical Offset

Overpass Surface

VCorrectedCorrected

Pavement Surface Veh >,

Travel Direction
Position A. - On extension o f  centreline o f  the occupied (targeted) lane

Figure 3.6: Vertical Offset Correction

Y = Vertical Offset 
X = Horizontal Offset

Overpass Surface

Vertical

' Vertical 
0

Corrected

* CorrectedPavement Surface
Travel Direction

Position B -  Shifted away from  extension o f  centreline o f  the occupied (targeted) lane

Figure 3.7: Vertical and Horizontal Offset Corrections
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Figure 3.6 shows a sample equipment position (Position ‘A ’ on the figure) that is 

located on the extension o f the centerline o f  the occupied respective lane while targeting 

a travelling vehicle on the freeway lane (SCL or through right lane). On the other hand, 

Figure 3.7 shows a sample equipment position (Position ‘B ’ on the figure) shifted away 

from the extension o f the centerline o f the occupied respective lane while targeting a 

travelling vehicle on the freeway SCL lane or through right lane. The 3-D illustrations 

shown on the figures facilitate the correction for vertical offset only or both the vertical 

and horizontal offset, where applicable. The Pythagoras theorem and vector mechanics 

principles together were implemented for the speed and distance correction tasks. For any 

o f  the two equipment positions presented in Figure 3.6 and Figure 3.7, the right-angled 

triangle created in the vertical plane betw een the targeted vehicle and the equipment 

position has its three sides as follows:

•  The height as the vertical offset (Y).

• The hypotenuse as the m easured distance (D) with the recorded speed (V)

• The base as the corrected distance (Dcon-ected) with the corrected speed

(VCorrected) Vector.

Given the hypotenuse and the height values o f the vertical right-angled triangle, 

the base corrected distance and the vertical offset corrected speed were calculated using 

the following trigonometry ratios:

vector.

D,Corrected a /d 2 - Y 2 (3.1)

COS a  =  ^ Corrected’d  /
/ D

(3.2)
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FCorrected = ^/C oS CC =  ^  ^  ^ ^  ̂ Corrected ) (3-3)

Additionally, the equipment position that have created vertical and horizontal 

right-angled triangles as presented in Figure 3.7 and would therefore require corrections 

for both vertical and horizontal offsets. Again, the right-angled triangle created in the 

vertical plane between the targeted vehicle and the equipment position has its three sides 

as follows:

• The height as the vertical offset (T).

• The hypotenuse as the measured distance (D ) w ith the recorded speed (V) 

vector.

• The base as the vertical corrected distance (Dyerticai) with the vertical corrected 

speed (V V e rtic a l)  vector.

Then, the right-angled triangle created in the horizontal plane between the 

targeted vehicle and the equipment position has its three sides as follows:

• The height as the horizontal offset (X).

• The hypotenuse as the vertical corrected distance (D Vertica i) with the vertical 

corrected speed (Vverncai) vector.

•  The base as the corrected distance (Dcorrected) with the corrected speed

(F C orrected) Vector.

The correction process for both the vertical in addition to the horizontal offset 

correction follows the same concept as the correction for the vertical offset only through 

the implementation o f  Equation 3.1 as well as using the following equations:

DCorrected = V^  Vertical ~  ^  (3 -4)
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COS 9  = ^CorrectedV/ D (3.5)

V ,Corrected v/ Cose = v ^ D/D̂ > (3.6)

3.3.2. b Corrected Distance and Speed Calculations

In case o f a vehicle targeted from an equipment position that is exactly on the 

centerline o f  the occupied respective freeway lane, Equations 3.1 and 3.3 are the only two 

equations to be used for calculating the corrected distances and speeds. It should be noted 

that the calculations performed took into consideration the direction o f  travel o f  the target 

vehicle (approaching or receding) with the vehicle classification (PC or HV), where 

applicable. The direction o f  travel o f  a targeted vehicle was considered in determining the 

typical height o f the vehicle’s front or back side according to its class to calculate the 

vertical offset measurements. The vertical angles (a) and the horizontal angles (9) that 

were created w ith relevance to the vehicle’s position on the freeway from the equipment 

position were less than 5° and have resulted in very small correction measurements for 

the distance and the speed values collected using the SpeedLaser®. Specifically, the 

vertical and the horizontal offset corrections increased the vehicle speeds by 0.1 km/h up 

to 1.4 km /h and slightly decreased the vehicle distances by 0.02 meters up to 1.09 meters.

3 . 3 . 2 . C  Deceleration Calculations and Adjustment o f Speed Profiles

As m entioned earlier, among the objectives o f  this study is to evaluate the drivers’ 

deceleration behaviour on the freeway deceleration SCLs. Therefore, the deceleration 

rates betw een each two successive data points (rows) for all vehicles on the freeway 

deceleration SCLs were calculated through the application o f equations of motion. The
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distance and the time readings recorded by the SpeedLaser®  were used to determine 

distance and time intervals between each two successive data points. This was then 

followed by the calculation o f  the deceleration rates based on these distance and time 

intervals.

The distance and time intervals, determined along an individual vehicle profile, 

were both incorporated into the calculations o f the deceleration rates by means o f  two 

distinctive equations o f  motion namely; the velocity-time and velocity-displacement 

relationships. These two equations are symbolized as follows:

Certainly, for each interval o f  a speed profile, the two successive speed data 

readings bounding the interval represent the initial speed (V0) and the final speed (Vj). 

The calculated deceleration/acceleration rates along an individual speed data file resulted 

in values with negative or positive signs indicating a deceleration or an acceleration rate, 

respectively. It was noted that the driver/vehicle behaviour on the freeway deceleration

Interval

(3.7)

^  Dist «  r ,2 x D
(3.8)

Interval

W here, dnme = the deceleration rate between the two successive data points 

based on the time interval (m/sec2); dDist = the deceleration rate between the 

two successive data points based on the distance interval (m/sec2); Vf=  the 

final speed at the second data point (m/sec); V0 = the initial speed at the first

data point (m/sec); TIntervai = the travel time interval between the two

successive data points (sec); Dln,ervai = the distance interval between the two

successive data points (m)
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SCLs incorporated partial acceleration behaviour, depending on the geometry o f the SCL, 

the traffic volumes, the diverging speed from the freeway right most through lane onto 

the deceleration SCL, and/or the gore speed at the freeway exit gore area.

The calculations o f  the deceleration/acceleration rates based on time and distance 

intervals (djtme and doist) for all the speed data files that were collected on the freeway 

deceleration SCLs were performed successfully. Afterwards, the successive 

deceleration/acceleration rates, calculated using Equations 3.7 and 3.8, were compared to 

sometimes find deceleration rates that were calculated based on the distance interval have 

higher values than those calculated based on the tim e taken to travel such distance 

interval. The reason for such impractical situations inherent in the fact that there were 

few distance intervals with very small values (less than 0.5 meters) and therefore have 

generated very high deceleration/acceleration rates. Consequently, adjustments for all 

speed profiles on the freeway deceleration SCLs were carried out to maintain an interval 

value between each two successive speed data point readings capable o f capturing 

changes in vehicle’s manoeuvres on the freeway deceleration SCL. These adjustments 

were accomplished by deleting an intermediate speed data point reading bounding the 

deceleration/acceleration rates under question (i.e. a very high deceleration/acceleration 

rates calculated based on distance). The criterion used in examining the SCL speed 

profiles was that the two deceleration/acceleration rates calculated using both the 

velocity-time and velocity-displacement relationships should be o f  almost the same 

value. Afterwards, for each SCL speed profile, the average {dAverage) o f  the two 

deceleration/acceleration rates was calculated as the final rate for analysis purposes in 

this study.
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As previously mentioned, with regard to the freeway deceleration SCL speed 

profiles, vehicles were targeted as they diverge onto the deceleration SCL and while they 

travel along the SCL until a point nearby the gore area (physical nose). After a targeted 

vehicle travel on the deceleration SCL and reaches the gore area, the operator decides to 

stop shooting his target somewhere at the proximity o f  the gore area. Thus, the speed 

profiles collected on the freeway deceleration SCLs had different extents. Afterwards, the 

determination o f  an absolute reference point (for example the beginning o f  the controlling 

ramp-curve or the end o f the freeway deceleration SCL) to which all the SCL speed 

profiles should be adjusted to that same point was necessary for consistency o f all the 

SCL speed profiles. As a  result, the length o f  the freeway deceleration SCL (see Section

3.4.2.a for SCL measurements) was defined to be the effective area for evaluating the 

driver behaviour as confined by the study objectives.

Suggestions involved interpolation and/or extrapolation calculations to adjust for 

longer and/or shorter speed profiles with respect to the end o f the relevant deceleration 

SCL. Longer speed profiles involved interpolation calculations to set for the point at 

which the deceleration SCL ends, with respect to the equipm ent position. The distances 

from the equipment position to the end o f the selected deceleration SCLs were 

determined using the Engineering and Title Records (ETR) geometric plans, provided by 

the Ontario M inistry o f Transportation (MTO). Having these distances, interpolations 

were performed between the two successive distance readings at which the relevant 

deceleration SCL ends to calculate corresponding speed and time readings o f a vehicle 

profile at that certain location. Afterwards, the rest o f an interpolated speed profile was 

erased (i.e. speed data recorded from the end o f the deceleration SCL to the proximity o f
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the gore area). On the other hand, concerning short speed profiles, where a targeted 

vehicle has the last distance reading shorter than the distance measured from the 

equipment position to the end o f  the SCL, decisions were taken not to implement 

extrapolation calculations to prevent any misleading results. In the end, all the SCL speed 

profiles were adjusted to the end o f  the corresponding deceleration SCL with the 

exclusion o f short speed profiles.

3.3.3 Preparation of Aggregated Driver Behaviour Measures

All the speed profiles, collected on freeway deceleration SCLs and the adjacent 

right lanes on H ighway 417, were used to determine driving behaviour parameters for the 

analysis procedures for the purpose o f  this study. Decisions were taken to determine and 

calculate meaningful and significant parameters competent in representing the speed 

profiles collected on the freeway deceleration SCLs and the adjacent right m ost through 

lanes. The following parameters listed below are those calculated for each vehicle 

collected on the freeway right most lanes and that to be used in the analysis o f this study.

• Mean Speed  -  for vehicles travelled on the freeway right most lane until they 

pass the limits o f the exit ramp area.

• Diverge Speed -  for vehicles travelled on the freeway right m ost lane and then 

diverged onto the SCL.

Figure 3.8 shows a sample o f  a typical right lane corrected speed profile with the 

calculated driving behaviour measures that represent the relevant targeted vehicle. The 

typical corrected speed profile on the freeway right lane, graphically illustrated in Figure 

3.8, simply describes the overall behaviour o f  the targeted vehicle on a freeway right
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lane. As mentioned earlier, the distance readings (corrected for vertical and horizontal 

offsets) refer to the vehicle’s position as it travel on the freeway roadway with respect to 

the SpeedLaser®  position. In Figure 3.8, the mean speed  for an individual vehicle was 

calculated as the average o f all the successive corrected speed readings, while the diverge 

speed  was determined as the last corrected speed reading o f the targeted vehicle that 

diverged onto the deceleration lane.
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X] 509.95

399 93.2
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Figure 3.8: Right-Lane Corrected Speed Profile Sample

On the other hand and after finishing all work related to the freeway right-lane 

speed profiles, it was necessary to process the speed profiles collected on freeway 

deceleration speed-change lanes. The following parameters are those determined and 

calculated for each vehicle (speed profile) diverged from the main traffic and travelled on
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the freeway deceleration SCL before exiting the freeway, for use in the driver behaviour 

analysis o f this study.

• Diverge Speed

• M aximum Speed

• M ean Speed

• Gore Speed

• Maximum Deceleration Rate

• M ean Deceleration Rate

• Overall Deceleration Rate

• Deceleration Distance travelledfrom  diverge point to end  o f  the SCL

Figure 3.9 shows a sample o f a corrected speed profile for a targeted vehicle on a 

freeway deceleration SCL with the calculated necessary driving behaviour parameters. 

The corrected speed profiles for all the targeted vehicles on the freeway deceleration 

SCLs were processed and compiled into groups (according to the vehicle class and their 

movements on the freeway) to express the overall behaviour on the freeway diverge 

areas.
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Figure 3.9: Speed-Change Lane Corrected Speed Profile Sample

From the sample, illustrated in Figure 3.9, the diverge speed  was determined as 

the first corrected speed data reading o f the targeted vehicle (speed profile). On the other 

hand, the last speed data reading o f  a corrected speed profile represents the gore speed, 

which was recorded at the proxim ity of the gore area. The maximum speed  reached by a 

targeted vehicle on the deceleration SCL was determined as that maximum speed data 

point o f all the successive corrected speed readings along the speed profile. Finally, the 

mean speed  was calculated as the average o f all the successive speed data readings o f  the 

corrected speed profile. M oreover, as shown in Figure 3.9, the maximum deceleration 

rate  along a vehicle’s profile on a deceleration SCL was calculated as the minimum 

deceleration value o f all the successive deceleration/acceleration rates, on account o f  the 

negative sign o f the deceleration rates. The mean deceleration rate o f  a vehicle’s profile
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along a freeway deceleration SCL was calculated as the average o f all the successive 

deceleration/acceleration rates. M oreover, the overall deceleration rate was computed as 

the average o f the two individual overall deceleration rates, calculated based on the 

overall distance travelled on the freeway deceleration SCL and the overall tim e elapsed 

during such deceleration behaviour. It should be noted that the overall deceleration rate 

considers the entire vehicle’s profile as one interval. Finally, the effective deceleration 

distance used for deceleration on the freeway SCL is another important param eter and 

was calculated as the total distance travelled on the deceleration lane from the diverge 

point to the end o f  the deceleration SCL.

Afterwards, all o f  the diverge speeds, the gore speeds, the maximum speeds, the 

mean speeds, the overall deceleration rates, the maximum deceleration rates, the mean 

deceleration rates, and the effective deceleration distances were summarized based on 

vehicle classification (PC or HV) and vehicle movement. Figure 3.10 and Figure 3.11 

show two summarized samples o f  all the analysis parameters (driving behaviour 

measures) calculated for all vehicles targeted on a limited length type deceleration SCL 

(Carp E-NS) and a dual-exit extended length type auxiliary SCL (Greenbank E-NS), 

respectively. Since short speed profiles have their last speed readings not representing the 

gore speed, therefore decisions were taken to mark short speed profiles as “short 

movement” and not to consider any o f their driving behaviour parameters for further 

analysis, except for maximum deceleration rate, diverge speed, and the maximum speed.
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Figure 3.10: Analysis Parameters Summary for all Targeted Vehicles, Carp (E-NS)
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Figure 3.11: Analysis Parameters Summary for all Targeted Vehicles, Greenbank (E-NS)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

Further adjustments were perform ed for converting signs associated with the 

calculated deceleration/acceleration rates (i.e. maximum, mean, and overall deceleration 

rates). Therefore, for the purpose o f this study, a deceleration value having a negative 

sign means an acceleration rate. At that point, all the speed profiles collected on the 

freeway thirteen diverge areas (the deceleration SCLs and the adjacent right lanes) were 

ready to proceed to the next phase o f this study.

3.4 GEOMETRIC DATA

The geometric data that were required to be part o f  the database gathered for 

completing this research were compiled from  the geometric plans provided by the 

Ontario M inistry o f Transportation (MTO). The supplied plans were a printout o f  the 

Engineering and Title Records (ETR) for all projects implemented on Highway 417. 

During the site investigation process, it was necessary to validate the plans with the 

existing conditions o f the Highway to confirm  they are all up to date.

Nevertheless, there was a newly constructed interchange at the Castlefrank Road 

between the Eagleson Road and the Terry Fox Drive. The Castlefrank interchange 

contained two ramps, one off-ramp (E-NS) and another on-ramp (NS-E). These two 

ramps of the Castlefrank Rd. interchange were connected to two other ramps N-W  and 

W -NS of the following interchange (Eagleson Rd.) through two auxiliary SCLs, 

respectively. A t time of speed data collection phase o f this research, Morrison Hersfield 

was in charge o f  the Castlefrank interchange and to the renovation o f  the Castlefrank 

pedestrian overpass. Therefore, M orrison Hersfield was contacted for an attempt to 

obtain a copy o f  the existing Highway conditions. In fact, Morrison Hersfield cooperated
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in providing a copy o f the new plans for that new ly constructed section o f the Highway. 

Furthermore, M orrison Hersfield provided the vertical offset, measured from the 

pavement surface to the top o f bridge deck o f the newly constructed Castlefrank 

pedestrian overpass, as previously mentioned in Section 3.2.

3.4.1 Geometric Plan Description

Figure 3.12 and Figure 3.13 show two m ap samples o f  the ETR maps provided by 

M TO. The printed MTO plans were used to extract the required geometric data for the 

fulfilment o f this research. The information that were required for this study included 

lengths o f deceleration SCLs, transition lengths (from end o f  SCLs to controlling ramp- 

curves), divergence angle at the gore area, ramp width, lengths o f freeway segments (for 

safety performance modelling), and number o f  freeway basic lanes. Some geometric 

plans were found to have the edge o f the pavem ent and lane marking, as the sample plan 

shown in Figure 3.12, and those were ideal to extract the required lengths and other 

geometric features. However, there were other geometric plans that only contained the 

general pavement boundaries with no lane m arkings as shown in the sample in Figure 

3.13.
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Figure 3.12: Sample of ETR Map — With Marking, MTO
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Figure 3.13: A Sample of ETR Map -  Without Marking, MTO
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3.4.2 Measurement of Geometric Features

Different geometric features were extracted from the MTO plans. The lengths o f 

the selected freeway deceleration SCLs, in addition to the transition lengths, ramp grade 

and width, the divergence angle between the exit-ramp and the freeway right m ost lane, 

and finally the number o f  basic freeway lanes were all extracted to study their effect on 

driver behaviour on freeway diverge areas. Next is a description o f  how each o f these 

geometric features was extract from the M TO plans.

3.4.2.a Length o f Speed-Change Lane

According to the geometric design guides, the lengths o f  limited length type 

deceleration SCLs were measured from the point where the pavem ent edge o f  the 

freeway right most through lane intersects with the pavement edge o f  the deceleration 

SCL, to the point where the two pavement edges o f  the freeway right lane and off-ramp 

are 1.25 meters apart. For extended length type deceleration SCLs, the lengths were 

measured from  a point where the freeway mainline and the on-ramp pavement edges are 

separated by 1.25 meters to a similar point at the following off-ramp (where the two 

painted pavement edges o f  the mainline and the off-ramp lanes are 1.25 meters apart).

3.4.2.b Transition Length

The transition lengths were measured from the end of the freeway deceleration 

SCL (the 1.25 m marking separation) to the beginning o f controlling off-ramp curve at 

the physical nose o f the exit terminal.
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3 . 4 .2 .C  Ramp Grade and Width

The ramp widths o f  the off-ramp lane(s) were directly extracted form the ETR 

geometric plans or were m easured on the geometric plans using a ruler. In addition, 

during site investigation process, ramp grades were determined as an upgrade or 

downgrade depending on the inclination and slope direction o f  the ram p in accordance to 

its geometric structure.

3.4.2. d Number o f Basic Freeway Lanes

The num ber o f  basic lanes o f the freeway was simply counted in the field or on 

the geometric plans for the different sections o f the freeway. Extended deceleration SCLs 

were not considered part o f  the freeway basic lanes.

3.4.2.e Divergence Angle

The divergence angles were m easured from the geometric plans at the physical 

nose o f the exit terminal using a protractor. The angles’ vertex were determined as the 

point where the edge o f the freeway right most through lane intersects with the extension 

o f the edge o f  the exit-ramp lane at the gore area.

3.4.2 .f Lengths o f Freeway Segments

The lengths o f freeway segments were measured using the same criterion o f  the 

deceleration SCLs’ length determination, but with respect to the following and the 

preceding freeway segment. The lengths o f the freeway segments were specifically 

measured for the purpose o f safety performance. For that reason, lengths o f freeway
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through segments in addition to the following deceleration SCLs and lengths o f  freeway 

deceleration SCLs only were m easured and prepared for use in the analysis o f  safety 

performance.

3.5 TRAFFIC DATA

The study’s primary objective was to develop operational and safety performance 

predictive models to help evaluate the drivers’ behaviour on freeway diverge areas. 

Accordingly, two different traffic data sets were collected as part o f  the database gathered 

for the purpose o f  this research. The traffic volumes recorded in the field, using a video 

camera during the speed data collection process, were used as part o f  the database 

prepared to examine the driving performance to the prevailing traffic conditions. In 

addition, the average annual daily traffic (AADT) volumes, in relation to the collision 

data prepared for the safety performance modelling, were also used as part o f the research 

database. Presented next is a description o f  the equivalent hourly traffic volumes 

followed by an explanation o f the AADT data used for safety performance in this study.

3.5.1 Equivalent Hourly Traffic Volumes

The prevailing traffic volumes on all the sites selected for the purpose o f this 

study were recorded using a video camera during the speed data collection process. These 

videos were used for later traffic count on both the freeway deceleration SCLs and the 

adjacent right lanes. During the speed data collection phase, the prevailing traffic 

volumes were recorded for periods o f  30 to 60 minutes (the same time it took to collect 

the speed data on the respective site). The traffic count process incorporated counts for
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passenger cars (PC), heavy vehicles (HV), and recreational vehicles (RV) for different 

vehicle movements on the freeway diverge areas (i.e. changing-lane manoeuvres).

The equivalent hourly traffic volumes (in passenger cars per hour per lane 

(pc/h/ln)) were obtained and calculated as the summation o f  passenger cars and the 

equivalent PC volumes for heavy and recreational vehicles counted during the playback 

o f the recorded DVDs and then converted to hourly volumes. The HCM  (2000) 

recommends the use o f  heavy vehicle (HV) and recreational vehicle (RV) adjustment 

factors for level terrain o f 1.5 and 1.2, respectively. These factors were used for 

calculating the equivalent traffic volumes. For DVDs that were recorded for less than 60 

minutes, the equivalent traffic counts were then multiplied by the duration o f  the DVD 

(in minutes) and divided by sixty to obtain the equivalent hourly traffic volumes. 

Moreover, the heavy vehicle percentages incorporated into the traffic counts were 

calculated and summarized for the study sites. Section 4.1.5, in the next chapter, provides 

a detailed description o f the equivalent hourly traffic volumes and the vehicle 

classification on the selected freeway deceleration SCL sites.

3.5.2 Average Annual Daily Traffic (AADT)

In addition to the equivalent hourly traffic volumes m entioned earlier, the traffic 

volumes o f Highway 417 that have been summarized by Sarhan (2004) were used as part 

o f the data prepared for the purpose o f  safety performance. The traffic volumes on the 

freeway mainline and ramps o f Highway 417, collected from the M TO traffic volume 

database for years 2000 and 2002, consisted o f two data sets. One data set contained both 

the peak-hour and the AADT volumes, while the other data set contained only the peak-
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hour volumes. Afterwards, Sarhan (2004) converted the peak-hour volumes to AADT 

using a conversion factor o f  9.5 %, which was found to be very close to the typical value 

o f 9.3 % for urban roads as mentioned in the HCM (2000). Hence and for the purpose o f 

this study, the peak-hour traffic volumes and the AADT data, associated with the selected 

thirteen freeway diverge areas, were extracted and prepared for use in the safety 

performance modelling attempts.

3.6 COLLISION DATA

The five-year period (1998-2002) collision data, collected and used by Sarhan 

(2004) for developing explicit safety performance models on freeway merge and diverge 

areas, were used to extract the collision data relevant to the sites selected in this study. 

Likewise, the prepared collision data were used in safety performance activities. 

Explanation o f the source o f the collision data and its preparation followed by the 

analysis parameter selected for safety performance modelling are presented next.

3.6.1 Collision Data Source and Preparation

The collision data, collected by Sarhan (2004) from the City o f  Ottawa, classified 

the collisions according to the type o f the collision as fatal, injury, or property damage 

only (PDO). Afterwards, Sarhan (2004) formed two main classes namely: “Total 

Collisions” and “Equivalent Property Damage Only (EPDO) Collisions” for safety 

modelling process. The “Total” class was simply the summation o f all collisions 

regardless o f the type o f  collision. On the other hand, the “EPD O” class was the 

summation o f  weighted collision frequencies based on the type o f  collision using
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recommended weights o f 1, 6, and 12 for PDO, injury, and fatal collisions, respectively. 

Sarhan (2004) attempts for developing safety models using the second class (EPDO) 

were not successful. Therefore, and for the purpose o f this research, only total collision 

frequencies were used in safety performance modelling attempts.

3.6.2 Analysis Parameter for Safety Performance

As mentioned earlier, the collision data summary, prepared by Sarhan (2004), was 

used to extract the collision data associated with the freeway diverge areas selected for 

this study. The collision data were prepared to help evaluate the effect o f freeway 

geometry, traffic exposure, and speed data on collision prediction on freeway diverge 

areas using two safety parameters. These safety parameters (collision data classes) were 

performed for safety performance modelling attempts on freeway diverge areas in this 

study. The following is a description o f the two safety parameters prepared for use in 

safety performance modelling attempts:

1) Collisions on Freeway Through-Segment and the Deceleration SCL, (ColnDec)

ColjhDec is the summation o f  collisions on the freeway through segment plus the 

following deceleration SCL, excluding the preceding terminal.

2) Collisions on Freeway Deceleration SCL, (Coloec)

ColDec is the number o f  collisions on the freeway deceleration SCL.
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CHAPTER FOUR 

4.0 DESCRIPTIVE ANALYSIS

This chapter covers a detailed descriptive analysis summary o f the database 

collected in this study. Various frequency distribution arrangements are presented to 

describe the basic features o f  the collected data after processing. Section 4.1 presents the 

num ber o f vehicles targeted at the selected sites. Section 4.2 presents the vehicle 

movement distributions on freeway speed-change lanes (SCLs) and the adjacent right 

lanes (RLs) for the study sites. Then, Section 4.3 presents vehicle speed profiles created 

for vehicles targeted on the freeway deceleration SCLs selected for the study. 

Descriptions o f the geometric features o f the selected sites are presented in Section 4.4. 

Section 4.5 presents the calculated equivalent hourly traffic volumes for selected sites as 

well as the average annual daily traffic (AADT) volumes prepared for the purpose o f 

safety performance. Then, Section 4.6 presents a description o f the collisions occurred on 

the selected sited during the five-year period 1998-2002. Finally, Section 4.7 provides a 

descriptive summary o f  the aggregated driver behaviour measures on the selected sites 

including the speeds (diverge, gore, and maximum), deceleration rates (overall, mean, 

and maximum), and the effective deceleration distances on the freeway deceleration 

SCLs as well as the mean speeds on the freeway adjacent RLs on selected sites.

4.1 NUMBER OF TARGETED VEHICLES

As mentioned in the Chapter 3.0, eleven interchange on Highway 417 with 

thirteen exit terminals have been selected for the purpose o f  this study to collect actual 

speed data on both the freeway speed-change lanes and the adjacent right lanes. The

87
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number o f vehicles targeted on the freeway deceleration SCLs and the adjacent RLs 

varied among the selected sites. Figure 4.1 shows the distribution o f  the total vehicles 

(combined PC and HV) targeted on site for the thirteen exit terminals, excluding the 

speed data files that w ere deleted during the data processing phase. In Figure 4.1, the first 

seven deceleration SCLs (counted from  left) are lim ited length type SCLs, while the last 

six sites are extended length type deceleration lanes.

■  SCL ■  RL
250 ----------------------------------------------------------------------------------------

200  --------------------------------------------------------------------------------------------------

Figure 4.1: Frequency Distribution of Number of Vehicles on SCL and RL

The number o f  targeted vehicles on both the freeway deceleration SCLs and the 

adjacent RLs at all the selected sites, used for collecting the actual speed data in this 

study, ranged from 60 to 155 vehicles, except for one site - W oodroffe (E-NS). As shown 

in Figure 4.1, the total number o f targeted vehicles on W oodroffe Ave (E-NS) SCL was
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as high as 243, with 109 vehicles targeted on its adjacent RL. Such a large num ber o f  

targeted vehicles on Woodroffe (E-NS) SCL was due to the special geometric feature this 

site comprises as compared to other sites. Clarification o f  the geometric nature o f  

Woodroffe (E-NS) SCL is provided in the following sections.

4.2 VEHICLE MOVEMENT DISTRIBUTIONS ON RL AND SCL

As m entioned in the previous chapter, in order to record speed data for vehicles 

travelling on the freeway deceleration SCLs and the adjacent RLs at the selected sites, 

two researchers (operators) worked together side-by-side for this purpose. The first 

operator targeted the vehicles travelling on the freeway deceleration SCL, while the 

second operator targeted the vehicles travelling on the freeway adjacent RL. The 

distribution o f  vehicles and their movements on the thirteen freeway deceleration SCLs 

and the adjacent RLs were created to graphically illustrate the traffic movements on the 

freeway diverge areas. Figure 4.2 and Figure 4.3 are two samples o f vehicle distribution 

and their m ovem ents on two different types o f  exit terminals, Bronson W -NS and St. 

Laurent W -NS, respectively. Bronson W -NS is a limited (taper) length type deceleration 

SCL, whereas St. Laurent W-NS is an extended length type SCL. The figures illustrating 

the distributions o f vehicle movement for all the thirteen sites used in this study are 

available in Appendix A. It should be noted that the balance o f targeted vehicles in the 

vehicle m ovem ent distribution figures is not step because o f  outliers (presented in Section 

4.7.2) and/or short speed profiles.
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Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

2 (105.7 km/h)Inner Lane

119 (96.6 km/h)

78 (99.6 km/h)
99 (87.4 km/h)Right Lane

39 (85.6 km/h)

90 (70.9 km/h)
Deceleration Lane

Figure 4.2: Sample Distribution of Vehicles and their Movement on Bronson (W-NS)

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

5 (90.7 km/h)Inner Lane

52 (96.6 km/h)89 (96.3 km/h)

1 (88.4 km/h)Right Lane 33 (97.0 km/h)

28 (99.3 km/h) 

Deceleration Lane

22 (95.8 km/h)10 (95.2 km/h)

58 (88.6 km/h)

Figure 4.3: Sample Distribution of Vehicles and their Movement on St. Laurent (W-NS)

The arrows on the drawings indicate the direction o f  travel for all possible traffic 

movements. As shown in the figures, for the traffic streams on freeway limited length 

type SCLs, the information between the brackets indicate the mean diverge speed  and 

m ean gore speed  o f  all vehicles targeted diverging onto the SCL and exiting the freeway.
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As mentioned earlier, the vehicles diverged from  the freeway RL onto the SCL that had 

short speed profiles (ended before the end o f  the relevant SCL) have no gore speeds. 

Concerning the traffic streams on freeway extended length type SCLs, the information 

between the brackets indicate the mean initial speed, mean diverge speed, mean merge 

speed  and mean gore speed  for targeted vehicles that already occupied the SCL, diverged 

onto the SCL, merged left onto the adjacent RL, and exited the freeway, respectively.

On the other hand, for the traffic streams on freeway RLs, the numbers between 

the brackets indicate the mean average speed, mean diverge speed, and m ean merge 

speed  for vehicles targeted upstream the freeway diverge area and continued through 

until the limits o f  the exit ramp gore, diverged onto the SCL, and merged left onto the 

freeway inner lane, respectively. Finally, for cases o f deceleration SCLs o f  weaving type 

"B", where the left hand-lane o f  the two-lane exit ramps perm its vehicles (desired to 

depart) to directly exit the freeway, the num ber between the brackets indicate the mean 

exit speed  o f  those vehicles exiting the freeway using the left-hand lane o f  a two-lane exit 

ramp (see Figure 4.3). It should be noted that these exit speeds were not recorded at the 

1.25 m  separation (end o f SCL) and hence, they are not gore speeds.

For example, in Figure 4.3, the total num ber o f vehicles targeted upstream the 

freeway diverge area o f St. Laurent (eastbound direction) was 89 with a mean average 

speed  o f  96.3 km/h. Out o f those 89 vehicles, 52 vehicles continued along the freeway 

RL with a mean average speed  downstream the freeway diverge area (near the physical 

nose) o f  96.6 km/h. The other 37 vehicles were changed lanes as follows:

• Ten vehicles diverged onto the SCL with a mean diverge speed  o f  95.2 km/h.
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• Five vehicles m erged left onto the freeway inner lane with a mean merge 

speed  o f 90.7 km/h.

• Twenty-two vehicles exited the freeway via the left-hand lane o f the two-lane 

exit ramp with a mean exit speed  o f  95.8 km/h.

M oreover, for the vehicles targeted on St. Laurent SCL in Figure 4.3, there were 

29 vehicles already traveling in the SCL and the m ean initial speed  o f  those vehicles was 

equal to 99.3 km/h. Among those vehicles, only one vehicle merged left onto the adjacent 

RL with a merge speed  o f  88.4 km/h. In addition, 33 vehicles were targeted while 

diverging from the freeway RL to the SCL with a mean diverge speed  o f  97.0 km/h. In 

the end, only 58 vehicles exited the freeway via the exit ramp lane connected to the 

deceleration SCL with a mean gore speed  at the 1.25 m  separation (end o f the SCL) o f 

88.6 km/h. It should be noted that there were two vehicles that either had their profiles 

ended before the end o f the St. Laurent SCL (i.e. short speed profiles) and therefore no 

gore speed was recorded at the 1.25 m separation or were determined as an outlier(s) as 

will be explained later in Section 4.7.

As mentioned earlier, Woodroffe (E-NS) had a unique geometric feature o f two 

exit ramps in two separated directions (northbound and southbound). Figure 4.4 shows 

the W oodroffe (E-NS) SCL with the distribution o f  targeted vehicles and their 

movements as well as their mean speeds, as applicable. The W oodroffe E-NS is an 

extended length type deceleration SCL connecting the “M aitland Ave.” and the 

“W oodroffe Ave.” interchanges in the westbound direction.
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North

42 (83.2 km/h)South

Deceleration Lane

109 (102.8 km/h)94 (102.5 km/h)

4 (117.6 km/h) Inner Lane

N um bers on A rrow s a re : Num ber o f  Targeted Vehicles (Mean Speed)

Figure 4.4: Sample D istribution of Vehicles and their Movements on W oodroffe (E-NS)

The speed data for 243 vehicles were recorded on Woodroffe (E-NS) SCL for two 

different segments along the Woodroffe (E-NS) SCL w ith respect to the north exit ramp; 

before the north exit ramp and after the north exit ramp, respectively. First, 124 vehicles 

(41 vehicles already occupying the SCL and 83 vehicles that diverged from the freeway 

RL onto the SCL), were targeted on Woodroffe (E-NS) SCL from a point upstream the 

freeway diverge area to a point in the proximity o f the physical nose o f  the north exit 

ramp and were distributed as follows:

• Forty-two vehicles exited the freeway via the north exit ramp.

• Six vehicles m erged left onto the freeway RL.

•  Seventy-six vehicles continued on the SCL towards the south exit ramp.

It should be noted that the 76 vehicles that continued on the deceleration SCL and 

headed towards the south exit ramp had their speed profiles ended before the end o f
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Woodroffe (E-NS) SCL and therefore their end operating speeds were not gore speed 

values. Second, 119 vehicles (53 vehicles already occupying the SCL plus 66 vehicles 

that diverged from  the freeway RL) were targeted from a point near the physical nose o f  

the north exit ram p to a point near the physical nose o f the south exit ramp. Because the 

operators’ position on the “W oodroffe Ave” overpass was right over the painted nose o f  

the freeway deceleration SCL at the south exit ramp, it w as not possible to record gore 

speeds for the targeted vehicles exiting the freeway via the south exit ramp.

4.3 VEHICLE SPEED PROFILES

As m entioned in Chapter 3.0, the speed data collected on the freeway deceleration 

SCLs on the thirteen study sites were used to create vehicle speed profiles. In case o f  an 

extended length type SCL, the speed profile o f a vehicle already occupying the targeted 

SCL begins with an initial speed  and ends with a gore speed  or a merge speed  depending 

on whether that vehicle exited the freeway or merged left onto the freeway RL. The speed 

profile for a vehicle diverging from the freeway RL onto an extended or a limited length 

type SCL and exiting the freeway begins with a diverge speed  and ends with a gore  

speed. On the other hand, in case o f a lim ited length type SCL, a speed profile always 

begins with a diverge speed  and ends with a gore speed  only if  that vehicle was targeted 

up to a point in the proximity o f the physical nose. Consequently, short speed profiles end 

with insignificant speeds that were recorded before the 1.25 m separation (i.e. end o f  

SCL). For this reason, short speed profiles were only used in determining the diverge 

speed, the maximum speed  reached on the SCL, the maximum deceleration rate 

performed on the SCL, and the effective deceleration distance  used for deceleration on
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the SCL (measured from point where such vehicle diverged onto the SCL to end o f  the 

SCL).

Figure 4.5 and Figure 4.6 show two speed profiles samples for all vehicles 

targeted (all vehicle movement) on Vanier W-NS, an extended length type SCL, and 

Bronson W-NS, a limited length type SCL, respectively. The figures showing the speed 

profiles for all thirteen deceleration SCLs used in this study are available in Appendix B. 

The point where the mainline and the ramp pavement edges are 1.25 m apart (end o f  the 

relevant SCL), the physical nose, and the beginning o f  the SCL (for limited length types 

only) were all indicated in each o f  these figures for easy reference.

1.25 m Seperation Physical Nose
120

110

100

80

70

60

6̂2- 50
230430

Distance, m
380 330 280630 580 530 480

F igure  4.5: Speed Profiles of All Vehicle T argeted  on V an ier Pkw y (W -NS)
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Figure 4.6: Speed Profiles of All Vehicle Targeted on Bronson Ave (W-NS)

As previously mentioned in Section 3.3.2.C, speed profiles were adjusted to only 

use the speed data readings between the beginning (for limited SCLs) and the end o f  the 

deceleration SCL in further analysis, whereas additional speeds recorded beyond the end 

o f the deceleration relevant SCL were erased.

4.4 GEOMETRIC FEATURES

As m entioned earlier, the geometric data related to the selected study sites were 

also collected, and several geometric elements were extracted for each site as shown in 

Table 4.1.
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Table 4.1: Summary of Geometric Data for Exit Ramp Terminals Selected for this Study

IC# SCL Name Weaving
Type

Length, m SCL
Type

Ramp
Grade

Ramp 
Width, m

Freeway
Basic
Lanes

Divergence 
Angle, deg.

Ramp Advisory 
Speed, km/h

SCL Transition

121A Bronson
(W-NS) A 212 13 Taper Down 6.1 4 11 40

122 Parkdale
(W-NS) A 179 41 Taper Down 6.1 4 12 50

123 Island Park 
(E-N) A 58 22 Taper Down 6.8 4 18 40

134 Moodie
(W-NS) A 292 83 Parallel Up 4.8 2 7 50

140 Terry Fox 
(E-NS) A 388 112 Parallel Up 4.6 2 6.5 50

140 Terry Fox 
(W-NS) A 446 124 Parallel Up 4.6 2 6 60

144 Carp Rd 
(E-NS) A 430 49 Parallel Up 5.2 2 4 70

115 St. Laurent 
(W-NS) B 873 96 Extended Down 7.5 3 5 60

117 Vanier
(W-NS) B 707 38 Extended Down 7.5 3 12 60

127 Woodroffe
(E-NS) A 1320 59 Extended Up 4.8 3 5 40

127 Woodroffe
(W-NS) A 1358 63 Extended Up 4.8 3 7 60

129 Greenbank
(E-NS) B 1047 38 Extended Up 7.5 3 12 50

138 Eagleson
(W-NS) A 697 115 Extended Up 4.8 2 7 40



From the information presented in Table 4.1, the lengths o f extended and limited 

deceleration SCLs varied from  one location to another for all the study sites. The lengths 

o f  limited length type SCLs were measured from the point where the painted pavement 

right-edge o f  the SCL intersects with the m ainline pavement edge to the point where the 

mainline and exit ramp pavem ent edges are at a distance o f  1.25 m. The lengths o f  the 

limited length type deceleration SCLs (including taper) ranged from 58 m  to 446 m with 

a mean value o f  286.43 m  and a standard deviation o f  144.73 m. On the other hand, the 

lengths o f extended length type SCLs consider the distance connecting the preceding and 

the following bounding ram ps and were measured between the two points where the two 

pavement edges o f the m ainline and the ramp are 1.25 m  apart at the painted nose o f  the 

two bounding ramps. The lengths o f the extended length type deceleration SCLs ranged 

between 697 m and 1358 m  with a mean value o f 1000.33 m and a standard deviation 

equal to 292.08 meters. Table 4.2 summarizes the descriptive statistics values o f  the 

lengths for both limited and extended deceleration SCLs, as well as for transition lengths, 

ramp widths, and divergence angles.

Table 4.2: Descriptive Summary of Geometric Data for Exit Terminals

Statistics
Limited 

Length, m
Extended 
Length, m

Transition 
Length, m

Ramp 
Width, m

Divergence 
Angle, deg.

Minimum 58 697 13 4.6 4
Maximum 446 1358 124 7.5 18

Mean 286.43 1000.33 65.62 5.75 8.65
SD 144.73 292.08 36.92 1.19 4.03

During the speed data collection process, the transition pavement distances, 

connecting the end o f the deceleration SCLs to the beginning o f controlling off-ramp
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curves, were observed to comprise high disparities among the selected sites and are m ost 

probably to affect the drivers’ behaviour on the freeway diverge areas. As shown in Table

4.2, the measured transition lengths are distributed around their mean value o f  65.62 m  

with a standard deviation o f  36.92 m  while ranging from a minimum value o f  13 meters 

to a maximum value o f 124 meters. In Table 4.2, the widths o f  pavement ramps at the 

physical nose range from 4.6 to 7.5 meters with a mean width o f 5.75 m  and a standard 

deviation o f 1.19 m  for all sites. It should be noted that the widths o f pavement ramps 

(the recovery areas) at the physical nose for two-lane exit-ramps attained a value o f 7.5 

meters as the case for St. Laurent (W-NS), Vanier (W-NS), and Greenbank (E-NS).

The divergence angle was another geometric feature that has been measured and 

summarized to study its effect on driver deceleration behaviour on freeway diverge areas. 

The values o f the divergence angles for all selected sites varied between 4° and 18° with 

a mean divergence angle o f  8.65° and a standard deviation o f  4.03°. From the divergence 

angle values shown in Table 4.1, the limited length type SCLs (combined taper and 

parallel) had a mean divergence angle o f 9.21° and a std. dev. o f 4.79°. Taper length type 

SCLs engaged with higher divergence angles than those with parallel length type SCLs. 

On the other hand, the extended length type SCLs attained a lower range o f divergence 

angles with a mean value o f  8° and a standard deviation o f  3.22°.One more geometric 

element that is collected was the num ber o f  the freeway basic through lanes adjacent to 

the deceleration SCLs that also varied from one location to another (see Table 4.1). The 

advisory speeds posted on all thirteen exit ramps selected for this study were collected as 

shown in Table 4.1.
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Finally, among the collected geometric data, there were three categorical 

variables; namely: the SCL configuration, the weaving type, and the ramp grade (Table 

4.1). First, there were seven deceleration SCLs o f  lim ited length type and six extended 

length type deceleration SCLs. The limited length type deceleration SCLs consisted o f  

three taper length type lanes and four parallel type lanes. Second, the ramp grades for the 

sites selected were classified into two categories, upgrade and downgrade. In Table 4.1, 

eight upgrade ramps and five downgrade ramps define the ramp grade distribution o f all 

selected sites. Finally, the weaving type o f  the deceleration SCLs took two types as "A" 

and "B". There were three extended deceleration lanes o f  weaving type "B" at St. Laurent 

(W-NS), Vanier (W-NS), and Greenbank (E-NS), leaving the rest o f  the deceleration 

SCLs with weaving type "A" (see Table 4.1). It should be noted that the weaving type 

variable also represents the number o f  exit lanes. A  freeway deceleration SCL o f  weaving 

type "A" has a one-lane exit ramp whereas a deceleration SCL o f  weaving type "B" has a 

two-lane exit-ramp.

4.5 TRAFFIC VOLUMES

4.5.1 Equivalent Hourly Traffic

As mentioned in Chapter 3.0, the equivalent hourly traffic volumes on the 

freeway diverge areas o f the selected sites were estimated from the recorded D V D ’s on 

both deceleration SCL and the adjacent RL. Figure 4.7 and Figure 4.8 show the 

frequency distribution o f equivalent hourly traffic volumes during the speed data 

collection on the freeway RLs and the deceleration SCLs, respectively.
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Figure 4.8: Distribution of Equivalent Hourly Traffic Volumes on SCLs
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The equivalent hourly volumes on the freeway RLs were calculated upstream  and 

downstream the freeway diverge areas. The right lane upstream equivalent traffic 

volumes (Qrl) included all vehicle movements (merged left onto the freeway inner lane, 

diverged onto the SCL, or continued through on the same RL), whereas the right lane 

downstream equivalent traffic volumes (Qpp-Oore) represent the through vehicles only. The 

equivalent hourly traffic volumes for vehicles that m erged left from the freeway RL onto 

the freeway inner lane (Qmerged-Left) as well as the equivalent hourly traffic volum es for 

vehicles that diverged from the freeway RL onto the freeway deceleration SCL (Qotverging) 

were both calculated for all selected sites. Finally, the equivalent hourly traffic volumes 

for vehicles that exited the freeway via the left-hand lane o f a two-lane exit ram p (Q exu) 

were calculated for all o f  St. Laurent (W-NS), Vanier (W-NS), and Greenbank (E-NS) 

sites. On the other hand, regarding the freeway SCLs, the equivalent hourly traffic 

volumes downstream the deceleration SCLs at the gore area were calculated for both 

limited and extended length type SCLs to represent the ramp traffic volumes iQ/tamp)-

In Figure 4.7, the RL-upstream equivalent hourly traffic volumes (Q rl) ranged 

from 816 to 1664 pc/h/ln with a m ean volume o f  1093 and a standard deviation o f 

243.67, whereas the RL-gore equivalent traffic volumes (QRL-Gore) ranged from  314 to 

1228 pc/h/ln and had a mean volume o f  771 pc/h/ln and a standard deviation o f  286.56 

pc/h/ln. In addition, the average traffic volumes o f  the two RL-upstream and RL-gore 

equivalent traffic volumes were found to range from  a minimum o f  565 pc/h/ln to a 

maximum o f  1438 pc/h/ln with a m ean traffic volume equal to 932 pc/h/ln and a standard 

deviation o f  250.32 pc/h/ln.
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Figure 4.8 shows the distribution o f  the ramp equivalent hourly traffic volumes on 

the freeway deceleration SCLs. For limited length type SCLs, the equivalent traffic 

volume at the exit ramp is equal to the traffic volume o f the vehicles that diverged from  

the freeway RL onto the relevant SCL. On the other hand, for extended length type SCLs, 

the equivalent traffic volume at the exit ramp is equal to the traffic volume o f vehicles 

diverged from the freeway RL, vehicles already occupied the relevant SCL, and vehicles 

exited the freeway via the left-hand lane for two-lane exit ramp sites only. The ram p 

traffic volumes for all study sites ranged from a minimum o f  199 pc/h/ln to a m axim um  

o f  1448 pc/h/ln with a mean volume o f  589 pc/h/ln and a standard deviation o f 411.56 

pc/h/ln.

The following three figures (Figure 4.9, Figure 4.10, and Figure 4.11) show the 

distribution o f vehicle classifications (percentages o f PC and HV) on right lane upstream  

the freeway diverge area (RL-upstream), on right lane downstream the freeway diverge 

area (RL-gore), on SCL downstream the freeway diverge area at the physical exit gore 

(SCL-ramp), respectively. The percentages o f  heavy vehicles (trucks, buses, and RVs) on 

the RL-upstream ranged from 2.2 to 17.1 % with a mean o f 10.2 %. The percentages o f  

HVs on the RL-gore had a mean o f 12.1 % ranging between 1.6 and 23.0 %. W hereas the 

RL average HV percentages along selected freeway diverge areas ranged from 1.9 to 20.1 

% with a mean value o f 11.2 %. M oreover, diverging HV percentages ranged from 1.1 

to 11.0 % with a mean o f 4.6 %. Finally, the HV percentages on the SCL-ramp ranged 

between 1.1 and 11.0 % with a mean o f 5.2 %.
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Figure 4.10: Distribution of Vehicle Classification Percentages on RL-Gore
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Figure 4.11: Distribution of Vehicle Classification Percentages on SCL (Ramp)

4.5.2 Average Annual Daily Traffic (AADT)

As mentioned earlier, the traffic volumes on the freeway mainline and ramps o f  

Highway 417, collected by Sarhan (2004) from  the MTO traffic volume database for 

years 2000 and 2002, were used to extract both the AADT and the peak-hour traffic 

volumes for the purpose o f safety performance analysis. Hence, the off-peak equivalent 

hourly traffic volumes, collected during the year 2004 (data collection period), were 

compared to the peak-hour volumes extracted from  the database used by Sarhan (2004) 

on freeway mainline and exit-ramp terminals. Figure 4.12 and Figure 4.13 demonstrate 

such a comparison in the form o f frequency distribution charts on both freeway right 

lanes (mainline) and deceleration SCLs (exit ram ps), respectively. It should be noted that
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the average o f equivalent hourly traffic volumes on freeway right lanes were those used 

in comparison with the peak-hour volumes and are shown in Figure 4.12.
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Figure 4.12: Comparison of Peak and Off-Peak Hour Traffic Volumes on Mainline

| M  P e a k - H o u r  V o l u m e s  ( 2 0 0 0 /0 2 )  E3 E q u iv a le n t  H o u r ly  V o l u m e s  ( 2 0 0 4 )

2000

1600

1400

1000

400

Figure 4.13: Comparison of Peak and Off-Peak Hour Traffic Volumes on Ramp
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In Figure 4.12, it is obvious that the mainline off-peak volumes are lower than the 

peak-hour volumes at all sites except for three sites -  Terry Fox Drive E-NS, Carp Road 

E-NS, and Eagleson Road W -NS. As previously mentioned, the construction o f  the new 

interchange at the Castlefrank Road between Eagleson Road and Terry Fox Drive 

interchanges, in addition to the population growth in the western area together most likely 

have resulted in the redistribution o f traffic conditions in this area. On the other hand, the 

sites in Figure 4.13 where the ramp off-peak volumes are higher than the peak-hour 

volumes indicate a traffic growth rates on certain exit terminals o f Highway 417.

4.6 COLLISION DATA

As m entioned Chapter 3.0, the collision data for a five-year period (1998-2002), 

collected from the City o f Ottawa and used by Sarhan (2004) for developing safety 

performance m odels on freeway segments, were used to extract collision data 

corresponding to the sites selected in this study. Afterwards, two safety parameters; 

collisions on freeway through segment in addition to the following deceleration SCL and 

the collision on the freeway deceleration SCL only (ColmDec and Coloec), were prepared 

for analysis o f  safety performance on freeway diverge areas. Figure 4.14 shows the 

collision distributions for these two different classes. In Figure 4.14, the frequency 

distribution o f  total collisions on freeway through segments in addition to the following 

deceleration SCL (ColjhDec) ranged from 7 to 110 with an average o f  52 collisions and a 

standard deviation value o f 31.8. On the other hand, the collision frequencies on freeway 

deceleration SCLs only (Coloec) ranged from zero collisions at St. Laurent (W-NS) to 28 

collisions at Vanier (W-NS) with a mean o f 9 collisions and a standard deviation o f 7.6.
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Figure 4.14: Frequency Distribution of Collisions

4.7 AGGREGATED DRIVER BEHAVIOUR MEASURES

4.7.1 Distribution Tests

The speed data collected, prepared, and described earlier consisted o f  several 

groups and sub-groups (i.e. observations with different sample sizes). Hence, distribution 

tests were applied to test for the distribution o f  the various groups o f the collected data 

and to examine whether the groups confirm the hypothesized population distribution 

from which the samples were driven. For the purpose o f this study, tests for skewness and 

the kurtosis w ere both used for normality testing o f all the prepared data samples. By 

definition, skew ness  is a measure o f symmetry o f the distribution o f a data set. A 

normally distributed sample has a skewness value o f zero. Therefore, any symmetrical 

data sample is expected to have a skew value close to zero. On the other hand, kurtosis is
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a measure o f how  flat or peaked a data sample is, relative to the normal distribution 

pattern. Therefore, a standardized normally distributed sample is expected to have a 

kurtosis value equal to zero.

Accordingly, the skewness and kurtosis tests for evaluating normality were used 

with the assum ption that any data sample that has a skewness or kurtosis value larger 

than ±1 is probably not normally distributed. It was found that all the speed, deceleration 

rates, and effective deceleration distance (on the freeway deceleration SCLs) as well as 

the mean speed (on the freeway adjacent RLs) samples, even those <30 and >10 

observations, w ere normally distributed and had a skewness and kurtosis values within 

the ranges for norm ality assumptions. Only the samples w ith observations <10 did not 

satisfy the norm ality assumption.

4.7.2 Test for Detecting Outliers

An outlier is a case in which its value is different from the data values o f  the 

m ajority o f cases in a data sample. It is important to determine and remove outliers, as 

they are most likely to affect the behaviour o f the data sample and so change the result o f  

the data analysis. A  commonly accepted technique o f determining outlier(s) is to 

calculate the standardized z-scores o f  all the data sample points (cases) and to check 

whether they lie betw een the acceptable ranges. For the purpose o f  this study, any data 

point (case) w ithin a data sample o f  30 observations or more that has a standard z-score 

greater than ±  3.0 is considered an outlier and is excluded from the data sample. 

However, for sam ples with observations less than 30 and greater than 10, data points that 

have a standard z-score greater than an absolute value o f 2.5 were identified as outliers
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(Walpole, 2002). The standard z-score o f  a data point sample is equal to the data point 

value minus the data sample mean and then divided by the data sample standard 

deviation. . It should be noted that for each time an outlier was detected and deleted from 

a sample; both  the sample mean and sample standard deviation were recalculated. 

Additionally, the total num ber o f outliers identified for all the data samples prepared and 

used in this study was less than 2 %.

4.7.3 Descriptive Summary

After detecting and removing the outliers, the cumulative frequency percentage 

values for all data samples were calculated to determine the 85th percentile values for the 

sample and population distributions. Accordingly, the student’s t-distribution and z- 

distribution w ere implemented to determine the true 85th percentile values o f  the 

population distributions o f  all speed data groups in this study. The commonly used 

statistics for describing a data set are the minimum, mean, m axim um  and the standard 

deviation m easurements. Therefore, the minimum, mean, m aximum , and standard 

deviation as w ell as the 85th percentile values for all speed data samples were determined, 

summarized, and tabulated. Additionally, the 85th and 95th percentile values for the 

population distribution o f  speeds, deceleration rates, and effective deceleration distances 

were calculated and summarized for all samples in this study. Table 4.3 shows a 

descriptive summary example for the speeds (diverge, maximum, mean, and minimum) 

on Bronson W -NS SCL for combined PC & HV as well as for passenger cars only, 

respectively. Similarly, Table 4.4 shows a descriptive summary example for the 

deceleration rates (overall, maximum, and mean) and the effective deceleration distances
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used on Bronson W-NS SCL for combined PC & HV as well as for passenger cars only, 

respectively.

Table 4.3: Distributive Summary Sample for Speeds on Bronson (W-NS)

Statistics

Speed (km /h)

Com bined PC & H V PC O nly

Diverge Max. Mean Gore Diverge Max. Mean Gore

Sam ple

N 138 90 90 88 124 85 85 84

85th 94.3 96.8 90.5 78.6 94.7 97.3 90.7 78.7

Min. 65.1 69.9 62.0 52.6 65.1 69.9 62.0 52.6

Max. 110.0 109.8 100.6 87.8 110.0 109.8 100.6 87.8

Mean 86.9 88.0 81.3 70.5 87.8 88.3 81.6 70.9

SD 8.54 8.28 8.49 7.69 8.14 8.29 8.40 7.51

Population
85th 95.7 96.6 90.1 78.4 96.6 96.9 90.3 78.7

95th 100.9 101.7 95.3 83.1 101.8 101.9 95.5 83.2

Table 4.4: Distributive Summary Sample for Deceleration Rates and Effective 
Deceleration Distances on Bronson (W-NS)

Statistics

Com bined PC & H V PC Only

Deceleration Rate (m/s2) Effective 
Dec. 
D ist. (m)

Deceleration Rate (m/s2) Effective
Dec.
Dist. (m)Overall Max. Mean Overall Max. Mean

Sam ple

N 90 90 88 135 85 85 83 121

85th 1.378 2.804 1.014 121.4 1.375 2.815 1.011 122.4

Min. 0.050 1.025 -0.466 50.6 0.050 1.025 -0.466 50.6

Max. 2.143 3.421 1.579 145.5 2.143 3.421 1.579 145.5

Mean 0.998 2.223 0.671 99.9 0.991 2.219 0.661 100.3

SD 0.41 0.50 0.38 20.79 0.41 0.51 0.39 20.73

Population
85th 1.417 2.738 1.067 121.4 1.415 2.747 1.064 123.0

95th 1.664 3.040 1.299 134.1 1.664 3.057 1.301 134.9
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Tables summarizing the sample size, sample 85th percentile, m inimum, maximum, 

mean, standard deviation, and the population 85th and 95th percentile values for all speed 

data groups were prepared for further analysis and are available in Appendix C. The 

sample and the population 85th percentile values for all the aggregated driver behaviour 

measures (analysis parameters) showed no significant discrepancies. Figure 4.15 shows 

an example o f  the sample and population 85th percentile diverge speed  on all sites 

selected in this study. For that reason, the population’s 85th percentile values were used 

for modelling procedures (presented in the next chapter).
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Figure 4.15: Sample and Population 85th Percentile for Diverge-Speed

4.7.4 Distribution of Targeted Heavy Vehicles

The percentage o f targeted heavy vehicles (HV %) on freeway deceleration SCLs 

and adjacent RLs were found not to have any significant effect on the driver behaviour on
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freeway diverge areas. The two-tailed t-tests proved that differences between combined 

PC & HV and passenger cars only, associated with HV percentage for all variables, were 

not statistically significant at 5%  level o f significance (all p-values < 0.05). The 

following are five graphical presentations for the m ost vital variables considered in this 

study; namely: RL mean speed  (all vehicle movement), diverge speed, gore speed, 

overall deceleration rate, and effective deceleration distance, to illustrate the non

difference between the 85th percentile values for combined PC & HV and PC only.

| ■ C o m b in ed  PC & HV P C  Only {

Figure 4.16: Combined PC & HV vs. PC Only for 85th RL Mean Speed
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■  C om bined  PC  & HV U P C  Only
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Figure 4.17: Combined PC & HV vs. PC Only for 85th Diverge Speed

| ■ C o m b in ed  PC  & HV _ 1 1 PC  O n ly "]
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Figure 4.18: Combined PC & HV vs. PC Only for 85th Gore Speed
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[ ■ C o m b in e d  P C  & HV El PC  Only
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Figure 4.19: Combined PC & HV vs. PC Only for 85th Overall Deceleration Rate
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Figure 4.20: Combined PC & HV vs. PC Only for 85th Effective Deceleration Distance
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4.7.5 Distribution of RL Mean Speeds

The speed data collected on freeway RLs adjacent to deceleration SCLs on the 

selected study sites were categorized into two main categories o f  vehicles on freeway RL 

namely: "all vehicle movements" and "through vehicles only". All vehicle movements 

refer to vehicles recorded upstream the freeway diverge area including those diverging 

onto the SCL and/or m erging left onto freeway inner lane. On the other hand, through 

vehicles only are those continuing on the freeway RL and recorded to the proximity o f  

the gore area (lim its o f  exit ramp terminal). Figures 4.21 and 4.22 show distributions o f 

RL mean speeds for all vehicle movements and through vehicles, respectively.

Minimum M ean 85th —x— Maximum

140.0

130.0

120.0

110.0

100.0

90.0

80.0

70.0

60.0

Figure 4.21: Distribution of RL Mean Speeds of All Vehicle Movements
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[—♦—Minimum M ean — 85t h —x— M axim um [

-140.0 -------------------------------------------------------------------------------------------------------------------------------------

Figure 4.22: Distribution of RL Mean Speeds of Through Vehicles Only

A s shown in the figures, RL mean speeds ranged from 62.1 km/h to 130.8 km/h 

and from  72.8 km/h to 130.8 km/h for all movements and through vehicles, respectively. 

However, the 85th percentile RL mean speed ranged from 99.4 km /h to 117.9 km/h and 

from 101.2 km/h to 118.6 km/h for all movements and through vehicles, respectively. 

The data revealed that RL mean speeds for all vehicles movements generated lower 

speeds than through vehicles only. This is due to the presence o f vehicles diverging onto 

SCL and/or merging left onto inner lane amongst all vehicles movements. Hence, two- 

tailed t-tests were performed to test for differences between RL mean speeds o f  all 

vehicle movements and through vehicles only for all sites in the study. The t-tests showed 

that the differences were not statistically significant at 5% level o f  significance (all p-  

values < 0.05) for all sites. Figure 4.23 shows graphical distribution o f  85th percentile and
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mean RL mean speed  on all sites for such a comparison between all vehicle movements 

and through vehicles only. Thus, further analysis perform ed in the study considered RL 

mean speeds for all vehicle movements to take into consideration the effect o f  diverging 

and/or m erging vehicles onto the freeway SCL and/or inner lane.

M ean S p eed  All M ovem entM ean S p e e d  ThroughV85th Through V85th All M ovem ent

Figure 4.23: Comparison between All Movement and Through RL Mean Speeds

4.7.6 Distribution of Speeds on SCL

As mentioned earlier, fours measures were extracted for the collected speed data 

on the deceleration lanes; namely: diverge speed, gore speed, mean speed, and maximum 

speed. Figure 4.24 displays the 85th percentile distribution o f these four speed measures 

on all sites. This section provides a description o f the diverge and gore speed measures 

and their distributions among the study sites.
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■  85th Diverge S p e e d  E385th M aximum S p eed  H 8 5 th  M ean  S p eed  S  85 th  G ore S p ee d

Figure 4.24: Frequency Distribution of Speeds on SCL

4.7.6. a Diverge Speed

Figure 4.25 shows the distribution o f minimum, mean, 85th percentile, and 

maximum diverge speeds on all sites. The diverge speed among all study sites ranged 

from a lowest diverge speed o f  53.0 km/h to a highest diverge speed o f  138.0 km/h. The 

85th percentile diverge speeds ranged from 80.4 km/h at Island Park E-N to 120.1 km/h at 

Woodroffe W -NS with mean 85th percentile diverge speed o f  107.4 km /h for all thirteen 

sites. It should be noted that Island Park E-N is the shortest limited length type 

deceleration lane with a length o f 58 m, while W oodroffe W-NS is an extended length 

type deceleration lane with a length equal to 1358 meters. Moreover, it can be seen in 

Figure 4.24 that Woodroffe W-NS experienced diverge speed higher than the maximum 

speed. This is due to the contribution o f  the diverging vehicles targeted on the freeway
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right lane. Those diverging vehicles (targeted on right lane up to the diverge point) were 

not targeted after travelling on the deceleration SCL and therefore no maximum speed 

was recorded for them  on the SCL.

85th —x—MaximumMinimum M ean

140.0 T
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F igure  4.25: D istribu tion  o f D iverge Speed on SCL

4.7.6. b Gore Speed

Figure 4.26 shows the distribution o f  minimum, mean, 85th percentile, and 

maximum gore speeds on all sites. The gore speed among all sites ranged from a lowest 

gore speed o f  48.1 km/h to a highest gore speed 126.6 km/h. The 85th percentile gore 

speeds ranged from 78.7 km/h at both Bronson W-NS and Island Park E-N to 109.4 km/h 

at Terry Fox W-NS with mean 85th percentile gore speed o f 96.6 km/h. In Figure 4.26, it 

should be noted that gore speeds for W oodroffe E-NS are not recorded at end o f SCL, but
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somewhere before the end of the SCL (1.25 m separation), as previously explained in 

Sections 4.2 and 4.3. Hence, this data point was not included for further analysis.

85th —x— M axim um ]Mean

Figure 4.26: Distribution of Gore Speed on SCL

Once again, Island Park E-N was the shortest deceleration lane with a length o f  58 

meters among all sites and showed a gore speed o f  78.8 km/h. The same 85th gore speed 

was shown on Bronson W-NS that has a length o f 212 meters. On the other hand, Terry 

Fox W -NS has the longest deceleration limited length o f 446 m among sites and showed 

a percentile 85th gore speed o f 109.4 km/h (highest among sites).
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4.7.7 Distribution of Deceleration Rates on SCL

As mentioned earlier, three measures were extracted for the deceleration speed 

profiles collected on the freeway deceleration lanes; namely: overall deceleration rate, 

mean deceleration rate, and maximum deceleration rate. Figure 4.27 displays the 85th 

percentile distribution o f  these three deceleration measures on all sites. This section 

provides a description o f  the overall, mean, and maximum deceleration rate measures and 

their distributions among the study sites.

■  85 th  Overall D eceleration 13 85 th  M ean D eceleration  E385th M axim um  Deceleration

Figure 4.27: Frequency Distribution of Deceleration Rates on SCL

The 85th overall deceleration rates among all sites ranged from  0.351 m /sec2 at 

Carp E-NS to 1.375 m /sec2 at Bronson W -NS with a mean overall deceleration rate equal 

to 0.654 m/sec2. Similarly, the 85th mean deceleration rates among all sites ranged from  a
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minimum o f  0.301 m/sec2 at Carp E-NS to maximum o f 1.055 m/sec2 at Parkdale W -NS 

with a mean value o f 0.535 m/sec2. Finally, the 85th maximum deceleration rates among 

all sites ranged from 1.688 m/sec2 at both St. Laurent W -NS and V anier W-NS to 2.815 

m/sec2 at Bronson W-NS with a mean rate o f  2.140 m /sec2.

4.7.7. a Overall Deceleration Rate

Figure 4.28 shows the distribution o f minimum, mean, 85th percentile, and 

maximum overall deceleration rates on all sites. The deceleration rate among all sites 

ranged from a lowest overall deceleration rate o f -0.509 m/sec2 (i.e. an acceleration rate) 

to a highest overall deceleration rate o f 2.143 m/sec2. The 85th overall deceleration rates 

ranged from 0.351 m/sec2 at Carp E-NS to 1.375 m/sec2 at Bronson W-NS. The two 

lowest overall deceleration rates o f  0.370 m/sec2 and 0.397 m/sec2 were shown on Terry 

Fox W-NS and St. Laurent W-NS. It should be noted that St. Laurent W-NS is an 

extended length type SCL, while Carp E-NS and Terry Fox W-NS are two limited length 

types SCLs with lengths o f 430 m and 446 m (longest two limited deceleration lanes), 

respectively. On the other hand, Bronson W-NS showed the highest overall deceleration 

rate o f  1.375 m/sec2 and it has a length o f  212 meters.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

Minimum Mean 85th  —x—Maximum]

I
£

ici” #■
,*\® JP

&  &  ^  ^  ^
/  /  4 *  /  /  /  y /  /  r  /  Ar  /
■ j® A ? c T  <? <$ ^  .4® .j®  a 6^

^  °'V - f  4®' ^£>® »NA.®'
+ '  "+v »<*' s

/
 ̂  ̂x  /  y  /  /  /* *\ a <? v®0 4® ' Wf  <ir

Figure 4.28: Distribution of Overall Deceleration Rate on SCL

4 .7.7. b M ean Deceleration R ate

Figure 4.29 shows difference between the 85th overall and 85th mean deceleration 

rates on all sites under study. Graphically, the differences between the overall and mean 

deceleration rates were evident at some sites. Hence, two-tailed t-tests were conducted to 

test for the difference between these two deceleration rates among all sites. The t-tests 

proved that the differences between 85th overall and 85th mean deceleration rates were 

statistically significant at 5 % level o f  significance for Bronson W -NS, Parkdale W -NS, 

Vanier W-NS, and W oodroffe W -NS (all p-values > 0.05), but were not statistically 

significant for rest o f sites (all p-values < 0.05). Nevertheless, 85th percentile overall and 

mean deceleration rates were considered for further analysis. However, it should be noted 

that the overall deceleration rate was considered as a better indicator as it captures the 

whole distance and time taken for vehicle deceleration behaviour on SCL.
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- a—85th Overall D eceleration —■— 85th M ean D eceleration

Figure 4.29: Overall and Mean 85th Percentile Deceleration Rates

4.7.7. c Maximum Deceleration Rate

Figure 4.30 shows the distribution o f  mean and 85th percentile maximum 

deceleration rates on all sites. The maximum deceleration rates among sites ranged from 

a lower maximum deceleration rate o f  0.004 m /sec2 to a higher maximum deceleration 

rate o f  3.421 m/sec2. The 85th m axim um  deceleration rate among all sites in this study 

ranged from 1.688 m/sec2 at both St. Laurent W -NS and Vanier W -NS to 2.815 m/sec2 on 

Bronson W-NS with a mean m aximum  deceleration rate o f 2.140 m/sec2. This 85th mean 

maximum deceleration rate can be used as the maximum comfortable deceleration rate.
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Minimum M ean Maximum

Figure 4.30: Distribution of Maximum Deceleration Rate on SCL

4.7.8 Distribution of Effective Deceleration Distance

The distribution o f  minimum, mean, 85th percentile, and maximum effective 

deceleration distances used to decelerate on SCLs are shown in Figure 4.31. The effective 

deceleration distance among all sites in this study ranged from a shortest deceleration 

distance o f  8.3 m at Island Park E-N to a longest deceleration distance o f 576.8 m  at 

Woodroffe E-NS. The 85th and 95th effective deceleration distances ranged from  39.1 m 

to 452.4 m  with mean o f  277.2 m and from 48.1 m to 514.3 m with a mean o f  313.9 m, 

respectively. Figure 4.32 shows a distribution comparison between 85th percentile 

effective deceleration distance, 95th percentile effective deceleration distance, mean 

effective deceleration distance, and length o f limited type SCLs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

—e— Minimum - * - M e a n  - * - 8 5 t h  - • —95th  —x—Maximum

600.0

500.0

§  300.0

200.0

■* 100.0

0.0

& &

Figure 4.31: Distribution of Effective Deceleration Distance on SCL
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Figure 4.32: Frequency Distribution of 85th, 95th, Mean Effective Deceleration
Distance, and SCL Lengths
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CHAPTER FIVE

5.0 MODELLING AND DISCUSSION

This chapter covers a description o f  the modelling attempts carried out in this 

study for developing models capable o f predicting drivers’ speeds, deceleration rates, and 

effective deceleration distances on freeway deceleration speed-change lanes (SCLs). In 

addition, the modelling attempts were performed to develop models capable o f  estimating 

the mean speed on the freeway adjacent right-m ost lanes (RLs). Several geometric and 

traffic parameters were modelled using m ultiple linear regression techniques to study

their influence on seven driver behaviour measures (dependent variables) listed as

follows:

• RL mean speed along the freeway diverge influence area, Vrl

•  Diverge speed onto the deceleration SCL, VDiverge

•  Speed differential between RL m ean speed and diverge speed,AVRL-Diverge

•  Gore speed at end o f  deceleration SCL Vcore

•  Overall deceleration rate on SCL, doveraii

•  M aximum deceleration rate on SCL, dMca

•  Effective deceleration distance used to decelerate from the diverge point to the 

end o f  the deceleration SCL, Doec

The driver behaviour parameters listed above were determined as the population’s 

85th percentile value o f  targeted vehicles on selected study sites. In addition, the 

population’s 95th percentile effective deceleration distance was determined for modelling 

purposes. Modelling the 95th percentile effective deceleration distance would help assess 

for the effective deceleration distance used by the larger portion o f the population. Since

128
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length o f the deceleration lane is the m ost important geometric element to evaluate driver 

behaviour on diverge areas, the 95th percentile effective deceleration distance were 

modelled to help determine the adequate SCL length to be provided for deceleration 

behaviour as long as it is not constrained by right-of-way.

The modelling in this study was carried out using the SPSS 13.0 software. SPSS 

is a widely and commonly used statistics package for multiple linear regression analysis. 

The forward stepwise multiple regression m odelling was the key m ethod implemented 

for regression analysis in this study. The modelling procedure used were applied in a way 

that when the SPSS output shows more than one statistically significant predictor variable 

in modelling a dependant variable, the last predictor variable was rem oved to test for the 

relative significance o f  the other variables. This was repeated until the first predictor 

variable was left alone in the model. Afterwards, all the removed predictor variables, 

except for the first predictor, were re-entered to test for their significance with the same 

dependant variable. Repetitively, the whole procedure were completed to the point where 

no m ore predictor variables were left to be re-entered for modelling the same dependant 

variable (i.e. driver behaviour parameter).

The modelling phase included three different categories o f  length type o f 

deceleration SCLs selected and used in this study. The first category considered only the 

limited length type SCLs and the second category considered the extended length type 

SCLs while the last category combined both limited and extended length type SCLs. The 

m odelling attempts carried out to model for extended length type SCLs were not 

successful and no models were developed due to the limited number o f data points used 

in the study for extended length type SCLs. On the other hand, the modelling attempts
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carried out for both the limited length type and combined SCLs were successful and 

resulted in 14 and 20 statistically significant predictive models, respectively.

In addition, the statistical package SAS 9.1 was used for the safety performance 

modelling attempts through the application o f Negative Binomial (NB) regression 

analysis. Unfortunately, the modelling attempts perform ed to explicitly study the safety 

performance o f  freeway diverge areas using a five-year period (1998-2002) collision data 

were not successful and no models were developed. This was attributable to the lim ited 

number o f data points (selected sites) used in this study. The dependent variables used in 

safety performance modelling were the two collision classes (safety parameters) prepared 

as: (1) the total number o f collisions on freeway through segment in addition to the 

following deceleration SCL (ColjhDec), and (2) the num ber o f collisions on freeway 

deceleration SCL only (Coloec)■ The safety modelling attempts considered the traffic data 

o f the collision data period as well as the geometries, speeds, and deceleration rates 

prepared for the selected sites in this study as the independent predictor variables.

Section 5.1 presents the modelling attempts for developing models capable o f 

predicting freeway RL mean speed and Section 5.2 presents modelling attempts for 

diverge speed on freeway deceleration SCLs. Then, Section 5.3 presents the modelling 

attempts for speed differentials between the RL mean speed and diverge speed. Section 

5.4 presents the modelling attempt for estimating the gore speed at the end o f SCLs, 

whereas Section 5.5 covers the modelling attempt for predicting overall and maximum 

deceleration rates on freeway deceleration SCLs. Finally, Section 5.6 presents the 

modelling attempts for developing models capable o f  predicting the effective deceleration 

distance used on SCLs.
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5.1 FREEWAY RIGHT-LANE MEAN SPEED MODELS

The modelling attempts to develop significant models capable o f  predicting the 

freeway RL mean speed (V r l)  along freeway deceleration SCL resulted in two significant 

models at 5% level o f significance (based on the value o f  the F-statistic). These two

models were associated with lim ited length type SCLs only. On the other hand, no

models were developed for the combined (limited and extended length type) SCLs. The 

independent (explanatory) variables entered in the modelling were as follows:

• Length o f deceleration SCL (LDec or Lum), m

• Transition length (L t), m

• SCL configuration code (SCLConf ), taper type =  0, parallel type = 1

• SCL type code {SCLTyPe), limited type = 0, extended type = 1

• Ramp width (Rampw), m

• Ramp grade (Rampo), downgrade = 0, upgrade = 1

• Number o f basic freeway lanes (Fwysi;)

• Divergence angle (6), degrees

• Ramp advisory speed (AdvsPeed), km/h

• 85th percentile diverge speed ( Vo,verge), km/h

• Ramp equivalent hourly traffic volume (Qrtamp), pc/h/ln

• RL-Upstream equivalent hourly traffic volume ( Q r l ) ,  pc/h/ln

• RL-Gore equivalent hourly traffic volume (Qia-Gore), pc/h/ln

• RL-Average equivalent hourly traffic volume {Qrl-Average), pc/h/ln

• Diverging equivalent hourly traffic volume (Qo,verging), pc/h

• Ramp heavy vehicle percentage (HVRamp), %
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• RL-Upstream heavy vehicle percentage (H V r l), %

• RL-Gore heavy vehicle percentage (HVRL.Gore), %

• RL-Average heavy vehicle percentage {H V rl-Average), %

• Diverging heavy vehicle percentage (HVoiver„wg), %

In addition to those independent variables listed above, several transformations 

were considered in the modelling attempts. These transformations were performed on 

variables that did not satisfy the linearity test between the independent variable itself and 

the dependent variable. The transformation forms considered in the modelling attempts 

included inverse (1/A), base-10 logarithm (L o g X ), square root ( ) ,  and power (X2) 

functions. Selection o f  the suitable transformation was decided when the transformed 

predictor variable showed better relationship with the dependant variable and has 

improved the predictive model in terms o f  statistical significance.

The SPSS was ran after adding the diverge speed multiplied by the SCL 

configuration {VDiverge x SCLconf) variable to the predictor variables mentioned above to 

model for the RL m ean Speed. Table 5.1 shows a summary for the two models developed 

for predicting the RL mean speed along limited length type SCLs with the R 2 values, p -  

values, t-statistics, and degrees o f  freedom {df). It should be noted that the data points for 

limited length type SCLs used in the modelling in this study were limited due to practical 

reasons as explained in Section 3.1.2. Therefore, the developed models for limited length 

type SCLs should be applied with caution. However, the lim ited type models that were 

developed in the study explained the drivers’ diverging and deceleration behaviour 

limitations on freeway diverge areas with limited deceleration SCLs.
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Table 5.1: RL Mean Speed Predictive Models Summary for Limited SCLs

Model Independent Variables Coefficients p-value t d f R2

1 Constant 97.762 0.000 68.175 5 0.953
Li Am 0.046 0.000 10.115

2
Constant 153.440 0.001 9.728

4 0.931VDiverse X S C L c o n f 0.134 0.002 7.099
Log QltL-Gore -18.438 0.036 -3.109

The two m odels in Table 5.1 showed high coefficient o f determination values (R2) 

o f  0.953 and 0.931, respectively. This means that the predictor variables explained most 

o f  the variability in the 85th percentile RL mean speed. In the first model, the correlation 

showed that as the predictor variable (length o f  limited SCL including taper, LLim) 

increases, the RL mean speed increases. The length o f the limited type SCL was the only 

predictor appeared in the model and which explained 95.3% o f  the variability in the 

dependant variable.

On the other hand, the second m odel revealed that the RL mean speed increases 

with increase in the diverge speed m ultiplied by the SCL configuration {VDiverge x 

SCLconf) and/or with decrease in the logarithm (log) function o f  RL traffic volume 

downstream the freeway diverge area (Qm-Gore)• The two predictor variables appeared in 

the model explained 93.1% of the variability in the freeway RL m ean speed. The diverge 

speed multiplied by the SCL configuration variable has explained 76.3% o f  the 

variability in the dependant variable only by itself. Whereas, the log function o f  the RL 

traffic volume downstream the freeway diverge area explained 16.8% o f the variability in 

the RL mean speed.
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The two predictive models developed for estimating the freeway RL mean speed 

along limited length type SCLs could be written as follows:

V a  =  97 .762  +  0 .046  L Lim (5.1)

VK =  153.440 +  0 . 1 3 4 ^  x S C L Conf -1 8 .4 3 8 L o g  Q RL-Gore

In the first model (Equation 5.1), the increase in the available length o f lim ited 

SCL would allow diverging vehicles to attain higher speeds on the freeway right lanes 

with high diverge speeds and hence, provide better operation on the freeway right lane. 

Short SCL lengths available for drivers to diverge from the freeway right lane onto the 

deceleration SCL perhaps would force diverging drivers to perform  part o f  their 

deceleration behaviour in the freeway right lane. This would definitely influence the 

overall operational performance o f  the freeway and increases safety issues regarding the 

high speed disparities that might occur between drivers continuing through on the 

freeway right lane and those diverging o ff the freeway onto the deceleration SCL.

In Table 5.1, the second model (Equation 5.2) showed an important variable that 

captured the difference between taper and parallel SCLs with effect o f  diverge speed 

(KDiverge x SCLconj)■ For instance, a good design would require zero difference between 

the freeway RL speed and the diverge speed. Therefore, concerning the second m odel 

(Equation 5.2), for a diverge speed equal to 100 km/h (basic freeway speed limit) and a 

taper SCL, the estimated RL mean speed would be equal to 104.6 km/h. As the diverge 

speed decreases to be lower than the freeway RL speed for the same SCL configuration 

(taper), there will be a decrease in the estimated RL mean speed. Alternatively, w ith the 

same diverge speed (100 km/h) but attained onto a parallel SCL, the estimated RL mean 

speed increase to be 114.3 km/h. This means that as the length o f lim ited SCL increases
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the RL mean speed would also increase, as explained earlier regarding the first model in 

Table 5.1.

On the other hand, the RL traffic volume downstream the freeway diverge area 

variable, appeared in Equation 5.2, indicates the amount o f  traffic occupied the freeway 

right lane along the diverge area. As the RL traffic volume downstream the freeway 

diverge area increases, the high traffic on the freeway right lane will reduce the gaps 

between the travelling vehicles and hence, the freeway RL speed should decrease -  as in 

rush hour traffic conditions. Finally, as shown and explained by the developed models, 

adequate length designs o f lim ited SCLs with proper considerations o f  diverge speed and 

traffic volumes on the freeway right lane would enhance the operation at freeway diverge 

areas.

5.2 DIVERGE SPEED MODELS

Several significant models at 5% level o f  significance were developed to predict 

the diverge speed (Voiverge) for diverging vehicles onto freeway deceleration SCL. The 

independent variables entered in the modelling attempts were those listed in Section 5.1 

combining to them the 85th percentile RL m ean speed and excluding traffic volumes 

downstream the freeway diverge area.

5.2.1 Diverge Speed Models for Combined SCLs

Five significant models were developed for predicting the diverge speed for 

combined (limited and extended length type) SCLs resulted. Table 5.2 shows a summary 

for two out o f the five developed models with the R2 values, /?-values, t-statistics, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



136

degrees o f freedom (df). The other additional three models are available in Table D -l in 

Appendix D.

Table 5.2: Diverge Speed Predictive Models Summary for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1

Constant -59.187 0.006 -3.540

9 0.953Vrl 1.486 0.000 7.292
Los Lmc 10.151 0.015 3.016

LOS Qoiverzinz -10.029 0.048 -2.293

2
Constant 81.769 0.001 4.631

10 0.783Log Ldcc 14.157 0.026 2.619
9 -1.347 0.028 -2.565

In Table 5.2, the two models are shown to be statistically significant at a 5% level 

o f significance with high R2 value o f  0.953 for the first model and a reasonable R 2 value 

o f 0.783 for the second model. These two predictive models developed for estimating the 

diverge speed on combined SCLs could be written as follows:

VDiverge = -59 .187  +  1 .4 8 6 ^  +10.151LogLDee -W m 9L ogQ Dlvergirlg (5.3) 

= 81.769 + 1 4 . 1 5 7 ^ ^  -1 .347(9  (5.4)

In Equation 5.3, three predictors; the freeway RL mean speed, log function o f the 

deceleration SCL length (limited or extended), and log function o f traffic volume 

diverging onto the deceleration SCL, explained 95.3%  o f the variability in the diverge 

speed. The first predictor has explained 67% o f  that variability only by itse lf and the 

second predictor explained 25.5% o f  the variability while the third and last predictor 

explained 2.7% o f the variability in the diverge speed. The model showed that the diverge 

speed increases with the increase in both the freeway RL mean speed and log function o f
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the deceleration SCL length, but increases with the decrease in the log function o f  the 

diverging traffic volumes from the freeway right lane onto the deceleration lane.

As the RL mean speed increases, the diverging vehicles are expected to follow the 

freeway flow speed and so their diverge speed should increase. However, the diverge 

speed is strongly influenced by the deceleration SCL length available for diverging 

vehicles. Hence, long deceleration SCL lengths should increase the diverge speed 

because o f the enough available length for diverging drivers to use for deceleration. For 

instance, extended SCLs should not exhibit low diverge speeds, although sometimes, 

unfamiliar drivers misjudge the purpose o f  that lane as an extended deceleration lane and 

use it as the freeway right lane. This would indicate hazardous manoeuvres, as unfam iliar 

drivers, whom used the extended SCL as a right lane, would quickly merge left to their 

right lane as soon as they realize the SCL will terminate.

Nevertheless, the increase in the diverging traffic volumes would decrease the 

diverge speed due to the high capacity on the deceleration lane. During peak-hour 

periods, as the diverging traffic volume increases on the SCL the speed would decrease 

and hence, the traffic volume would control the diverging speed rather to be controlled by 

the freeway geometry. Adequate SCL lengths is therefore required to sustain a diverge 

speed close enough to the freeway RL mean speed at different traffic conditions for safe 

and efficient operation at the freeway diverge areas.

In Equation 5.4, the two predictors variables appeared to explain 78.3%  o f  the 

variability in the diverge speed were the log function o f  the deceleration SCL length and 

the divergence angle at the physical nose o f the exit ramp terminal. The length o f  the 

deceleration SCL (in the log transformation) explained 64% o f  that variability by itself,
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whereas the divergence angle explained 14.3% o f the variability in the dependent 

variable (Voiverge)• The second model shown in Table 5.2 revealed that good estimation o f 

the diverge speed on deceleration SCLs (close as much as possible to the freeway flow 

speed) could be obtained by the coordination between the necessary length o f  

deceleration SCL and the suitable divergence angle at the physical nose.

As explained earlier, the deceleration SCL length has strong influence on the 

diverge speed. On the other hand, the divergence angle is another key geometric element 

that has an influence on the diverge speed. For a certain SCL length, as the divergence 

angle increases the exiting vehicles would attain low speeds at the end o f  the deceleration 

SCL due to the large divergence at the gore area. Such low speeds at the end o f  the SCL 

would create diverging vehicles to queue on the deceleration SCL upstream the gore area 

and hence, influence the diverge speed o f  diverging vehicles. At the same time, the larger 

the divergence angle, the more the driver to expect tighter exit ramp geometry 

downstream the gore area.

5.2.2 Diverge Speed Models for Limited SCLs

Four significant models were developed for predicting the diverge speed for 

limited length type SCLs. Table 5.3 shows a summary o f  two out o f  the four developed 

models with the R 2 values, /7-values, t-statistics, and degrees o f  freedom {df). The 

additional two models are available in Table E -l in Appendix E.
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Table 5.3: Diverge Speed Predictive Models Summary for Limited SCLs

Model Independent Variables Coefficients p-value t d f R 2

1
Constant 70.471 0.000 19.856

4 0.989- J I  Lim 1.679 0.004 5.850
SCL Con, f 11.050 0.013 4.230

2
Constant 161.835 0.000 15.305

4 0.9840 -2.860 0.000 -15.500
Cog QRamp -12.227 0.037 -3.090

In Table 5.2, the two models are shown to be statistically significant at a 5% level 

o f significance with high coefficient o f determination values (R2). The predictor 

independent variables appeared in the two m odels explained more than 90% of the 

variability in the diverge speed on limited SCLs. These two predictive models could be 

written as follows:

> W  = 7 0 .4 7 1  + 1.679 f l f f  +  11 .050  SCLc„f  (5.5)

W  = 161.835-2.86O 0-12.227l0gft„mf, (5.6)

In the first model (Equation 5.5), the square root function o f limited SCL length 

was found to explain 94% o f the variability in the diverge speed on limited deceleration 

SCLs. Although the normal form o f  the lim ited SCL length showed high correlation with 

the dependent variable explaining 93.8% o f  the variability, no mutual correlation was 

found to take place with another predictor variable. Alternatively, the SCL configuration 

appeared with the square root function o f the lim ited SCL length to explain about 4.9% o f 

the variability in the diverge speed.

The model in Equation 5.5 showed that the diverge speed increases with the 

increase in both the square root o f limited SCL length and the SCL configuration. As 

explained earlier, the increase in the SCL length would provide more length for diverging
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vehicles to diverge o ff the freeway and this w ould allow them to attain higher diverge 

speed. Therefore, short SCL lengths would force diverging vehicles to perform part o f the 

deceleration behaviour in the freeway right lane, indicating unsafe and inefficient 

operation at freeway diverge areas. A  good design should adapt to the sense o f the 

importance o f adequate deceleration SCL lengths for increasing the safety o f  freeways.

Looking at the second model in Table 5.3 (Equation 5.6), two parameters; 

divergence angle and log traffic volume on the ram p (or the diverging traffic volume onto 

the limited SCL), explained 98.4% o f  variability in  the diverge speed. The m odel showed 

that the diverge speed will increase with the decrease in both or any o f the predictor 

variables. The divergence angles for taper length type SCLs selected in this study were 

higher than the angles associated with parallel length type SCLs. However, good design 

should provide flat divergence angles with taper length type SCLs, as recommended by 

the current design guides, to ease the diverging manoeuvre. H igh angles at the physical 

nose with short available deceleration length would definitely force drivers to 

deceleration on the freeway right lane, indicating hazardous locations. On the other hand, 

small diverge angles at the physical nose with adequate deceleration length would in 

return increase safety and operation at freeway diverge areas.

The second predictor variable in Equation 5.6 showed that as there is an increase 

in the ramp traffic volume (or the diverging traffic volume) o f  limited length type SCL, 

there would be a decrease in the diverge speed due to the high traffic diverging from the 

freeway right lane and occupying the limited length type deceleration lane.
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5.3 SPEED DIFFERENTIAL MODELS

Several significant models at 5% level o f  significance were developed to predict 

the speed differential (A Vm-Diverge) between the freeway 85th RL mean speed and the 85th 

diverge speed. The independent variables used were those listed in Section 5.1 excluding 

the 85th percentile diverge speed variable.

5.3.1 Speed Differential Models for Combined SCLs

Five significant models were developed to predict the speed differential for 

combined (limited and extended length type) SCLs. Table 5.4 shows a summary for one 

out o f the five models with the R 2 value, p-value, t-statistics, and degrees o f freedom (df). 

The other four additional models are available in Table D-2 in Appendix D.

Table 5.4: Speed Differential Predictive Model Summary for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1

Constant 97.514 0.026 2.657

9 0.807
T 2L  Dec -7.1xl0"6 0.002 -4.163
L, -0.091 0.013 -3.077

Log Qrl -28.157 0.047 -2.304

In Table 5.4, the model has a good coefficient o f determination value (R2) o f 

0.807. This predictive model developed for estimating the speed differential on combined 

SCLs m ay be written as follows:

AEĴ ttl^  =  9 7 .5 1 4 -7 .1 x l0 r<z5t e -0 .( )9 1 Z ,-2 8 .1 5 7 Z Og e Jtt (5.7)

From  Equation 5.7, three predictor variables; power function o f  the length o f the 

deceleration SCL, the length o f transition (from end o f SCL to controlling ramp curve),
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and log function o f the freeway RL traffic volume upstream  the diverge area, explained 

80.7% o f the variability in the speed differential for combined SCLs. The first predictor 

only explained 44.3% o f that variability and the second predictor explained 25.1% o f  the 

variability while the third predictor explained 11.3% o f  the variability. The speed 

differential on deceleration SCL increases with the decrease in any o f  the there predictors 

appeared in the model.

As previously mentioned, the increase in the length o f  deceleration SCL attains 

high diverge speeds. High difference between freeway RL mean speed and the diverge 

speed is not preferable for good designs. Moreover, the length o f the transition appeared 

in the model shows that the longer the available distance for the driver before 

approaching the controlling ramp curve, the higher the tendency o f  the driver to perform 

high diverge speeds close enough to the freeway flow speed. Similarly, as the traffic on 

the freeway RL upstream the diverge area increases, the traffic governs the driver 

behaviour and therefore, the flow speed o f travelling vehicles on the freeway RL would 

decrease to reduce the chance o f having speed differential. Hence, good design o f 

deceleration SCLs could be applied using the model shown in Equation 5.7 as long as the 

speed differential is not greater then ± 1 0  km/h -  a consistency criterion that can be used 

based on Lam m  et al. (1999). Additionally, speed differential greater than ±10 km/h and 

less than or equal ± 20 km/h could be reflected as fair design, while speed differentials in 

excess o f  ±  20 km/h indicate a poor design.
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5.3.2 Speed Differential Models for Limited SCLs

Two significant models were developed for estimating the speed differential for 

limited length type SCLs. Table 5.5 shows a summary o f  one o f the two developed 

models with the R 2 value, p-value, t-statistics, and degrees o f  freedom (df). The other 

additional model is available in Table E-2 in Appendix E.

Table 5.5: Speed Differential Predictive Model Summary for Limited SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 27.634 0.000 11.220

4 0.967Rhim -0.041 0.001 -8.914
QRL-Avcra,e -0.011 0.017 -3.929

In Table 5.5, the model is shown to have a high coefficient o f  determination 

values (R2) o f  0.967. The predictive model developed for estimating the speed differential 

on limited SCLs could be written as follows:

A = 27.634 -  0 . 0 4 1 ^  -  0 . 0 1 1 (5.8)

From Equation 5.8, the two variables; the length o f  the limited SCL and the 

freeway average RL traffic volume along the freeway diverge area, explained 96.7% o f 

the variability in the speed differential on limited length type SCLs. The length o f limited 

SCL explained 83.8% of that variability while the average RL traffic volume along the 

freeway diverge area explained the other 12.9% o f the variability in the speed 

differential. The model showed similar relationship to the one obtained from Equation 

5.7. The speed differential on limited length type SCLs increases with the decrease in 

both or any o f  the limited SCL length and the average RL traffic volume along the 

freeway diverge area.
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As previously mentioned, the increase in the length o f  the limited length type SCL 

would assist diverging drivers to attain high diverging speeds onto the deceleration SCLs. 

As the diverge speed increases, the speed differential betw een the freeway RL mean 

speed and that diverge speed will decrease, indicating good SCL length design. 

Concerning the second predictor in Equation 5.8, as the average RL traffic volume along 

the freeway diverge area increases the freeway flow speed will decrease to lessen the 

speed differential due to the high traffic on the roadway. The higher the traffic on the 

freeway right lane, the lesser the speed differential between the RL mean speed and the 

diverge speed -  as the traffic would control the performance o f  travelling vehicles rather 

to be controlled by the freeway geometry.

5.4 GORE SPEED MODELS

Several significant models were developed for estimating the gore speed (VGore) at 

the end o f deceleration SCL. The explanatory variables entered in the modelling attempts 

for the gore speed were the variables listed in Section 5.1 excluding the freeway traffic 

volume and heavy vehicle percentages downstream the freeway diverge area.

5.4.1 Gore Speed Models for Combined SCLs

Two significant models were developed for estimating the gore speed at the end 

for deceleration SCL for combined (limited and extended length type) SCL. Table 5.6 

shows the summary for one o f the two developed models w ith the R2 value, /7-value, t- 

statistics, and degrees o f  freedom (df). The other additional m odel is available in Table 

D-3 in Appendix D.
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Table 5.6: Gore Speed Predictive Model Summary for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 120.298 0.000 26.484

9 0.779e -2.302 0.000 -5.305
Q ?  Diverging -2.5x10"5 0.043 -2.351

In Table 5.6, the model is shown to have a reasonable coefficient o f determination 

value (R2) o f 0.779. This predictive m odel developed for estimating the gore speed at end 

o f deceleration SCL could be written as follows:

^Gore ~ 1 2 0 .2 9 8 -2 .3 0 2 # -2 .5  x 10“5Q 2Diverging (5.9)

In the gore speed predictive model for combined SCLs (Equation 5.9), the 

divergence angle and the power function o f  diverging traffic volume from the freeway 

right lane onto the deceleration SCL together explained 77.9% o f  the variability in the 

dependant variable. The first predictor explained 64.3% o f  that variability by itself while 

the second predictor explained 13.6% o f  the variability. From Table 5.6, the gore speed at 

end o f  deceleration SCL increases with the decrease in both or any o f  the two predictors 

shown in the model. As the divergence angle at the end o f the deceleration SCL at the 

physical nose increases, the gore speed o f  exiting vehicles decreases due to the high 

divergence in the geometry o f the exit roadway. Moreover, as the diverging traffic 

volume increases onto the deceleration SCL, the speed on that relevant deceleration lane 

decreases and hence, influences the gore speed to decrease.

Good design o f  deceleration SCL should select a proper divergence angle at the 

physical nose in accordance to the geometry o f the exit terminal downstream the gore 

area. In other words, the divergence angle at the physical nose o f the exit ramp term inal 

should be selected to capture the geometries o f the transition and the ramp curve
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downstream the terminal nose to improve the traffic operations and safety at the freeway 

diverge areas. On the other hand, the increase in the diverging traffic volume would force 

exiting vehicles to slow their speed. Therefore, the gore speed at the end o f the 

deceleration SCL would decreases due to the control o f  the traffic volum e on the relevant 

SCL.

5.4.2 Gore Speed Models for Limited SCLs

Four significant m odels were developed to predict the gore speed ( V(yore) at the 

end o f deceleration SCL for limited length type. Table 5.7 shows a summ ary for two out 

o f the four developed m odels with the R 2 values, /^-values, t-statistics, and degrees o f  

freedom (df). The other two additional models are available in Table E-3 in Appendix E.

Table 5.7: Gore Speed Predictive Models Summary for Limited SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 67.023 0.000 17.093

4 0.945Lt 0.196 0.011 4.493
1/6 118.893 0.015 4.071

2
Constant 80.398 0.000 15.190

4 0.933Llim 0.091 0.002 7.102
QRamp -0.027 0.041 -2.966

The models listed above showed high R2 with the predictor variables explaining 

more than 90% o f the variability in 85th percentile gore speed. In Table 5.7, the first 

model showed that the gore speed at the end o f the deceleration SCL increases with 

increase in the length o f transition, and decreases with increase in the divergence angle. 

In the second model, it is evident that the gore speed is expected to increase with increase 

in the length o f  the limited length type SCL, and decrease with the increase in the traffic
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volume diverging, occupying, and exiting the freeway (QRamp)• The two predictive 

models developed for estimating the SCL gore speed for limited length deceleration lanes 

could be written as follows:

VGore =  67 .023+ 0 .196Lt +118.893j0  (5.10)

VGore =80 .398  +  0.09 \LUm-M 2 1 Q Ramp (5.11)

In Equation 5.10, the length o f  the transition measured from the end of the 

deceleration SCL to the beginning o f the controlling ramp curve explained 71.6% o f the 

variability in the gore speed. In addition, the inverse function o f  the divergence angle 

correlated with the gore speed to explain 22.9% o f the variability. From Equation 5.10, 

the longer the transition length, the more distance is available for the driver to travel until 

reaching the ramp curve. Such long distance enables the driver to attain higher gore 

speeds at the end o f deceleration SCL. For instance, fairly large radius o f  ramp curves 

would provide more distances for exiting vehicles to continue their exiting manoeuvre via 

exit ramp with an acceleration behaviour where applicable. On the other hand, the lager 

the divergence angle, the lower the gore speed. The divergence angle should indicate to 

exiting drivers the nature o f  the ramp geometry downstream the gore area o f  the exit 

terminal. Large divergence angle should indicate a sharp ramp curve is expected to be 

ahead with limited distances while flat divergence angle should reflect a fairly straight 

distances available after the end o f  the deceleration SCL.

In Equation 5.11, the length o f limited SCL and ramp traffic volume explained 

93.3%  o f  the variability in the gore speed. The length o f  the deceleration SCL only 

explained 78.6% o f  that variability on its own, whereas the ramp traffic volum e explained 

14.7% o f  the variability in the dependent variable ( Voore)• As explained earlier, the SCL
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length has a great effect on the diverge speed, which will in return affect the gore speed at 

the end o f the SCL in response to the available distance for the driver to use for 

deceleration behaviour. Longer deceleration SCLs should increase the expected gore 

speed at the end o f the SCL as there is enough distance for the driver to change his/her 

behaviour from deceleration to acceleration and vice visa while approaching the end o f 

the SCL. This would allow the driver to perform most, i f  not all, o f  his/her deceleration 

behaviour on the available length o f  the SCL before its end and hence, the driver will 

attain higher gore speed. Again, as the traffic on the SCL increases, the flow speed will 

decrease and as a result, lower gore speeds are expected at the end o f  deceleration SCL 

due to the heavy traffic.

5.5 DECELERATION RATE MODELS

Several significant models were developed to estimate the overall deceleration 

rates (doveraii) on SCLs. On the other hand, one significant model was developed for 

predicting maximum deceleration rate (d Max) for combined SCLs only. This indicates that 

the maximum deceleration rate on lim ited length type SCLs was more or less constant 

with an average maximum deceleration rate o f 2.235 m/sec2 for the limited SCLs selected 

in this study. This deceleration rate could be used as the maximum comfortable 

deceleration rate on limited length type SCLs. Nevertheless, the independent variables 

used were the same independent variables listed in Section 5.1 excluding the RL traffic 

volume and HV % downstream the diverge area as well as the 85th percentile diverge 

speed.
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5.5.1 Overall Deceleration Models for Combined SCLs

Six significant models were developed to predict the overall deceleration rate 

(doveraii) on combined (limited and extended length type) SCLs. Table 5.8 summarises 

two out o f the six developed models with the R  values, ^-values, t-statistics, and degrees 

of freedom (df). The four additional developed models are available in Table D-4 in 

Appendix D.

Table 5.8: Overall Deceleration Predictive Models Summary for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 6.050 0.003 4.120

9 0.730T o g  QsL-Averase -1.691 0.008 -3.361
i/d -3.145 0.016 -2.945

2
Constant 1.721 0.001 5.271

9 0.637L, -0.005 0.015 -3.004
Q.r l -0.001 0.043 -2.361

The overall deceleration rate predictive models listed above showed reasonable 

R  . In the first model, the correlation showed that the overall deceleration rate on SCLs 

increases with decrease in the RL average traffic volume along the freeway diverge area 

and/or with increase in the divergence angle at the physical nose. In the second m odel, 

the overall deceleration rate is expected to increase with decrease in the transition length 

and/or the RL traffic volume upstream the freeway diverge area. The two predictive 

models developed for estimating the overall deceleration rate on combined SCLs could 

be written as follows:

^Overall 6 .0 5 -1 .6 9 1 LogQRL_Average - 3 .1 4 5 /0  (5.12)

doveraii =  1 7 2 1  -  0.005Z, -  0 .0010*, (5.13)
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In Equation 5.12, the log function o f  the RL average traffic volume and the 

inverse function o f  the divergence angle explained 73% o f  the variability in the overall 

deceleration rate. The first predictor explained 47% o f that variability, while the second 

predictor explained the other 26% o f  the variability in the dependant variable. As 

explained earlier, the increase in the RL average traffic volume along the freeway diverge 

area will affect the freeway flow speed to decrease. Subsequently, the diverge speed 

would decrease and therefore, the overall deceleration rate will decrease on the SCL. 

Hence, during heavy traffic conditions, the freeway geometry is no longer controlling the 

driver behaviour rather than the traffic itself. On the other hand, as the divergence angle 

increases, the change in geometry at the exit gore area will force drivers to attain low 

gore speeds. This means higher overall deceleration rates. Hence, a good design o f  

deceleration SCLs should consider the effect o f both traffic and freeway geometry in 

order to improve the overall deceleration behaviour o f  drivers on SCLs for better 

operation at freeway diverge areas.

In Equation 5.13, the transition length and the traffic volume on freeway RL 

upstream the diverge area explained 63.7% o f  the variability in the overall deceleration 

rate, distributed as 41.2% and 22.5% for the two variables, respectively. The increase in 

the transition length would provide the drivers with more distance for the deceleration 

behaviour before travelling on the controlling ramp curve. As a result, the overall 

deceleration rate should decrease on the SCL. In other words, longer transition lengths 

would aid drivers to attain higher gore speeds and thus, the overall deceleration rate will 

decrease. Again, the increase in the traffic volume on the freeway RL upstream the 

diverge area would decrease the overall deceleration rate on SCLs. Therefore, the longer
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the distance available for the drivers and the higher the traffic on the freeway right lane, 

the lower the overall deceleration rate on the SCL.

From the two models shown in Table 5.8, a good design o f  deceleration SCLs 

should consider the effect o f  exit terminal geom etry downstream the gore area in addition 

to the influence o f  traffic on overall deceleration behaviour o f  exiting vehicles to improve 

the operation and safety at freeway diverge areas.

5.5.2 Overall Deceleration Models for Limited SCLs

One significant model was developed for estimating the overall deceleration rate 

0doveraii) on limited length type SCLs. This m odel is shown in Table 5.9 with the R2 value, 

/7-value, t-statistics, and degrees o f freedom (df).

Table 5.9: Overall Deceleration Predictive Model Summary for Limited SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 7.220 0.009 4.761

4 0.919T2^  Lim -3.3 x 10"6 0.015 -4.077
L o g  Q r L-A verage -2.113 0.016 -3.998

The model in Table 5.9 showed a high R 2 value w ith its predictor variables 

explaining more than 90% of the variability in overall deceleration rate for limited length 

type SCLs. The first predictor -  power function o f  the length o f  limited SCL -  explained 

only 59.6% o f the variability, whereas the other predictor variable -  log function o f  the 

average RL traffic volume along the freeway diverge area -  explained 32.3%  o f  the 

variability in the overall deceleration rate. The model showed that as the length o f  the 

lim ited SCL increases, the overall deceleration rate decreases. Similarly, as the traffic
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volume along the freeway diverge area increases, the overall deceleration rate on the 

limited length type SCL decreases. This predictive model developed for estimating the 

overall deceleration rate on limited SCLs could be written as follows:

^Overall 7.220 3 .3x10  LLim 2.1 l3LogQR[_Average (5.14)

In Equation 5.14, the increase in the length o f the limited SCL would provide 

diverging drivers with more distance for deceleration behaviour from  the point where 

they diverge onto the SCL to the end o f  the SCL. The longer the distance available for the 

drivers, the more time they have to decelerate comfortably and safely on the SCL. On the 

other hand, as the average RL traffic volume along the freeway diverge area increases, 

the freeway flow speed decreases and therefore, the diverge speed would decrease. 

Having an individual driver diverging with a low diverge speed (during heavy traffic 

conditions) onto the SCL, at that instant the distance available for the driver is more than 

enough to decelerate safely and comfortably on the SCL. Moreover, when the occupying 

traffic on the relevant SCL is lower than the lfeeway mainline, the driver will certainly 

perform  acceleration behaviour until arriving to the end o f the SCL.

5.5.3 Maximum Deceleration Models for Combined SCLs

One significant model was developed to predict the maximum deceleration rate 

(dfvtax) on combined SCLs. Table 5.10 shows the developed model w ith the R 2 value, p-  

value, t-statistics, and degrees o f freedom (df).
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Table 5.10: Maximum Deceleration Predictive Model Summary for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1

C o n s ta n t 8 .3 9 7 0 .0 0 0 6 .2 7 9

8 0 .8 8 7
I■ op QnL-Averase - 1 .8 4 0 0 .0 0 5 - 3 .8 1 5

‘ i VRL-Diverge - 0 .0 4 4 0 .0 0 2 - 4 .5 9 7

IIV/J] ,-fverage -0 .0 4 5 0 .0 0 5 - 3 .8 3 8

SCLjypg - 0 .3 1 8 0 .0 4 9 - 2 .3 2 5

The m axim um  deceleration rate predictive m odel tabulated above showed a good 

coefficient o f  determination (R2) o f  0.887. In Table 5.10, the model showed that the 

maximum deceleration rate increases with the decrease in all or any o f  the four predictor 

variables appeared in the model; namely: (1) log function o f the RL average traffic 

volume along the freeway diverge area, (2) speed differential, (3) average HV % along 

the freeway diverge area, and (4) type o f  the deceleration SCL (limited or extended). The 

four predictor variables explained 88.7% o f  the variability in the maximum deceleration 

rate distributed as 48.7%, 19%, 13.4%, and 7.6%, respectively.

The m odel to estimate the maximum deceleration rate on combined SCLs could 

be written as follows:

dMax =  8 .4 - 1  &4LogQ^_Average-$M & yRL_Diverge-Q.()5HVRL_Average-Q32SCLrype (5.15)

In Equation 5.15, the log function o f  the RL average traffic volume along the 

freeway diverge area, speed differential, average HV % along the freeway diverge area, 

and the SCL type have the same effect on the maximum deceleration rate. The increase in 

the RL average traffic volume and/or the average HV %  along the freeway diverge area 

will decrease the freeway flow speed as well as the diverge speed and therefore, the 

maximum deceleration rate will be reduced.
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Similarly, as the speed differential increases with a positive sign, this means that 

the diverge speed is lower than the freeway RL mean speed and hence, the maximum 

deceleration rate will decrease on the SCL. On the other hand, when the diverge speed is 

higher than the freeway RL mean speed (negative speed differential), the maximum 

deceleration rate is expected to increase.

Finally, the longer the deceleration SCL, the more distance available for 

deceleration behaviour and so the maximum deceleration rate should decrease. This is 

illustrated through the SCL type variable with "0" code for limited length type SCL and 

"1" for extended length type SLC. Hence, this model should be in assistance to highway 

designers to estimate the maximum deceleration rate on SCLs. This m odel considers the 

effect o f traffic (in terms o f  traffic volume and HV %), speed, and freeway geometry to 

help in improving the deceleration behaviour o f  drivers on SCLs for better operation at 

freeway diverge areas.

5.6 EFFECTIVE DECELERATION DISTANCE MODELS

Two statistically significant models were developed for predicting the effective 

deceleration distances (Doec) on SCLs. The independent variables listed in Section 5.1 

excluding 85th percentile diverge speed as well as the traffic volume and HV % 

downstream the freeway diverge area were used for m odelling attempts. As m entioned 

earlier, 85th and 95th percentile effective deceleration distances were determined and used 

in modelling attempts. In fact, 95th percentile effective deceleration distances showed 

better correlation than the 85th percentile effective deceleration distances in terms o f  the 

statistical significance (p- value) and coefficient o f determination (R2).
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5.6.1 Effective Deceleration Distance Models for Combined SCLs

One significant model was developed to predict the effective deceleration distance 

for combined SCLs. Table 5.11 summarises the developed m odel with the R 2 value, p- 

value, t-statistics, and degrees o f freedom {df).

Table 5.11: Effective Dec. Distance Predictive Model Summary for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1

C o n s ta n t 3 0 .0 5 0 0 .6 1 2 0 .5 2 4

10 0 .8 1 4Toec 0 .3 0 6 0.000 6 .3 9 3

HVrL-J verai’e 8 .5 5 8 0 .0 5 0 2 .2 3 2

In Table 5.11, the predictive model for estimating the effective deceleration 

distance on limited and extended SCLs showed a good coefficient o f  determination (R 2) 

o f  0.814, although the model’s intercept was not statistically significant. The two 

predictor variables; length of the deceleration SCL and the RL average HV %  along the 

freeway diverge area, explained 81.4% o f the variability in the dependant variable (Doec)■ 

The length o f the deceleration SCL variable explained 72.1% o f  the variability in, while 

RL average HV % along the freeway diverge area explained the other 9.3% o f  the 

variability. The predictive model developed for estimating the effective deceleration 

distance on combined SCLs could be written as follows:

DDec =  30.05 +  0.306LDec + 8.558HVRL̂ erage (5.16)

The model in Equation 5.16 showed that the effective deceleration distance 

increases with the increase in both or any o f the length o f deceleration SCL and the RL 

average HV % along the freeway diverge. The increase in the SCL length would provide 

more distance for diverging vehicles to use for deceleration operations. Such effective

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



156

deceleration distance to be used by the diverging vehicles is required to be o ff the 

freeway mainstream. Hence, short SCLs would not offer adequate deceleration distances 

for safe and efficient operation at freeway diverge areas, allowing diverging vehicles to 

perform part o f their deceleration behaviour in the freeway RL. On the other hand, as the 

percentage o f HVs on right lane along the freeway diverge area increases, the freeway 

flow speed is expected to decrease and hence, diverging vehicles would favour an early 

diverge manoeuvre. Therefore, a good SCL length design that considers the effect o f 

traffic composition is expected to improve the operation at freeway diverge areas.

5.6.2 Effective Deceleration Distance Models for Limited SCLs

One significant model was developed to estimate the effective deceleration 

distance on limited length type SCLs. The developed model is shown in Table 5.12 with 

the R 2 values, p-values, t-statistics, and degrees o f freedom (df).

Table 5.12: Effective Dec. Distance Predictive Model Summary for Length SCLs

Model Independent Variables Coefficients p-value t d f R2

1
C o n s ta n t 5 1 .7 9 3 0 .0 0 4 5 .0 4 5

5 0 .9 8 9T2■*-' L im 0 .0 0 2 0 .0 0 0 2 0 .8 8 9

The effective deceleration distance predictive model shown in Table 5.12 had a 

high coefficient o f determination (R2) o f  0.989. The effective deceleration distance on 

limited SCLs increases with increase in the power function o f  length o f limited SCL, 

which explained all o f  the variability by itself. This predictive m odel could be written as 

follows:

D  D e c  = 5 1 - 1 9 3 + 0 . m L 2Lim (5.17)
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In Equation 5.17, the power function o f  the limited length o f  SCL showed to have 

a strong effect on the effective deceleration distance expected to be utilized by diverging 

vehicles. As the length o f  limited length type SCL increases, the distance available for 

diverging vehicles to use for deceleration increases. The model in Equation 5.17 is 

applicable for limited length SCL (including taper) > 60 m  and < 440 m  -  the lim its o f 

the limited length type SCLs collected in this study. It should be noted that, SCL lengths 

outer the range o f  60 to 440 m  would predict larger effective deceleration distances than 

the available length. However, AASHTO (2004) recommends a m inim um  deceleration 

length o f 240 m for parallel length type SCLs as a desirable design that is expected to 

operate efficiently. The maximum 95th percentile effective deceleration distance on 

limited SCLs was observed to be 386.6 m  in this study. Adding a 90 m eter taper area (as 

recommended by TAC 1999) to the maximum effective deceleration distance observed 

on limited sites would give SCL length o f  476.6 m. Accordingly, a 475 m limited SCL 

should be adequately enough for completing the deceleration behaviour in a comfortable 

and safe manner.
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CHAPTER SIX

6.0 APPLICATION OF DEVELOPED MODELS

This chapter presents application examples o f the developed models. The 

developed models were useful tools to be used by highway designers and professionals in 

selecting proper geometry of deceleration SCLs and improve the diverging performance 

of freeways. However, it is worthy and necessary to mention that the developed models 

should be applied for values that lie within the limits o f the geometries and traffic 

volumes that were used to develop the models.

Six models were selected for application illustrations to predict the driver 

behaviour measures prepared in this study. These six models were for combined SCLs 

only. The rationale for not selecting any of the developed models for limited length type 

SCLs was because of the small values of the degrees o f freedom associated with the 

models. The models selected for application illustrations had special characteristic that at 

least one o f the predictor variables appeared in the model(s) is a design element that 

could be controlled by highway designers. The following sections present the application 

of each of the six selected models in the same order they are listed below.

•  VDiverge =  -59 .187  + 1 .4 8 6 ^  +\0.l5lLogLDec-\0 m 9 L o g Q Diverging

•  AF^_Z)/v̂  =  9 7 .5 1 4 -7 .1 x l0 -64 ec-0 .0 91L ( - 2 8 . 1 5 7 ^ 0 *

.  VGore = 1 2 O .2 9 8 -2 .3 O 2 ^ -2 .5 x lO -50 i vê

• d OvmB= 6 . O 5 - 1 . 6 9 \ L o g Q ^ Avenv- 3 A 4 5 / 0

.  dMax = 8.4-L84LÔ w - 0 . 0 4 A ^ ^ - 0 . 0 5 ^ ^ - 0 . 3 2 S a ^

.  D Dec =  30.05 +  0 .306LDec + 8 .5 5 8 /7 ^ - A v e r a g e
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6.1 APPLICATION OF DIVERGE SPEED

The application illustration o f  the selected model for estimating the diverge speed 

(VDiverge) on deceleration SCLs resulted in creation o f  several graphs as potential design 

aids for highway designers and professional. The model was developed to estimate the 

diverge speed or the deceleration SCL length (LDec) to be provided while attaining the 

desired speed on the freeway right lane ( VRL) and knowing the diverging traffic volume 

(QDiverging)• Figure 6.1 shows a series o f graphs o f  the estimated diverge speed plotted 

against the length o f the deceleration SCL for different diverging traffic volumes. Five 

graphs were created for different RL speeds on the freeway ranged from 80 to 120 km/h, 

and are presented next.

=  5 9 . 1 8 7  +  1 . 4 8 6 ! ^  i- lO .l l lL c g L ^  - 1 0 . 0 2 9LogQi
70

= 2 0 0  p c/h

4 0 0  p c/h
65

6 0 0  p c /h  
8 0 0  p c/h  

10 0 0  p c/h  

120 0  p c/h

55

50

45
1600600 800 1000 

Deceleration SCL Length, m
1400200 400 1200

Figure 6.1.a: Application of Diverge Speed Based on Length of Deceleration SCL 
and Diverging Traffic Volume (VRL = 80 km/h)
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W  =  ” 5 9 . 1 8 7  +  1 . 4 8 6 ^  +  l a m L c ^  - 1 0 . 0 2 9 1 ^ 2 ^
85

= 2 0 0  p c/h

4 0 0  p c /h80

6 0 0  p c /h  

8 0 0  p c /h  
1 0 0 0  p c /h  

1 2 0 0  p c /h

65

60
400 600 800 

Deceleration SCL Length, m
1400 1600200 1 000 1200

Figure 6.1.b: Application of Diverge Speed Based on Length of Deceleration SCL 
and Diverging Traffic Volume ( V r l  = 90 km/h)

f W .  =  ” 5 9 . 1 8 7  +  1 . 4 8 6 ^  +  1 0 . 1 5 1 1 ^ ^  - 1 0 . 0 2 9 1o g O ^ ^
100

^Diverging “  2 0 0  p c / h
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Figure 6.1.c: Application of Diverge Speed Based on Length of Deceleration SCL 
and Diverging Traffic Volume (Vrl -  100 km/h)
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= -3 9 .1 8 7 + 1 .4 8 6 ^  +10.1 S lL o g L ^ -10.029 L o g Q ^ ^
115 7
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Figure 6.1.d: Application of Diverge Speed Based on Length of Deceleration SCL 
and Diverging Traffic Volume (V r l  = 110 km/h)
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Figure 6.1.e: Application of Diverge Speed Based on Length of Deceleration SCL 
and Diverging Traffic Volume (Vrl = 120 km/h)
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From the above graphs, knowing the freeway speed and the diverging traffic 

volume, the highway designer may estimate a desired diverge speed for a certain 

deceleration SCL length or estimate the necessary deceleration SCL length to attain a 

desired diverge speed. For instance, in Figure 6.1.c, while designing a deceleration SCL 

with a length o f 475 m, the expected diverge speed would be about 85.7 km/h for a 

freeway RL mean speed o f 100 km/h and a diverging traffic volume o f 1200 pc/h. The 

expected diverge speed would decrease from 85.7 to about 82.7 km/h while designing a 

shorter SCL o f  240 m  for the same RL speed o f  100 km/h and a diverging traffic volume 

o f 1200 pc/h. On the other hand, the increase in the freeway RL mean speed and/or 

decrease in the diverging traffic volume should increase the expected diverge speed for 

the same SCL length. Hence, the selection o f  a proper deceleration SCL length to attain a 

desired high diverge speed close enough to the RL mean speed for efficient traffic 

operations on freeway diverge areas could be executed through the application o f the 

developed model (Figures 6.1 .a through 6.1 .e).

6.2 APPLICATION OF SPEED DIFFERENTIAL

The application illustration o f  the selected model for estimating the speed 

differential between freeway RL mean speed and the diverging speed (AVRi-Diverge) on 

deceleration SCLs resulted in creation o f  several graphs. The created graphs are 

considered as potential design aids for highway designers and professional in predicting 

the speed differential. The developed m odel could be used to estimate the speed 

differential or the deceleration SCL length (Loec) to be provided while knowing the 

transition length (L,) and the RL traffic volum e upstream the freeway diverge area (Q rl)-
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Figure 6.2 shows a series o f graphs o f the estimated speed differential plotted against the 

length o f  the deceleration SCL for different upstream  RL traffic volumes. Four graphs 

were created for different transition lengths o f 10, 45, 80, and 115 m.

Generally, although the SCL length provided is intended for deceleration 

behaviour, sometimes the diverging vehicles use the transition length in their deceleration 

performance. Such transition length was considered part o f the deceleration SCL length 

in AASHTO (2004). However, the transition lengths in this study where not measured 

within the deceleration SCL lengths. Additionally, the increase in the transition length 

will provide more sight distance for the diverging vehicles from the point they diverge to 

the beginning o f the controlling ramp curve at the physical nose o f  the exit terminal.

9 7 . S 1 4 - 7 .1  x H T 6 f L  - 0 . 0 9 1 1 ,  - 2 8 . 1 5 7 1 ^ 6 ^
20

QrL =  600  pc/h/ln

15
8 0 0  pc/h/ln

100 0  pc/h/ln
1 0 ------

1 200  pc/h/ln

1400 pc/h/ln

1 600  pc/h/ln

14001201600 800400200

Deceleration SCL Length,m

Figure 6.2.a: Application of Speed Differential Based on Length of Deceleration 
SCL and RL Average Traffic Volume (L, = 10 m)
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A f W * * .  =  9 7 . 5 1 4 - 7 . 1  < 1 0 ’  i L  0 . 0 9 1 1 ,  - 2 8 . 1 57LogQ,
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Figure 6.2.b: Application of Speed Differential Based on Length of Deceleration 
SCL and RL Average Traffic Volume (L, = 45 m)

- 0 . 0 9 1 1 ,  - 2 8 . 1 5 7 LogQta9 7 . 5 1 4 - 7 . 1 x 1 0 '
15

Q r l  = 6 00  pc/h/ln

10
8 0 0  pc/h/ln

1 0 0 0  p c/h /ln

1 2 0 0  pc/h/ln

1 4 0 0  pc/h/ln

1 6 0 0  p c/h /ln

14001200200

-10

-15

Deceleration SCL Length, m

Figure 6.2.c: Application of Speed Differential Based on Length of Deceleration 
SCL and RL Average Traffic Volume (L, = 80 m)
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Figure 6.2.d: Application of Speed Differential Based on Length of Deceleration 
SCL and RL Average Traffic Volume (Lt = 115 m)

In Figures 6.2.a through 6.2.d, the highway designer could predict the speed 

differential between the freeway RL mean speed and the diverge speed while knowing 

the RL traffic volume upstream the freeway diverge area, deceleration SCL length, and 

the transition length. Designing deceleration SCLs that would produce high speed 

differentials between the freeway RL mean speed and the diverge speed should be 

neglected. Such poor design reflects hazardous location due to the speed disparities 

between diverging and freeway through vehicles.

Knowing the transition length to be provided and the RL traffic volume upstream 

the freeway diverge area, the highway designer could predict the speed differential for 

different deceleration SCL lengths. Alternatively, the designer could still use this model 

to estimate the necessary deceleration SCL length to produce a desired speed differential.
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For example, in Figure 6.2.b, the expected speed differential for a transition length o f 45 

m  and a RL traffic volume upstream  the diverge area of 1400 pc/h/ln would be 3.2 km/h 

while designing a deceleration limited SCL o f 475 m in length. Whereas, this speed 

differential would decrease to be -5.4 km/h when designing an extended deceleration 

SCL o f 1200 m  in length for the same transition length o f  45 m  and same upstream RL 

traffic volume o f  1400 pc/h/ln. On the other hand, the speed differential would increase 

with decrease in the transition length and/or the RL traffic volum e upstream the freeway 

diverge area. To provide longer transition length on the compensation o f short 

deceleration SCLs might not be in good assistance to diverging vehicles to decelerate on 

the relatively short deceleration SCL provided. Rather, they might perform part o f the 

deceleration behaviour on the freeway right lane that w ould lower the operation 

efficiency and safety on freeway diverge areas. Hence, the designer should harmonize 

between the length to be provided for both the deceleration SCL and transition to 

improve the traffic operation and safety on freeway diverge area.

6.3 APPLICATION OF GORE SPEED

The application illustration o f the selected model for estimating the gore speed 

( VGore) at the end o f  deceleration SCLs related the divergence angle (0) at the physical 

nose and the diverging traffic volumes (Qoivergmg) as shown in Figure 6.3. The model was 

plotted to be used as a tool by highway designers and professional for estimating the gore 

speed while knowing the divergence angle and the diverging traffic volume on the 

deceleration SCLs.
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Figure 6.3: Application of Gore Speed Based on Diverging Traffic Volume and
Divergence Angle

The gore speed at the end o f  the deceleration SCL is highly dependant on the 

diverge speed. A s shown in Section 5.7.1, there is a relationship between the diverge 

speed and the deceleration SCL length. However, the SCL length showed impractical 

correlation with the gore speed during the modelling attempts. Nevertheless, in Figure 6.3 

and for a particular deceleration SCL length, the expected gore speed at the end o f  the 

SCL would be 88.4 km /h for a diverging traffic volume o f 1000 pc/h and designing a 

divergence angle o f  3° at the physical nose o f  the exit terminal. The gore speed is 

expected to decrease from  88.4 to 72.3 km/h when the divergence angle increased to 10° 

but for the same diverging traffic volume o f 1000 pc/h. The divergence angle should not 

be enlarged when providing long and flat ramp curves following the deceleration SCL as 

this would reduce the gore speed at the end o f SCL, which is not necessary in such
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case(s). On the other hand, large divergence angle would be preferred while providing 

short and flat or sharp ramp curves. However, this would necessitate the design o f 

adequate deceleration SCL length to allow for efficient traffic operations and proper 

deceleration behaviour before approaching the ramp curve. Therefore, consistency 

between exit ramp different geometries (SCL length, divergence angle, and ramp curve) 

that allow the diverging vehicles to attain suitable gore speed would improve traffic 

operations on freeway diverge areas.

Additionally, the model illustrated in Figure 6.3 showed the effect o f  traffic 

volume on gore speed at end o f SCL. As the diverging traffic volume increases, the gore 

speed is expected to increase. For instance, the expected gore speed would be 75.1 km/h 

for designing a deceleration SCL with a divergence angle o f 4° with 1200 pc/h diverging 

traffic volume onto the relevant SCL. For the same divergence angle, the estimated gore 

speed at the end o f the SCL will increase to be about 110.1 km/h when the diverging 

traffic decline to 200 pc/h.

6.4 APPLICATION OF OVERALL DECELERATION RATE

The application illustration o f  the selected model for estimating the overall 

deceleration rate (<doveraii) on deceleration SCLs related the divergence angle (8) at the 

physical nose and the RL average traffic volumes {Q rl-Average) as shown in Figure 6.4. 

The model was plotted as a potential design aid for estimating the overall deceleration 

rate while knowing the divergence angle and the RL average traffic volume along the 

freeway diverge area.
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Figure 6.4: Application of Overall Deceleration Rate Based on RL Average Traffic
Volume and Divergence Angle

As shown in Figure 6.4, the overall deceleration rate on SCLs is expected to 

increase with increase in the divergence angle and/or decrease in the RL average traffic 

volume along the freeway diverge area. For example, the overall deceleration rate on a 

particular deceleration SCL length is expected to be 1.021 m/sec2 while designing a 

divergence angle o f 5° for a RL average traffic volume o f  400 pc/h/ln along the diverge 

area. The increase in the RL average traffic volume along the freeway diverge area from  

400 to 1400 pc/h/ln for the same divergence angle o f  5° would reduce the overall 

deceleration rate to 0.101 m/sec2. On the other hand, as the divergence angle at the 

physical nose increases to be 10° for the same traffic volume, the estimated overall 

deceleration rate would increase from 1.021 to be about 1.335 m /sec2. As mentioned 

earlier, consistency between the upstream and downstream geometry o f  the gore area o f
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the exit terminal is necessary to  allow the diverging vehicles to operate effectively on 

freeway diverge areas.

6.5 APPLICATION OF MAXIMUM DECELERATION RATE

The application illustration o f the selected model for estimating the maximum 

deceleration rate (cImox) on deceleration SCLs resulted in creation o f  several graphs as 

potential design aids for highway designers and professional. The developed model is a 

successful tool to estimate the maximum deceleration rate on SCLs while knowing the 

RL average traffic volume {Qm-Averag^, speed differential (A Vm-Diverge), and the SCL type 

(limited or extended). Figure 6.5 shows a series o f graphs o f the estim ated maximum 

deceleration rate plotted against RL average traffic volume for different speed 

differentials between the freeway RL mean speed and the diverge speed as well as the 

SCL type. Four graphs were created for different average heavy vehicle percentages 

along the freeway diverge area o f  6 ,1 0 ,1 4 , and 20 %.

As previously mentioned, the modelling attempts to develop predictive models 

capable o f estimating the m aximum  deceleration rate on limited length type SCLs only 

were not successful and no m odels were developed. The maximum deceleration rate on 

lim ited length type SCLs was fairly constant among limited SCL sites selected in the 

study and took an average rate o f  2.235 m /sec2. Therefore, this m axim um  deceleration 

rate could be used as the m axim um  comfortable deceleration rate on lim ited length type 

SCLs.
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In Figures 6.5.a through 6.5.d, the highway designer could predict the m aximum  

deceleration rate while knowing the RL average traffic volume and RL average HV % 

along the freeway diverge area as well as the SCL type and a desired speed differential. 

As shown earlier in the speed differential model application (Section 5.7.2), the speed 

differential between he freeway RL mean speed and the diverge speed depend mainly on 

the geometry o f  the deceleration SCL and ramp of the exit terminal. Therefore, exiting 

vehicles that diverge with large speed disparities would endanger travelling vehicles on 

freeway diverge areas.

The application o f the illustrations shown in Figure 6.5 would help designers to 

estimate the maximum deceleration rate on deceleration SCLs. For example, in Figure 

6.5.c, the estimated maximum deceleration rate is expected to be 1.911 m/sec for a 

limited SCL, RL average traffic volume o f  1400 pc/h/ln, and RL average heavy vehicle 

percentage o f  14 % for a desired speed differential of 0.0 km/h. The estimated m aximum  

deceleration rate would decrease to be 2.912 m/sec2 as the RL average traffic volume 

along the diverge area decrease to 400 pc/h/ln for the same type o f SCL (limited), RL 

average HV %, and the desired speed differential. For the same RL average traffic 

volume and HV % along the freeway diverge area and the same desired speed 

differential, increasing the length o f the deceleration SCL would reduce the maximum 

deceleration rate. However, as speed differential increases the maximum deceleration rate 

is expected to decrease on the SCL. Nevertheless, the designer could use the m aximum  

deceleration rate model to reduce the stress on drivers while performing deceleration 

behaviour on a particular deceleration SCL length.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



174

6.6 APPLICATION OF EFFECTIVE DECELERATION DISTANCE

The application illustration o f the selected model for estimating the effective 

deceleration distance (DDec) on deceleration SCLs related the SCL length {Loex)  and the 

RL average HV % along the diverge area as shown in Figure 6.6. The model was plotted 

as a potential design aid for estimating the effective deceleration distance to be used by 

diverging vehicles from the available deceleration SCL length for different RL average 

HV % along the freeway diverge area.

8 . 5 5 8  m=  3 0 - 0 5  +  0 . 3 0 6 L x l~  Avt.-agt

HV% a  20
H V % * 18
HV% *  16
HV% *  14

HV% =  10  
HV% =  8 
HV% =  6 
HV% =  4

600 800 1000 

Deceleration SCL Length, m

Figure 6.6: Application o f Effective Deceleration Distance Based on SCL Length 
and Heavy Vehicles Percentage (HV%)

In Figure 6.6, the highway designer could estimate the effective deceleration 

distance from a deceleration SCL o f known length for different RL average HV % along 

the freeway diverge area. For example, the effective deceleration distance is estimated to
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be o f  about 295.2 m on a deceleration SCL length o f 475 m  and RL average HV 

percentage o f 14 %. As the length o f the deceleration SCL increase to 1200 m (an 

extended length type SCL) and for the same percentage o f  HV on freeway right lane 

along the diverge area o f 14 %, the estimated effective deceleration distance is expected 

to increase to 517.1 m. On the other hand, the designer m ay estimate a length o f 

deceleration SCL to be provided consequent to a desired effective deceleration distance 

for different RL average HV % along the diverge area. This plotted model in Figure 6.6 is 

valid for limited and extended deceleration length type SCLs ranging from 58 to 1358 m.
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CHAPTER SEVEN 

7.0 CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Safe and efficient operations o f  freeway diverge areas are highly responsive to the 

geometry o f  exit terminal and traffic volumes on such designated areas. In this study, 

efforts were carried out to study the effect o f  geometric features and traffic conditions on 

operational diverging behaviour in freeway diverge areas. Hence, 13 diverge areas from 

Highway 417 in the City o f  Ottawa, Canada, were selected and used to collect speed data 

for 3,098 vehicles on both the freeway deceleration speed change lanes (SCL) and the 

adjacent right lanes (RL) during off-peak hour traffic conditions using two SpeedLaser®  

guns. The prevailing traffic on selected sites were recorded using a video camera that was 

mounted on a tripod and adjusted to record the traffic streams and vehicle movements on 

freeway diverge areas. The geometric data related to the selected study sites were 

gathered and several geometric elements were extracted for each site. Moreover, the 

collision data associated with selected sites were also collected to be part o f the database 

prepared for the purpose o f  this study and specifically for safety performance purposes.

The driver behaviour at freeway diverge areas is generally affected by many 

factors. Hence, modelling driver behaviour on freeway diverge areas was the main 

objective o f  this research for capturing the variation in many aspects o f  diverging 

behaviour o f  exiting vehicles. The modelling attempts for developing models capable o f 

predicting the driver behaviour at freeway diverge areas were successful and resulted in 

creation o f  34 statistically significant predictive models at 5% level o f significance 

through application o f multiple linear regression analysis. The development o f  such
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statistically significant behavioural models was the m ost important conclusion o f this 

study. The developed models related geometric features and traffic volumes to several 

driver behaviour measures. Operational performance m odels developed in the study for 

diverging vehicles comprehended the following driving behaviour parameters:

• Freeway RL mean speed along freeway diverge area (V rl)

• Diverge speed onto SCL ( Voiverge)

• Speed differential between RL mean speed and diverge speed (AVm-Diverge)

•  Gore speed at end o f  SCL ( VGore)

• Overall deceleration rate on SCL (dovemii)

• M aximum deceleration rate on SCL (<7mw)

• Effective deceleration distance used from diverge point to end o f SCL (Doec) 

Unfortunately, the modelling attempts for creating safety performance modes to

predict collision frequencies on freeway diverge areas were not successful and no models 

were developed. Nevertheless, the developed models would be o f assistance to highway 

designers and professionals as well as decision makers in selecting the proper geometry

o f exit terminals (particularly the deceleration SCL length) for better operations and

safety on freeway diverge areas. The main conclusions resulting from the regression 

analyses could be summarized as follows:

•  The targeted heavy vehicles on selected freeway deceleration SCLs and the 

adjacent RLs were found not to have any significant effect on the aggregated 

driver behaviour measures. Consequently, m odelling attempts in this study 

considered passenger cars only.
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• Freeway RL mean speed, determined as the population’s 85th percentile value 

o f vehicle mean speed, along the diverge area ranged from 99.4 km/h to 117.9 

km/h for all vehicle movements (through vehicles, m erged left vehicles onto a 

freeway inner lane, and diverged vehicles onto SCL). Freeway RL mean 

speed was found to be influenced by deceleration SCL length and RL traffic 

volume downstream the freeway diverge area for limited length type SCLs 

only. Two predictive models were developed for estimating the freeway RL 

mean speed along limited length type SCLs.

• Diverge speed, determined as the population’s 85th percentile value o f vehicle 

diverge speed, on deceleration SCL ranged from  80.4 km/h to 120.1 km/h 

among the study sites. Diverge speed was observed to highly depend on the 

freeway RL mean speed, deceleration SCL length, divergence angle at the 

physical nose, and diverging traffic. Nine m odels were developed for 

predicting the diverge speed on deceleration SCLs. There were four models 

associated with limited length type SCLs and five models were capable o f 

estimating diverge speed on both limited and extended length type SCLs.

• Speed differentials between 85th percentile RL mean speeds and 85th 

percentile diverge speeds ranged between -8.2 km /h and 16.1 km/h among the 

study sites. The speed differential was shown to be influenced by the 

deceleration SCL length, transition length, RL traffic volume upstream the 

freeway diverge area, and the traffic composition. The modelling attempts in 

this study succeeded in developing seven significant predictive models 

capable o f estimating the speed differential on freeway diverge areas. Two
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models were related to lim ited length type SCLs while the other five models 

were useful for both deceleration SCL types.

• The gore speed, determined as the population’s 85th percentile value o f 

vehicle gore speed, at end o f  SCL (1.25 m  marking separation) was observed 

to range from  78.7 km/h to 109.4 km/h among the study sites. The gore speed 

was shown to be influenced by the diverge speed, deceleration SCL length, 

transition length, divergence angle, and diverging traffic. Six predictive 

models were developed for estimating the gore speed w ith four models related 

to limited length type SCLs and two models related to combined (limited and 

extended) SCLs.

• The overall deceleration rate, determined as the population’s 85th percentile 

value o f  vehicle overall deceleration rate, on selected SCLs ranged from 0.351 

m/sec2 to 1.375 m/sec2. The overall deceleration rate was shown to be 

influenced by the freeway geometry and freeway RL traffic volume along the 

diverge area. Seven significant models were developed for predicting the 

overall deceleration rate on SCLs. There was one model associated with 

limited SCL length type and the six other models were practical for combined 

SCLs.

•  The m axim um  deceleration rate, determined as the population’s 85th 

percentile value o f vehicle maximum deceleration rate, on SCLs ranged from 

1.688 m /sec2 to 2.815 m /sec2 among study sites. The maximum deceleration 

rate was shown to be influenced by the freeway RL traffic volume along the 

diverge area, traffic composition, and the speed differential between RL mean
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speed and diverge speed. N o models were develop for estimating the 

maximum deceleration rate on limited SCLs as the 85th percentile maximum 

deceleration rates on limited length type SCLs in this study were fairly 

constant. This indicated a m axim um  comfortable deceleration rate o f  2.235 

m/sec2 on lim ited SCLs. However, one model was developed for estimating 

the maximum deceleration rate for combined SCLs.

• The effective deceleration distance determined as the population’s 85th 

percentile value o f  vehicle effective deceleration distance for all selected sites 

and measured from  the diverge point to the end o f the SCL ranged from 41.8 

m  to 448.7 m. The effective deceleration distance determined as the 

population’s 95th percentile value o f vehicle effective deceleration distance 

ranged from 48.1 m to 514.3 m  among study sites. The effective deceleration 

distance was found to be influenced by the SCL length to be provided as well 

as the percentage o f HV on freeway right lane along the relevant SCL. Two 

models were developed for estimating the effective deceleration distance in 

this study with one model for limited length type SCLs and other m odel for 

combined SCLs.

• A  length o f  475 m for limited length type SCLs was shown to be adequate for 

completing the deceleration behaviour in a comfortable and safe manner, 

serving 95% o f  the population.

•  The models developed in this study are considered an important achievement 

and have provided promising results concerning driver diverging behaviour, in
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contribution to the limited research related to evaluation o f  freeway diverge 

areas.

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH

Based on the results and findings o f  this study, the following are recommended as 

future work in the area o f evaluating freeway diverge areas:

■ The use o f more data and increasing the num ber o f sites w ould provide m ore 

strength to the developed models and improve their prediction capabilities.

■ Validation o f the developed models using w ider range o f data from different 

freeway diverge areas at different freeways and interchanges would enhance 

the m odels’ reliability.

■ Collecting speed data on exit ramp curves and inclusion o f  ram p radius with a 

wide range o f  curvatures would be cooperative in evaluating the driver 

behaviour downstream the gore area o f  exit terminals.

■ Collecting speed data for heavy vehicles and modelling for their behaviour 

would help capture the differences in diverging behaviour o f  different types o f  

exiting vehicles at freeway diverge areas.

■ Intended for a wider scope o f research, criteria to evaluate the driver diverging 

behaviour in terms o f the differences between the operational speed and 

design speed on freeway diverge areas should be introduced in North 

American guidelines, if  possible.
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Numbers on Arrows are: N um ber o f  Targeted Vehicles (Mean Speed)

2 (105.7 km/h)Inner Lane

19 (96.6 km/h)

78 (99.6 km/h)
99 (87.4 km/h)Right Lane

39 (85.6 km/h)

90 (70.9 km/h)
Deceleration Lane

Figure A -l: Bronson Ave (W-NS) -  Taper

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

1 (100.4 km/h)Inner Lane

127 (96.4 km/h)
81 (99.6 km/h)

129 (83.8 km/h)Right Lane
45 (85.6 km/h)

90 (72.6 km/h)
Deceleration Lane

Figure A-2: Parkdale Ave (W-NS) -  Taper

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



193

93 (71.0 km/h) Deceleration Lane

60 (73.0 km/h)

127 (74.1 km/h)
154 (88.8 km/h)

90 (93.1 km/h)
Right Lane

4 (94.8 km/h)

Inner Lane

Numbers on Arrows are: Number o f  Targeted Vehicles (Mean Speed)

Figure A-3: Prom Island Park Dr (E-N) -  Taper

Numbers on Arrows are: Number o f  Targeted Vehicles (Mean Speed)

Inner Lane
108 (104.5 km/h)

103 (104.7 km/h)
93(102.1 km/h)Right Lane

5 (98.1 km/h) 

Deceleration Lane 93 (96.6 km/h)

Figure A-4: Moodie Dr (W-NS) -  Parallel
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117 (93.7 km/h) Deceleration Lane
50(104.1 km/h)

119(104.1 km/h)
123 (104.4 km/h)

 Right Lane _73 (104.0 km/h)

Inner Lane

Numbers on Arrows are: Number o f  Targeted Vehicles (Mean Speed)

Figure A-5: Terry Fox Dr (E-NS) -  Parallel

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

Inner Lane
107 (107.5 km/h)

104 (107.6 km/h)
78(106.8 km/h)Right Lane

3 (102.7 km/h) 

Deceleration Lane 78 (99.1 km/h)

Figure A-6: Terry Fox Dr (W-NS) -  Parallel
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99 (96.8 km/h) Deceleration Lane
19 (104.2 km/h)

102(106.5 km/h) Right Lane

125 (107.5 km/h)106 (108.1 km/h)

Inner Lane

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

Figure A-7: Ch. Carp Rd (E-NS) -  Parallel

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

5 (90.7 km/h)Inner Lane

52 (96.6 km/h)89 (96.3 km/h)

.4 km/h)RightLane 33 (97X)km/h)

^  22 (95.8 km/h)10(95.2 km/h)
28 (99.3 km/h) 

Deceleration Lane

58 (88.6 km/h)

Figure A-8: St. Laurent Blvd (W-NS) -  Extended
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Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

7 (100.9 km/h)Inner Lane

90 (96.3 km/h)125 (95.3 km/h)

7 (94.6 km/h)Right Lane 16 (96.1 km/h)

76 (95.3 km/h) 

Deceleration Lane

^25 (86.2 km/h)6 (96.6 km/h)

38 (83.3 km/h)

Figure A-9: Vanier Pkwy (W-NS) -  Extended

North

42 (83.2 km/h)South

Deceleration Lane

83 (104.3 km/h) Right Lane6 (105.3 km/h)66 (98.3 km/h)

109 (102.8 km/h)94 (102.5 km/h)

4 (117.6 km/h) Inner Lane

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

Figure A-10: Woodroffe Ave (E-NS) -  Extended
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1 (92.7 km/h)Inner Lane
70 (102.0 km/h)75 (102.1 km/h)

4 (103.2 km/h)15 (105.8 km/h)Ri^ht Lane
4 (101.3 km/h)

66 (106.3 km/h)

77 (88.2 km/h)Deceleration Lane

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

Figure A -ll:  Woodroffe Ave (W-NS) -  Extended

114

Deceleration Lane
97 (104.5 km/h)

4 (99.5 km/h)

3 (108.6 km/h) 37 (106.0 km/h) Right Lane

153(101.1 km/h)126 (101.2 km/h)

6 (113.6 km/h)

Inner Lane

Numbers on Arrows are: Num ber o f  Targeted Vehicles (Mean Speed)

Figure A-12: Greenbank Rd /Pinecrest Rd (E-NS) -  Extended
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1 (108.4 km/h)Inner Lane
99 (102.5 km/h)128 (102.8 km/h)

(106.5 km/h)77 (102.4 km/h)Right Lane
28 (103.5 km/h)

19 (102.2 km/h) 

Deceleration Lane (96.1 km/h)

Numbers on Arrows are: Number of Targeted Vehicles (Mean Speed)

Figure A-13: Eagleson Rd (W-NS) -  Extended

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B: VEHICLE SPEED PROFILES ON DECELERATION 
SPEED CHANGE LANES

199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

110

1.25 m Separation Physical NoseBeginning of SCL

100

90

80

70

50

- 40

30
130180280

Distance, m
2303 3 04 3 0 380

Figure B-l: Bronson Ave (W-NS) -  Taper

115 -|

1.25 m S ep a ra tio n  Physical N oseB eginning of SCL

105

95

85

75

65

55

•362-
370

45
320220 2 7 0120 170

Distance, m

Figure B-2: Parkdale Ave (W-NS) -  Taper

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



201

100

Physical N ose1.25 m S epara tionBeginning of SCL

90

80

70

60

5 0

-456
460

-3 7 6 -
380

40
4 3 0 4 5 0390 4 1 0

Distance, m
420 440370 400360

Figure B-3: Prom Island Park Dr (E-N) -  Taper

130

Beginning of SCL 1.25 m Seperation Physical N ose

120

110

100

90

- 7 0

-367- 60-74-2-
730 330380630 530

Distance, m
480780 5 8 0

Figure B-4: Moodie Dr (W -NS) -  Parallel

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



202

130

Physical N ose1.25 m S ep era tio nB eginn ing  of SCL

120

110

100  -

90 -

80

70 -

-532--420--32-60
600500400300

Distance, m
100 200

Figure B-5: Terry Fox Dr (E-NS) -  Parallel

150

Physical N oseB eginn ing  of SCL 1.25 m S ep era tio n
140

130

-  120

100

- 90

- 80

- 70

-376--500- 60-946-
30040 0500700 60080 01000 9 0 0

Distance, m

Figure B-6: Terry Fox Dr (W-NS) -  Parallel

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



203

130

1.25 m S ep a ra tio n  Physical N oseBeginning of SCL

-  120

110

100

- 90

80

- 70

60

-445- -396 50
400 300700 600

Distance, m
500900 800

Figure B-7: Ch. Carp Rd (E-NS) -  Parallel

125

Physical N ose1.25 m S e p e ra tio n

115

105

95

85

75 -

65

55 -54^
750550250 350 45050 150

Distance, m

Figure B-8: St. Laurent Blvd (W-NS) -  Extended

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

1.25 m Seperation Physical N ose
120

110

100

80

70

60

m- 50
330 280 230430

Distance, m
380630 580 530 480

Figure B-9: Vanier Pkwy (W-NS) -  Extended

1.25 m  S ep e ra tio n  Physical N ose 135

125

115

105 5

85

75

-320-
300

65
2004 0 0600

Distance, m
5001000 900 8 00 700

Figure B -ll:  Woodroffe Ave (W-NS) -  Extended

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

135

1.25 m S e p a ra tio n  Physical N o se

- 1 2 5

115

- 105

95

85

- 75

65
200400 300600

Distance, m
500700900 80 0

Figure B-12: Greenbank Rd /Pinecrest Rd (E-NS) -  Extended

135
Physical N o se1.25 m Seperation

125

115

105

9 5  -

85

V "75

65

5 4 555
6255754 75 525375 425225 275 325

Distance, m
75 125 175

Figure B-13: Eagleson Rd (W-NS) -  Extended

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX C: DESCRIPTIVE SUMMARY OF SPEEDS, 
DECELERATION RATES, AND EFFECTIVE DECELERATION 

DISTANCES ON SELECTED STUDY SITES

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 0 7

Table C -l:  DESCRIPTIVE SUM M ARY FO F SPEEDS ON LIM ITED  SCLs

SCL Name Statistics
C om bined PC & HV | PC Only

Speed (km/h)
Diverge M axim um M ean Gore Diverge M axim um M ean G ore

Bronson Ave 
(W-NS)

Sample

N 138 90 90 88 124 85 85 84
85th 94.3 96.8 90.5 78.6 94.7 97.3 90.7 78.7
M in. 65.1 69.9 62.0 52.6 65.1 69.9 62.0 52.6
M ax. 110.0 109.8 100.6 87.8 110.0 109.8 100.6 87.8
M  c a n 86.9 88.0 81.3 70.5 87.8 88.3 81.6 70.9

SD ' 8.54 8.28 8.49 7.69 8.14 8.29 8.40 7.51

Population
85th 95.7 96.6 90.1 78.4 96.6

101.8
96.9 90.3 78.7

95th 100.9 101.7 95.3 83.1 101.9 95.5 83.2

Parkdale Ave 
(W-NS)

Sample

N 173 90 90 90 173 90 90 90
85th 92.5 93.1 89.4 82.1 92.5 93.1 89.4 82.1
Min. 66.5 66.5 57.7 52.4 66.5 66.5 57.7 52.4
M ax. 108.9 103.9 99.3 93.9 108.9 103.9 99.3 93.9
M ean 84.0 83.8 79.7 72.6 84.0 83.8 79.7 72.6

SD 8.25 8.69 9.10 9.28 8.25 8.69 9.10 9.28

Population 85th 92.6 92.8 89.2 82.3 91.8 92.8 89.2 82.3
95th 97.6 “ I 98.1 94.7 87.9 96.7 98.1 94.7 87.9

Prom  Island Park D r 
(E-N)

Sample

N 187 93 93 93 187 93 93 93
85th 80.4 81.9 80.0 78.8 

48 1
80.4 81.9 80.0 78.8

Min. 53.0 53.0 50.9 53.0 53.0 50.9 48.1
M ax. 94.3 92.5 91.3 90.5 94.3 92.5 91.3 90.5
M ean 73.8 74.4 72.4 71.0 73.8 74.4 72.4 71.0

SD 7.61 7.86 8.37 8.36 7.61 7.86 8.37 8.36

Population 85th 81.6 82.5 81.1 79.7 82.7 82.5 81.1 79.7
95th 86.3 87.3 86.2 84.8 87.7 87.3 86.2 84.8

M oodie Dr 
(W-NS)

Sample

N 98 92 92 92 90 85 85 85
85th 111.0 111.9 109.8 106.4

74.4
122.4 
96.6 
9.60

111.1
77.1 

121.2 
102.6

112.1 110.0 106.5
M in. 77.1 78.5 77.1 78.5 77.1 74.4
M ax. 121.2 123.1 118.7 123.1 118.7 122.4
Mean 101.9 102.8 99.9 103.6 100.7 97.3

SD 8.87 9.24 9.56 8.60 "I 8.91 9.01 9.29

Population 85th 111.1 112.3 109.8 106.5 112.2 112.8 110.1 107.0
95th 116.5 118.0 115.6 112.4 117.6 118.2 115.6 112.6

T erry  Fox Dr 
(E-NS)

Sample

N 169 117 117 117 157 107 107 107
85th 114.2 111.8 107.9 102.4 114.2 114.1 108.2 102.9
M in. 81.6 85.4 77.0 68.8 81.6 85.4 77.0 68.8
M ax. 124.6 124.9 119.7 116.7 124.6 124.9 119.7 116.7
M ean 104.1 104.0 99.3 93.7 104.5 104.5 99.8 94.2

SD 8.65 8.55 9.16 9.76 8.76 8.64 9.18 9.91

Population 85th 113.1 112.9 108.8 103.8 112.6 113.5 109.3 104.5
95th 118.3 118.1 114.4 109.8 117.6 118.7 114.9 110.5

T erry  Fox Dr 
(W -NS)

Sample

N 79 77 77 78 76 73 73 74
85th 114.0 115.9 112.5 109.0 114.7 116.3 112.9 109.4
M in. 84.7 87.6 84.4 73.9 84.7 87.6 84.4 73.9
Max. 129.3 135.8 129.2 126.6 135.8 135.8 129.2 126.6
M ean 105.8 107.1 103.2 99.1 106.5 107.4 103.5 99.4

SD 9.09 9.55 9.18 9.88 9.73 9.67 9.26 10.00

Population 85th 115.2 117.0 112.7 109.3 117.0 117.4 113.0 109.7
95th 120.8 122.8 118.3 115.3 123.0 123.3 118.7 115.8

Ch. Carp Rd 
(E-NS)

Sample

N 121 99 99 99 101 85 85 85
85th 114.8 116.3 111.8 104.6 115.7 116.5 112.0 105.6
Min. 81.4 83.4 79.6 72.3 86.5 87.4 84.8 79.6
Max. 125.9 125.9 122.4 117.5 125.9 125.9 122.4 117.5
M ean 106.2 107.7 103.4 96.8 107.9 109.0 104.4 97.8

SD 8.43 8.32 8.28 8.52 7.77 7.77 7.82 7.91

Population 85th 114.9 116.4 112.0 105.6 116.3 117.0 112.5 106.0
95th 120.0 121.4 117.0 110.8 121.2 121.8 117.3 110.8
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Table C-2: DESCRIPTIVE SUMMARY FOR DECELERATION RATES AND EFFECTIVE DECELERATION DISTANCE ON
LIMITED SCLs

SCL Name Statistics
Combined PC & HV PC Only

Deceleration Rate (m/sz) Dec. 
Dist. (m)

Deceleration Rate (m/sz) Dec. 
Dist. (m)Overall Maximum Mean Overall Maximum Mean

Bronson Ave 
(W-NS)

Sample

N 90 90 88 135 85 85 83 121
85th 1.378 2.804 1.014 121.4 1.375 2.815 1.011 122.4
Min. 0.050 1.025 -0.466 50.6 0.050 1.025 -0.466 50.6
Max. 2.143 3.421 1.579 145.5 2.143 3.421 1.579 145.5
Mean 0.998 2.223 0.671 99.9 0.991 2.219 0.661 100.3

SD 0.41 0.50 0.38 20.79 0.41 0.51 0.39 20.73

Population 85th 1.417 2.738 1.067 121.4 1.415 2.747 1.064 123.0
1” 95th 1.604 3.040 1.299 134.1 1.664 3.057 1.301 134.9

Parkdale Ave 
(W-NS)

Sample

N 89 90 90 174 89 90 90 174
85th 1.226 2.326 1.055 108.4 1.226 2.326 1.055 108.4
Min. 0.272 1.152 -0.035 24.5 0.272 1.152 -0.035 24.5
Max. 1.685 3.275 1.651 138.4 1.685 3.275 1.651 138.4
Mean 0.876 1.898 0.741 84.8 0.876 1.898 0.741 84.8

SD 0.34 0.47 0.30 20.79 0.34 0.47 0.30 20.79

Population 85th 1.232 2.381 1.057 106.3 1.232 2.381 1.057 91.8
95th 1.441 2.665 1.242 119.0 1.441 2.665 1.242 100.3

Prom Island Park Dr 
(E-N)

Sample

N 92 93 91 187 92 93 91 187
85th 0.747 1.715 0.660 39.1 0.747 1.715 0.660 39.1
Min. -0.509 0.004 -0.525 8.3 -0.509 0.004 -0.525 8.3
Max. 1.462 2.302 1.141 56.2 1.462 2.302 1.141 56.2
Mean 0.484 1.317 0.394 30.5 0.484 1.317 0.394 30.5

SD 0.35 0.49 0.30 8.61 0.35 0.49 0.30 8.61

Population 85th 0.843 1.824 0.709 39.4 0.843 1.824 0.709 41.8
95th 1.053 2.122 0.895 44.6 1.053 2.122 0.895 48.1

M oodie Dr 
(W-NS)

Sample

N 90 91 91 95 83 85 84 86
85th 0.465 1.876 0.410 199.7 0.460 1.871 0.411 198.8
Min. -0.330 0.408 -0.309 66,4 -0.330 0.265 -0.309 82.5
Max. 0.711 2.799 0.698 243.6 0.711 2.799 0.698 225.6
Mean 0.278 1.594 0.230 165.9 0.272 1.570 0.230 166.9

SD 0.21 0.41 0.18 33.26 0.21 0.45 0.18 29.35

Population 85th 0.491 2.019 0.418 200.4 0.485 2.033 0.421 196.8
95th 0.616 2.269 0.528 220.6 0.610 2.306 0.534 214.8

Terry Fox Dr 
(E-NS)

Sample

N 116 115 117 169 106 105 107 157
85th 0.517 2.267 0.467 290.8 0.523 2.267 0.475 290.3
Min. -0.067 0.850 -0.232 149.7 -0.067 0.850 -0.232 149.7
Max. 0.720 3.133 0.827 324.7 0.720 3.133 0.827 324.7
Mean 0.317 1.780 0.284 256.0 0.318 1.794 0.285 255.4

SD 0.17 0.47 0.20 38.23 0.17 0.46 0.20 38.75

Population 85th 0.491 2.266 0.489 295.6 0.496 2.272 0.495 296.7
95th 0.594 2.552 0.609 318.9 0.601 2.553 0.619 321.3

Terry Fox Dr 
(W-NS)

Sample

N 75 78 78 72 71 74 74 68
85th 0.393 2.236 0.387 329.8 0.397 2.241 0.395 329.7
Min. -0.099 0.556 -0.275 207.7 -0.099 0.556 -0.275 207.7
Max. 0.646 2.900 0.795 349.4 0.646 2.900 0.795 346.8
Mean 0.239 1.565 0.209 299.5 0.242 1.563 0.212 298.1

SD 0.16 0.57 0.20 31.96 0.16 0.58 0.20 32.05

Population
85th 0.403 2.156 0.415 332.7 0.409 2.167 0.423 339.5
95th 0.500 2.503 0.536 352.1 0.508 2.522 0.547 372.2

Ch. Carp Rd 
(E-NS)

Sample

N 98 99 97 116 84 85 84 96
85th 0.339 2.260 0.291 367.2 0.351 2.253 0.301 367.9
Min. -0.024 0.615 -0.173 271.3 -0.024 0.615 -0.273 275.3
Max. 0.533 3.053 0.487 401.1 0.533 3.053 0.487 401.1
Mean 0.226 1.687 0.154 334.5 0.240 1.701 0.157 336.3

SD 0.12 0.51 0.13 29.24 0.11 0.50 0.15 28.99

Population 85th 0.346 2.216 0.293 364.8 0.356 2.221 0.309 368.1
95th 0.416 2.526 0.375 382.6 0.423 2.527 0.398 386.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table C-3 (a): DESCRIPTIVE SUMMARY FOR SPEEDS ON EXTENDED SCLs (COMBINED PC & HV)

SCL Name Statistics

Sneed (km/h)
Initial Maximum Mean Gore

Occupying SCL Diverging All
Occupying SCL Diverging All Occupying SCL Diverging All

Occupying SCL Diverging All
Depart Merged Depart Merged Depart Merged Depart Merged

St. Laurent Blvd 
(W-NS)

Sample

N 27 1 43 70 27 1 31 58 27 1 31 58 27 1 31 58
85th 105.6 107.6 106.7 107.0 109.5 109.4 103.2 104.1 103.8 97.8 95.4 96.9
Min. 83.5 95.3 72.1 72.1 83.5 95.3 79.2 79.2 78.8 91.5 73.2 73.2 69.1 88.4 62.9 62.9
Max. 117.2 95.3 118.5 118.5 117.3 95.3 118.6 118.6 109.2 91.5 108.9 109.2 104.2 88.4 102.8 104.2
Mean 99.3 95.3 96.6 97.7 100.9 95.3 98.9 99.9 96.1 91.5 94.0 95.2 89.8 88.4 87.7 88.6

SD 8.54 9.83 9.36 8.46 10.35 9.54 8.01 9.40 8.68 9.04 9.00 9.21

Population 85th 108.3 106.8 107.4 109.8 109.7 109.7 104.5 103.8 104.2 99.4 97.1 98.2
95th 113.9 112.7 113.1 115.3 116.0 115.6 109.7 109.5 109.5 105.3 102.5 103.8

Vanier Pkwy 
(W-NS)

Sample

N 69 7 22 91 34 7 4 38 34 7 4 38 34 7 4 38
85th 104.2 101.4 103.7 101.7 101.6 98.6 98.2 92.3 91.8
Min. 72.0 68.5 85.8 72.0 75.5 70.0

122.7
99.3
18.47

94.5" 75.5 72.1 69.0 90.2 72.1 55.6 70.0 80.5 55.6
Max. 111.5 122.7 112.6 112.6 115.8 1 0 L 4 115.8 113.3 120.1 96.3 113.3 109.8 119.3 89.9 109.8
Mean 95.7 95.4 96.3 95.5 95.7 98.3 96.0 91.9 96.2 93.3 92.0 82.8 94.6 87.3 83.3

SD 8.57 17.19 6.66 7.95 8.62 3.14 8.21 8.88 16.91 2.48 8.49 10.23 15.03 4.58 9.84

Population 85th 104.5 103.4 103.7 104.6 104.5 101.1 100.8 93.4 93.5
95th 109.7 107.7 108.6 109.9 109.5 106.5 106.0 99.6 99.5

Woodroffe Ave 
(W-NS)

Sample

N 62 4 19 80 62 4 15 76 62 4 15 76 62 4 15 77
85th 114.6 120.1 114.8 115.6 119.4 116.4 106.7 109.3 107.2 95.4 97.9 95.7
Min. 90.3 100.0 78.0 78.0 93.1 100.4 91.2 91.2 78.4 94.7 80.7 78.4 72.2 86.4 72.1 72.1
Max. 129.3 111.9 138.0 129.3 129.6 111.9 138.0 129.6 118.1 111.5 128.6 118.1 105.2 111.5 105.8 105.8
Mean 106.3 107.0 104.9 105.5 107.6 107.8 106.6 106.9 98.6 105.6 98.7 98.2 88.1 103.2 88.6 1 88.2

SD 8.57 5.51 14.57 9.45 8.61 5.19 13.82 9.22 8.01 7.55 13.81 8.69 6.92 11.40 10.01 7.67

Population 85th 115.1 12 0.4 115.3 116.5 121.5 116.5 106.9 113.5 107.2 95.2 99.4 96.2
95th 120.4 130.1 121.1 121.7 131.0 122.1 111.7 123.0 112.5 99.4 106.2 100.8

Greenbank Rd 
(E-NS)

Sample

N 93 3 41 134 81 3 32 113 81 3 32 113 82 3 32 114
85th 114.6 115.8 115.0 115.9 116.1 116.2 108.3 105.2 108.3 93.8 94.4 94.0
Min. 84.8 93.3 88.7 84.8 84.8 98.2 88.7 84.8 79.4 95.9 77.5 77.5 60.4 97.6 72.1 60.4
Max. 123.6 130.0 129.8 129.8 124.2 1 130.0 129.8 129.8 116.7 129.5 120.4 120.4 106.3 128.7 108.6 108.6
Mean 104.8 108.4 105.3 104.9 105.6 110.0 106.4 106.1 98.0 107.9 97.8 98.0 85.2 108.6 85.7 85.4

SD 8.92 19.20 9.37 8.97 9.34 17.39 8.94 9.36 8.99 18.76 OO SO o 9.15 9.05 17.46 8.60 8.91

Population 85th 114.0 115.0 114.2 115.3 115.7 115.8 107.3 107.0 107.5 94.6 94.6 94.7
95th 119.5 120.7 119.7 121.0 121.1 121.5 112.7 112.4 113.1 100.1 99.8 100.1

Eagleson Rd 
(W-NS)

Sample

N 11 8 105 116 11 8 77 88 11 8 77 88 11 8 77 88
85th 104.6 115.9 115.4 105.0 116.3 116.0 100.8 112.6 112.1 100.6 107.9 107.6
Min. 88.9 73.5 76.6 76.6 90.0 79.8 78.0 78.0 86.9 77.2 76.4 76.4 82.5 79.7 69.2 69.2
Max. 106.1 135.9 127.9 127.9 115.9 141.7 128.6 128.6 111.0 139.1 126.6 126.6 114.1 141.4 121.1 121.1
Mean 99.3 106.2 102.7 102.4 101.4 109.0 103.4 103.3 97.6 106.4 100.7 100.4 93.9 106.5 96.5 96.1

SD 5.51 19.29 10.06 9.75 7.07 19.64 10.59 10.32 6.47 20.01 10.33 10.05 9.28 21.54 10.18 10.10

Population 85th 105.3 113.1 112.5 109.1 114.4 114.0 104.7 111.4 110.8 104.0 107.1 106.6
95th 109.3 119.3 118.4 114.2 120,8 120.3 109.3 117.7 116.9 110.7 113.3 112.7
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Table C-3 (b): DESCRIPTIVE SUMMARY FOR SPEEDS ON EXTENDED SCLs (PC Only)

SCL Name Statistics

Speed (km/h)
Initial Maximum Mean Gore

Occupying SCL Diverging All Occupying SCL Diverging AU Occupying SCL Diverging All
Occupying SCL Diverging All

Depart Merged Depart Merged Depart Merged Depart Merged

St. Laurent Blvd 
(W-NS)

Sample

N 25 1 43 68 25 1 31 56 25 1 31 56 25 1 31 55
85th 105.8 107.6 107.0 107.8 109.5 109.4 103.2 104.1 103.9 98.6 95.4 96.9
Min. 83.5 95.3 72.1 72.1 83.5 95.3 79.2 79.2 78.8 91.5 73.2 73.2 69.1 88.4 62,9 69.1
Max. 117.2 95.3 118.5 118.5 117.3 95.3 118.6 118.6 109.2 91.5 108.9 109.2 104.2 88.4 102.8 104.2
Mean 99.5 95.3 96.6 97.7 101.2 95.3 98.9 100.0 96.7 91.5 94.0 95.2 91.2 88.4 87.7 89.8

SD 8.49 9.83 9.38 8.40 10.35 9.57 7.71 9.40 8.77 7.99 9.00 8.07

Population 85th 108.5 106.8 107.4 110.1 109.7 109.9 104,9 103.8 104.3 99.7 97.1 98.1
95th 114.1 112.7 113.1 115.6 116.0 115.7 109.9 109.5 109.6 104.9 102.5 103.1

Vanier Pkwy 
(W-NS)

Sample

N 67 4 22 89 33 4 4 37 33 4 4 37 33 4 4 37
85th 103.9 101.4 103.5 101.7 101.6 98.7 98.3 92.4 92.0
Min. 72.0 84.5 85.8 72.0 75.5 90.1 94.5 75.5 72.1 86.8 90.2 72.1 55.6 89.8 80.5 55.6
Max. 111.5 122.7 112.6 112.6 115.8 122.7 101.4 115.8 113.3 120.1 96.3 113.3 109.8 119.3 89.9 109.8
Mean 95.5 103.2 96.3 95.4 95.7 106.8 98.3 96.0 91.8 104.6 93.3 91.9 83.0 102.1 87.3 83.5

SD 8.56 16.08 6.66 7.93 8.62 14.40 3.14 8.21 9.00 14.58 2.48 8.60 10.29 12.68 4.58 9.87

Population 85th 104.3 103.4 103.6 104.6 104.5 101.1 100.8 93.7 93.8
95th 109.5 107.7 108.4 109.9 109.5 106.6 106.0 100.0 99.8

Woodroffe Ave 
(W-NS)

Sample

N 61 4 19 79 61 4 15 75 61 4 15 75 61 4 15 76
85th 114.7 120.1 114.9 115.6 119.4 116.5 106.7 109.3 107.2 ["9 5 .4 97.9 95.7
Min. 90.3 100.0 78.0 78.0 93.1 100.4 91.2 91.2 78.4 94.7 80.7 78.4 72.2 86.4 72.1 72.1
Max. 129.3 111.9 138.0 129.3 129.6 111.9 138.0 129.6 118.1 111.5 128.6 118.1 105.2 111.5 105.8 105.8
Mean 106.5 107.0 104.9 105.7 107.8 107.8 106.6 107.1 98.6 105.6 98.7 98.2 88.2 103.2 88.6 88.3

SD 8.49 5.51 14.57 9.42 8.49 5.19 13.82 9.16 8.01 7.55 13.81 8.69 6.94 11.40 10.01 7.69

Population 85th 115.3 120.4 115.5 116.6 121,5 116.6 106.9 113.5 107.2 95.3 99.4 96.3
95th 120.4 130.1 121.2 121.8 131.0 122.2 111.7 123.0 112.5 99.6 106.2 101.0

Greenbank Rd 
(E-NS)

Sample

N 81 3 40 121 69 3 32 101 69 3 32 101 69 3 32 101
85 th 114.9 115.9 115.1 1 i 5.7 116.1 116.1 108,6 105.2 108.5 94.1 94.4 94.1
Min. 84.8 93.3 88.7 84.8 84.8 98.2 88.7 84.8 79.4 95.9 77.5 77.5 63.5 97.6 72.1 63.5
Max. 123.6 130.0 129.8 129.8 124.2 130.0 129.8 129.8 116.7 129.5 120.4 120.4 106.3 128.7 108.6 108.6
Mean 105.4 108.4 105.7 105.5 106.2 110.0 106.4 106.5 98.4 107.9 97.8 98.3 86.0 108.6 85.7 86.0

SD 8.79 19.20 9.12 8.73 9.13 17.39 8.94 9.20 8.65 18.76 8.90 8.93 8.43 17.46 8.60 8.44

Population 85th 114.6 115.2 114.5 115.6 115.7 116.1 107.3 107.0 107.6 94.7 94.6 94.7
95th 119.9 120.7 119.8 121.2 121.1 121.7 112.6 112.4 113.0 99.8 99.8 99.9

Eagleson Rd 
(W-NS)

Sample

N 8 8 99 107 8 8 71 79 8 8 71 79 8 8 71 79
85th 116.3 115.7 116.4 116.3 113.6 112.3 108.4 108.3
Min. 88.9 73.5 78.3 78.3 90.0 79.8 78.3 78.3 88.3 77.2 77.3 77.3 85.6 79.7 76.1 76.1
Max. 106.1 135.9 127.9 127.9 115.9 141.7 128.6 128.6 111.0 139.1 126.6 126.6 114.1 141.4 121.1 121.1
Mean 99.4 106.2 103.4 103.1 102.2 109.0 104.2 104.1 98.9 106.4 101.7 101.5 97.0 106.5 97.9 97.8

SD 5.42 19.29 9.74 9.53 7.37 19.64 10.14 10.04 6.40 20.01 9.77 9.53

00COOO 21.54 9.31 9.26

Population
85th 113.5 113.0 114.8 114.5 111.9 111.4 107.5 107.4
95th 119.4 118.8 120.9 120.6 117.8 117.2 113.2 113.0

NJ
O
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Table C-3 (c): DESCRIPTIVE SUMMARY FOR SPEEDS ON WOODROFFE (E-NS) SCL - (COMBINED PC & HV)

Speed (km/h)
Initial Maximum Mean Exit/Final

(Depart) Statistics
Occupying SCL All

Occupying SCL Diverging All
Occupying SCL Diverging

Occupy ing SCL Diverging All
Depart Merged Depart Merged Depart Merged Depart Merged

N 14 6 27 41 14 6 27 41 14 6 28 42 14 6 28 41

85th 107.8 106.6 107.4 110.1 106.8 107.6 100.5 100.5 100.5 88.2 90.6 90.3

Sample
Min. 85.1 97.4 85.2 85.1 85.1 98.0 85.2 85.1 79.1 96.4 78.7 78.7 72.2 95.9 73.6 72.2

Max. 119.0 113.8 119.2 119.2 120.0 117.3 1 120.9 120.9 114.1 115.3 121.5 121.5 99.6 116.4 110.3 100.8

(North) Mean 99.5 105.4 99.7 99.6 100.1 106.7 100.1 100.1 92.6 105.0 93.7 93.4 82.9 105.3 84.3 83.2

SD 10.47 7.68 8.11 8.85 10.45 9.02 8.34 8.98 9.18 9.06 9.55 9.33 7.92 9.64 8.56 7.24

Population
85th 110.8 108.2 108.8 111.4 108.9 109.4 102.5 103.8 103.0 91.4 93.4 90.7

95th 118.0 113.5 114.2 118.6 114.3 114.8 108.9 110.0 108.7 96.9 98.9 95.1

N 21 55 75 21 55 74 21 55 74 21 55 76

85th 112.5 116.0 116.0 114.7 116.3 115.6 109.7 112.0 111.3 105.3 106.2 106.1

Sample
Min. 73.0 87.5 87.5 73.0 87.5 87.5 69.8 83.9 83.9 70.6 79.5 70.6

Max. 124.4 130.4 130.4 125.8 135.4 130.2 118.7 131.2 121.5 113.5 123.1 123.1

(South) Mean 102.2 106.0 105.4 103.3 106.8 105.9 99.6 102.3 101.6 95.9 98.2 97.5

SD 10.90 9.50 9.32 11.30 9.69 8.96 10.61 9.50 8.56 9.72 8.68 8.97

Population
85th 113.8 115.9 115.1 115.3 116.8 115.2 110.9 112.1 110.4 106.2 107.1 106.8

95th 121.0 121.6 120.7 122.8 122.8 120.6 117.9 117.9 115.7 112.7 112.4 112.3

N 53 66 119 53 66 118 52 66 118 53 66 119

85th 108.0 108.5 108.4 108.6 108.8 108.7 103.1 103.7 103.3 98.5 99.6 98.8

Sample
Min. 72.5 74.4 72.5 72.5 81.3 72.5 70.4 75.9 70.4 65.4 71.0 65.4

Max. 125.7 125.8 125.8 129.6 125.8 125.8 110.3 121.1 121.1 119.8 115.4 119.8
(South) Mean 97.0 98.3 97.7 98.2 99.6 98.7 92.9 94.7 93.9 88.0 89.4 88.8

SD 11.71 9.55 10.54~l 11.05 9.12 9.64 9.32 8.85 9.07 10.83 9.86 10.28

Population
85th 109.1 108.2 108.6 109.6 109.1 108.7 102.5 103.9 103.3 99.2 99.7 99.5

95th 116.2 114.0 115.1 116.4 114.6 114.6 108.2 109.3 108.8 105.8 105.7 105.7

N 74 132 206 74 120 194 74 120 194 74 121 195

85th 110.4 111.4 111.0 110.4 111,8 111.7 104.1 107,3 106.3 100.2 103.8 103.5

Sample
Min. 72.5 74.4 72.5 72.5 81.3 72.5 69.8 75.9 69.8 65.4 71.0 65.4

Max. 125.7 130.4 130.4 129.6 130.2 130.2 126.2 121.5 126.2 119.8 123.1 123.1

(South) Mean 98.5 101.6 100.5 99.6 102.6 101.5 95.2 97.9 96.9 90.2 93.4 92.2

SD 11.66 10.57 11.05 11.28 9.60 10.35 10.68 9.43 9.98 11.06 10.27 10.66

Population
85th 110.6 112.5 111.9 111.3 112.6 112.2 106.3 107.7 107.2 101.7 104.0 103.2

95th 117.7 119.0 118.6 118.2 118.4 118.5 112.8 113.4 113.3 108.4 110.3 109.7
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Table C-3 (d): DESCRIPTIVE SUMMARY FOR SPEEDS ON WOODROFFE (E-NS) SCL - (PC ONLY)

Speed (km/h)
Initial Maximum Mean Exit/Final

(Depart)
Statistics

Occupying SCL Diverging
Occupying SCL Diverging AH

Occupying SCL Diverging
Occupying SCL Diverging All

Depart Merged Depart Merged Depart Merged Depart Merged

N 12 5 27 39 12 5 27 39 12 5 28 40 12 5 28 39

85th 109.0 106.6 107.0 109.0 106.8 107.3 97.8 100.5 100.5 89.7 90.6 90.4

Sample
Min. 85.1 97.4 85.2 85.1 85.1 98.0 85.2 85.1 79.1 96.8 78.7 78.7 72.2 95.9 73.6 72.2

Max. r i i9.o 113.8 119.2 119.2 120.0 117.3 120.9 120.9 114.1 115.3 121.5 121.5 99.6 116.4 110.3 100.8

(North) Mean 99.1 106.8 99.7 99.5 99.6 108.4 100.1 99.9 91.9 106.7 93.7 93.2 83.1 106.8 84.3 83.3

SD 11.07 7.67 8.11 8.98 10.88 8.98 8.34 9.05 9.67 8.95 9.55 9.50 8.49 9.99 8.56 7.39

Population
85th 111.2 108.2 108.8 111.4 108.9 109.3 102.5 103.8 103.0 92.4 93.4 91.0

95th 119.0 113.5 114.3 119.1 114.3 114.8 109.3 110.0 108.8 98.4 98.9 95.5

N 18 55 73 18 55 72 18 55 72 18 55 73

85th 114.3 116.0 116.1 116.1 116.3 115.8 110.4 112.0 111.5 105.0 106.2 106.3

Sample
Min. 91.2 87.5 87.5 92.5 87.5 87.5 89.9 83.9 83.9 87.3 79.5 79.5

Max. 124.4 130.4 130.4 125.8 135.4 130.2 118.7 131.2 121.5 113.5 123.1 123.1

(South) Mean 104.0 106.0 105.5 105.2 106.8 106.0 101.4 102.3 101.7 97.4 98.2 98.0

SD 9.15 9.50 9.39 9.45 9.69 9.02 8.39 9.50 8.58 7.69 8.68 8.40

Population
85th 113.8 115.9 115.2 115.3 116.8 115.3 110.3 112.1 110.6 105.6 107.1 106.7

95th 119.9 121.6 121.0 121.6 122.8 120.8 116.0 117.9 115.8 110.8 112.4 111.8

N 51 66 117 51 66 116 50 66 115 51 66 116

85th 108.2 108.5 108.4 108.9 108.8 108.7 103.1 103.7 103.1 98.6 99.6 98.6

Sample
Min. 74.3 74.4 74.3 81.6 81.3 81.3 77.1 75.9 75.9 65.4 71.0 65.4

Max. 125.7 125.8 125.8 129.6 125.8 125.8 110.3 121.1 112.2 119.8 115.4 115.4

(South) Mean 97.9 ^ 98.3 98.1 99.1 99.6 99.1 93.7 94.7 94.1 8 .8 89.4 88.9

SD 10.93 9.55 10.13 10.10 9.12 9.14 8.43 8.85 8.31 10.31 9.86 9.64

Population
85th 109.2 108.2 108.6 109.6 109.1 108.6 102.5 103.9 102.7 99.4 99.7 98.9

95th 115.9 114.0 114.8 115.8 114.6 114.2 107.6 109.3 107.7 105.7 105.7 104.7

N 69 131 201 69 120 189 68 120 189 69 121 190

85th 110.9 ^ 111.5 m.i 111.4 111.8 111.7 104.0 107.3 106.6 100.1 103.8 103.5

Sample
Min. 74.3 74.4 74.3 81.6 81.3 81.3 77.1 75.9 75.9 65.4 71.0 65.4

Max. 125.7 130.4 130.4 129.6 130.2 130.2 118.7 121.5 126.2 119.8 123.1 123.1

(South) Mean 99.5 101.6 100.9 100.7 102.6 101.9 95.7 97.9 97.3 91.0 93.4 92.5

SD 10.78 10.61 10.66 10.22 9.60 9.85 9.02 9.43 9.53 10.37 10.27 10.35

Population
85th 110.7 112.6 111.9 111.3 112.6 112.1 105.1 107.7 107.1 101.8 104.0 103.2

95th 117.2 119.0 118.4 117.5 118.4 118.1 110.6 113.4 113.0 108.1 110.3 109.6
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Table C-4 (a): DESCRIPTIVE SUMMARY FOR DECELERATION RATES AND EFFECTIVE DECELERATION DISTANCE ON EXTENDED SCLs (COMBINED PC & HV)

Deceleration Rate (mls‘)

SCL Name
Overall Maximum Mean

Statistics Occupying SCL Diverging
Occupying SCL Diverging All

Occupying SCL Diverging All SCL Diverging All
Depart Merged Depart Merged Depart Merged

N 26 1 31 57 27 1 31 58 26 1 31 58 27 42 69

85th 0.262 0.370 0.362 2.157 1.688 1.702 0.269 0.366 0.355 412.4 394.3 409.4

Sample Min. -0.080 0.350 0.005 -0.080 1.114 i.i'24 0.843 0.843 -0.090 0.330 -0.003 -0.090 158.3 130.5 130.5

0.550 0.350 0.636 0.636 2.540 1.124 2.276 2.540 0.446 0.330 0.615 0.706 439.8 442.9 442.9

(W-NS) Mean 0.193 0.350 0.240 0.219 1.521 1.124 1.433 1.496 0.183 0.330 0.236 0.221 329.6 315.8 321.8

SD 0.14 0.16 0.15 0.46 0.35 0.42 0.13 0.17 0.16 84.71 82.53 82.61

Population 85th 0.343 0.408 0.379 2.012 1.799 1.930 0.317 0.407 0.391 419.265 401.3 407.4

95th 0.435 0.507 0.473 2.314 2.014 2.185 0.400 0.508 0.491 474.156 451.6 457.7

N 33 7 4 37 34 7 4 38 33 7 ' 4 37 69 22 91

85th 0.556 0.565 0.562 1.689 1.779 1.710 0.421 0.508 0.429 287.3 253.9 285.1

Sample Min. -0.033 -0.457 0.059 -0.033 1.102 0.565 1.119 1.102 -0.063 -0.407 0.022 -0.063 92.8 26.8 26.8

Vanier Pkwy 
(W-NS)

Max. 0.851 0.295 0.582 0.851 1.832 1.678 1.862 1.862 0.529 0.193 0.567 0.567 328.3 294.1 328.3

Mean 0.351 0.012 0.375 0.354 1.514 1.256 1.582 1.535 0.230 -0.038 0.326 0.240 227.2 167.6 212.8

SD 0.20 0.29 0.24 0.20 0.23 0.39 0.32 0.23 0.17 0.22 0.23 0.18 57.43 81.92 68.67

Population
85th 0.561 0.677 0.565 1.752 1.983 1.773 0.408 0.619 0.425 286.7 254.7 283.9

95th 0.685 0.943 0.689 1.893 2.337 1.913 0.513 0.877 0.534 321.6 308.6 325.7

N 62 4 15 76 62 4 15 77 62 4 15 77 62 19 80

85th 0.487 0.708 0.516 2.140 2.038 2.219 0.373 0.379 0.376 480.9 393.9 46Q.4

Sample Min. 0.126 -0.022 0.186 0.126 1.167 0.286 0.820 0.820 -0.058 -0.064 0.033 -0.058 229.2 73.2 168.3

Woodroffe Ave Max. 0.744 0.256 1.011 0.785 2.946 1.283 2.289 2.946 0.657 0.109 0.512 0.657 636.6 441.5 636.6

(W-NS) Mean 0.352 0.100 0.459 0.363 1.754 0.915 1.695 1.746 0.255 0.040 0.293 0.266 413.2 294.9 388.5
SD 0.14 0.12 0.24 0.15 0.41 0.44 0.37 0.42 0.13 0.08 0.13 0.13 76.50 100.19 89.90

Population 85th 0.498 0.719 0.522 2.184 2.097 2.177 0.394 0.437 0.405 492.5 401.8 481.6
95th 0.584 0.884 0.616 2.436 2,353 2.430 0.476 0.529 0.487 539.1 468.6 536.4

N 82 3 32 113 82 3 32 114 81 3 32 113 94 41 135
85th 0.447 0.684 0.509 2.611 2.658 2.706 0.490 0.527 0.510 555.7 453.4 543.8

Sample Min. 0.029 -0.116 0.107 0.029 1.127 1.135 1.650 1,127 -0.051 0.018 -0.056 -0.056 r  208.4 126.7 126.7
Greenbank Rd Max. 0.611 0.074 0.851 0.790 3.381 2.241 3.213 3.381 0.721 0.321 0.656 0.721 587.5 553.3 587.5

(E-NS) Mean 0.328 0.007 0.471 0.363 2.194 1.687 2.216 2.206 0.320 0.196 0.309 0.320 428.5 340.2 404.3
SD 0.12 0.11 0.18 0.15 0.46 0.55 0.44 0.46 0.17 0.16 0.19 0.17 107.98 108.46 116.37

Population 85th 0.454 0.654 0.517 2.668 2.673 2.686 0.494 0.501 0.499 540.4 452.6 524.8
95th 0.528 0.762 0.607 2.947 2.942 2.968 0.596 0.614 0.605 606.1 518.6 595.7

N 11 8 76 87 11 8 77 88 11 8 76 87 11 105 116
85th 0.327 0.450 0.431 1.699 1.704 1.708 0.277 0.348 0.349 304.5 271.3 283.9

Sample Min. -0.237 -0.584 -0.253 -0.253 0.867 0.568 0.559 0.559 -0.195 -0.181 -0.421 -0.421 192.1 25.9 25.9

Eagleson Rd Max. 0.466 1.116 0.777 0.777 2.237 1.761 2.958 2.958 0.381 0.670 0.590 0.590 321.7 334.8 334.8

(W-NS) Mean 0.146 0.020 0.259 0.244 1.427 1.008 1.416 1.432 0.108 0.010 0.112 0.111 279.7 200.1 207.6
SD 0.22 0.54 0.20 0.20 0.40 0.41 0.52 0.52 0.17 0.28 0.20 0.20 35.56 71.11 72.33

Population 85th 0.384 0.465 0.455 1.865 1.959 1.968 0.296 0.323 0.319 318.6 273.7 282.5
95th 0.541 0.586 0.579 2.153 2.279 2.283 0.421 0.447 0.442 344.2 317.0 326.6
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Table C-4 (b): DESCRIPTIVE SUMMARY FOR DECELERATION RATES AND EFFECTIVE DECELERATION DISTANCE ON EXTENDED SCLs (PC Only)

Deceleration Rate (m/s*l Deceleration Distance (m)

SCL Name Statistics Overall Maximum Mean
Occunvins SCL Diverging All Occur)vimi SCL Diverging All Occupying SCL Diverging All SCL Diverging All

Depart Merced Depart Merged Depart Merged
N 74 1 31 55 25 1 31 56 24 1 31 56 25 42 67

85th
Min.

P
ip

ip
j

! O 
s 

'O
jO

Oj
h’

l-

0370 0.333 1.786 1.688 1.696 0.264 0.366 0.348 412.6 394.3 411.8

Sample ....0.350....
0.350

......0.005....... -0.080 . . . . 1.114... .... L124 . . . . 0.843 0.843 -0.090 0.330 -0.003 -0.090 158.3 130.5 130.5

St. Laurent Bivd 
(W-NS)

0.636 ... 0.636 ... 2.540 1.124 2.276 2.540 0.446 0.330 0.615 0.706 439.8 442.9 442.9

...0.174... 0.350 0.240 0.212 1.505 1.124 1.433 1.487 0.171 0.330 0.236 0.217 327.18 315.8 320.1

SD .... 0 .1 2 ... 0.16 0.15 0.45 0.35 0.41 0.12 0.17 0.17 85.50 82.53 83.18

Population 85th 0.306 0.408 0.368 1.982 1.799 1.911 0.300 0.407 0.388 417.7 401.3 406.2

95th 0.387 0.507 0.459 2.276 2.014 2.159 0.380 0.508 0.489 473.5 451.6 456.9

N 33 4 4 37 33 4 4 37 33 4 4 37 67 22 89

85th 0.556 0.565 0.562 1.688 1.779 1.688 0.421 0.508 0.429 287.8 253.9 285.3
Sample -0.033 -0.318 0.059 -0.033 1.102 0.565 1.119 1.102 -0.063 -0.212 0.022 -0.063 92.8 26.8 26.8

Vanier Pkwy 
(W-NS)

Max. 0.851 0.295 0.582 0.851 1.832 1.675 1.862 1.862 0.529 0.182 0.567 0.567 328.3 294.1 328.3

0.351 0.089 0.375 0.354 1.506 1.224 1.582 1.528 0.230 0.003 0.326 0.240 226.9 167.6 212.3

SD 0.20 0.28 0.24 0.20 0.23 0.47 0.32 0.23 0.17 0.18 0.23 H o o F I 58.02 81.92 69.20

Population 85th 0.561 0.677 0.565 1.744 1.983 1.767 0,408 0.619 0.425 287.1 254.7 284.0

95th 0.685 0.943 0.689 1.883 2.337 1.907 0.513 0.877 0.534 322.4 308.6 326.1

N 61 4 15 75 61 4 15 76 61 4 15 76 61 19 79
85th 0.490 0.708 0.519 2.000 2.038 2.064 0.373 0.379 0.376 481.3 393.9 469.3

Sample Min. 0.126 -0.022 0.186 0.126 1.167 0.286 0.820 0.820 -0.058 -0.064 0.033 -0.058 229.2 73.2 168.3

Woodroffe Ave Max. 0.744 0.256 1.011 0.785 2.862 1.283 2.289 2.862 0.657 0.109 0.512 0.657 636.6 441.5 636.6
(W-NS) Mean 0.355 0.100 0.459 0.366 1.733 0.915 1.695 1.728 0.255 0.040 0.293 0.267 412.3 294.9 387.5

SD 0.14 0.12 0.24 0.15 0.39 0.44 0.37 0.39 0.14 0.08 0.13 0.14 76.80 100.19 90.01
Population 85th 0.500 0.719 0.524 2.133 2.097 2.134 0.396 0.437 0.407 491.9 401.8 480.7

95th 0.585 0.884 0.618 2.367 2.353 2.372 0.478 0.529 0.489 538.6 468.6 535.5
N 69 3 32 100 69 3 32 101 69 3 32 101 81 40 121

85th 0.449 0.684 0.510 2.612 2.658 2.743 0.518 0.527 0.525 557.3 452.4 540.2
Sample Min. 0.029 -0.116 0.107 0.029 1.127 1.135 1.650 1.127 -0.051 0.018 -0.056 -0.056 214.2 126.7 126.7

Greenbank Rd Max. 0.611 0.074 0.851 0.790 3.381 2.241 3.213 3.381 0.721 0.321 0.656 0.721 587.5 553.3 587.5
(E-NS) Mean 0.334 0.007 0.471 0.372 2.202 1.687 2.216 2.206 0.339 0.196 0.309 0.334 430.3 337.0 401.6

SD 0.12 0.11 0.18 0.15 0.46 0.55 0.44 0.47 0.17 0.16 0.19 0.17 107.01 107.81 116.61
Population 85th 0.459 0.654 0.525 2.679 2.673 2.690 0.512 0.501 0.513 541.1 448.7 522.4

95th 0.532 0.762 0.615 2.960 2.942 2.975 0.613 0.614 0.618 606.3 514.3 593.5
N 8 8 70 78 8 8 71 79 8 8 70 78 8 99 107

85th 0.474 0.439 1.705 1.710 0.363 0.349 265.4 278.2
Sample Min. -0.237 -0,584 -0.253 -0.253 0.867 0.568 0.559 0.559 -0.195 -0.181 -0.357 -0.357 261.5 25.9 25.9

Eagleson Rd 
(W-NS)

Max. 0.240 1.116 0.777 0.777 2.237 1.761 2.958 2.958 0.349 0.670 0.590 0.590 305.7 297.0 305.7
Mean 0.061 0.020 0.267 0.244 1.398 1.008 1.437 1.438 0.065 0.010 0.121 0.116 289.4 195.4 202.4

SD 0.19 0.54 0.20 0.21 0.44 0.41 0.54 0.53 0.17 0.28 0.20 0.20 14.26 68.77 70.73
Population 85th 0.478 0.463 1.993 1.989 0.329 0.322 266.6 275.7

95th 0.602 0.592 2.320 2.313 0.451 0.443 308.5 318.8
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Table C-4 (c): DESCRIPTIVE SUMMARY FOR DECELERATION RATES AND EFFECTIVE DECELERATION DISTANCE ON WOODROFFE (E-NS) SCL (COMBINED PC &  HV)

Section
(Depart) Statistics

Deceleration Rate (m/sz) Deceleration Distance (m)
Overall Maximum Mean

Occupying SCL Diverging All
Occupying SCL

Diverging All
Occupying SCL Diverging All SCL Diverging AU

Depart Merged Depart Merged Depart Merged
N 14 6 28 42 14 6 28 42 14 6 28 42 14 28 42

85th 0.975 1.014 1.014 3.065 2.836 2.846 0.747 0.908 0.836 258.5 239.1 255.5

Sample
Min. 0.123 -0.251 0.417 0.123 1.672 1.116 1.700 1.672 0.000 -0.219 0.183 0.000 120.1 29.8 29.8

Before North-Exit Max. 1.101 0.125 1.549 1.549 3.247 2.324 3.510 3.510 0.808 0.176 1.193 1.193 326.1 308.9 326.1
(North) Mean 0.610 -0.024 0.798 0.735 2.494 1.508 2.471 2.479 0.471 -0.001 0.641 0.585 195.3 156.9 169.7

SD 0.32 0.15 0.25 0.29 0.49 0.48 0.48 0.48 0.26 0.17 0.22 0.24 58.05 70.95 68.70

Population
85th 0.952 1.066 1.032 3.021 2.980 2.974 0.748 0.876 0.838 257.951 231.9 240.9
95th 1.172 1.229 1.207 3.359 3.292 3.265 0.925 1.019 0.987 298.124 277.7 282.7

N 21 55 76 21 55 76 21 55 76 21 55 76

85th 0.413 0.384 0.399 2.801 2.407 2.594 0.322 0.384 0.384 434.9 463.4 455.0

Sample Min. -0.015 0.017 -0.015 1.103 0.828 0.828 -0.215 -0.171 -0.215 256.2 242.8 242.8

Before North-Exit Max. 0.711 0.685 0.711 3.108 3.405 3.405 0.588 0.611 0.611 513.3 576.8 576.8
(South) Mean 0.261 0.291 0.283 2.038 2.100 2.083 0.174 0.233 0.217 347.0 368.9 362.8

SD 0.20 0.15 0.16 0.60 0.51 0.53 0.20 0.15 0.17 74.07 86.47 83.32

Population 85th 0.477 0.444 0.453 2.677 2.628 2.635 0.389 0.386 0.388 425.8 458.4 449.2
95th 0.612 0.534 0.553 3.074 2.938 2.959 0.523 0.477 0.489 474.8 511.1 499.9

N 49 66 114 53 66 118 53 65 118 51 66 118
85th 0.560 0.882 0.706 2.592 2.569 2.593 0.514 0.697 0.636 233.6 234.1 234.9

Sample
Min. -0.183 -0.850 -0.435 0.548 1.043 1.043 -0.309 -0.519 -0.519 126.1 81.7 81.7

After North-Exit Max. 0.913 1.576 1.342 2.840 2.897 2.897 0.964 1.175 1.175 306.5 301.8 335.6
(South) Mean 0.373 0.479 0.409 2.054 2,077 2.079 0.302 0.358 0.333 213.1 186.2 199.1

SD 0.22 0.44 0.31 0.52 0.48 0.48 0.26 0.34 0.31 32.62 48.18 45.64

Population 85th 0.603 0.932 0.728 2.590 2.579 2.576 0.571 0.715 0.653 246.9 236.1 246.4
95th 0.738 1.198 0.916 2.906 2.874 2.868 0.729 0.925 0.841 266.8 265.5 274.2

N 72 116 186 74 121 195 74 119 192 72 132 204
85th 0.535 0.617 0.607 2.649 2.556 2.600 0.499 0.588 0.530 328.2 386.0 356.1

Sample
Min. -0.183 -0.435 -0.205 0.548 0.828 0.548 -0.309 -0.519 -0.438 126.1 81.7 81.7

Total Max. 0.913 1.140 1.019 3.108 3.405 3.405 0.964 1.053 1.053 443.7 576,8 546.5
(South) Mean 0.340 0.367 0.357 2.049 2.087 2.073 0.265 0.294 0.287 248.3 265.5 258.7

SD 0.22 0.27 0.24 0.54 0.49 0.51 0.25 0.27 0.25 68.15 111.95 96.87

Population 85th 0.569 0.648 0.606 2.607 2.599 2.602 0.524 0.571 0.551 318.9 381.5 359.1
95th 0.704 0.813 0.753 2.935 2.900 2.912 0.677 0.734 0.706 360.4 449.7 418.1
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Table C-4 (d): DESCRIPTIVE SUMMARY FOR DECELERATION RATES AND EFFECTIVE DECELERATION DISTANCE ON WOODROFFE (E-NS) SCL (PC ONLY)

Section
(Depart) Statistics

Deceleration Rate (m/s2)
Overall Maximum Mean

Occupying SCL Diverging All
Occupying SCL Diverging All

Occupying SCL Diverging All SCL Diverging All
Depart Merged Depart Merged Depart Merged

Before North-Exit
(North)

Sample

N 12 5 28 40 12 5 28 40 12 5 28 40
0.851
0.000

12 28 40

85th 0.958 1.014 1.016 3.075 2.836 2.864 0.735 0.908 227.6 239.1 242.6

Min. 0.123 -0.251 0.417 0.123 1.672 1.116 1.700 1.672 0.000 -0.219 0.183 120.1 29.8 29.8

Max. 1.101 0.125 1.549 1.549 3.247 2.324 3.510 3.510 0.793 0.176 1.193 1.193 326.1 308.9 326.1

Mean ^  0.604 -0.034 0.798 0.739 2.571 1.585 h 2.471 2.501 0.455 -0.002 0.641 0.586 187.8 156.9 166.1

SD 0.32 0.17 0.25 0.28 0.47 0.50 0.48 0.47 0.25 0.19 0.22 0.24 58.83 70.95 68.31

Population
85th 0.947 1.066 1.034 3.079 2.980 2.992 0.733 0.876 0.839 251.8 231.9 236.9

95th 1.170 1.229 1.207 3.409 3.292 3.280 0.913 1.019 0.988 293.4 277.7 278.5

Before North-Exit 
(South)

Sample

N 18 55 73 18 55 73 18 55 73 18 55 73

85th 0.450 0.384 0.405 2.810 2.407 2.641 0.370 0.384 0.384 415.9 463.4 457.9

Min. 0.004 0.017 0.004 1.117 0.828 0.828 -0.215 -0.171 -0.215 256.2 242.8 242.8

Max. 0.711 0.685 0.711 3.108 3.405 3.405 0.588 0.611 0.611 513.3 576.8 576.8

Mean 0.285 0.291 0.289 2.127 2.100 2.107 0.184 0.233 0.221 344.0 368.9 362.7

SD 0.20 0.15 0.16 0.56 0.51 0.52 0.21 0.15 0.16 73.01 86.47 83.56

Population 85th J 0.500 0.444 0.457 2.724 2.628 2.644J 0.407 0.386 0.392 422.0 458.4 449.3

95th 0.635 0.534 6.555 3.099 2.938 2.959 0.547 0.477 0.492 471.0 511.1 500.2

After North-Exit 
(South)

Sample

N 49 66 112 51 66 116 51 65 116 48 66 116

85th 0.563 0.882 0.707 2.611 2.569 2.602 0.515 0.697 0.640 232.4 234.1 235.0

Min. -0.183 -0.850 -0.435 0.548 1.043 1.043 -0.309 -0.519 -0.519 149.5 81.7 81.7

Max. 0.913 1.576 1.342 2.840 2.897 2.897 0.964 1.175 1.175 283.6 301.8 335.6

Mean 0.377 0.479 0.411 2.070 2.077 2.087 0.308 0.358 0.336 214.6 186.2 200.3

SD 0.22 0.44 0.31 0.52 0.48 0.48 0.26 0.34 0.31 25.64 48.18 45.13

Population
85th 0.610 0.932 0.733 2.609 2.579 2.584 0.579 0.715 0.658 241.1 236.1 247.0

95th 0.747 1.198 0.922 2.927 2.874 2.877 0.739 0.925 0.847 256.8 265.5 274.5

Total
(South)

Sample

N 67 116 181 69 121 190 69 119 187 66 131 199

85th 0.556 0.617 0.608
-0.205
1.019
0.362

2.736 2.556 2.607 0.510 0.588 0.532 315.5 387.1 354.2

Min. -0.183 -0.435 0.548 0.828 0.548 -0.309 -0.519 -0.438 149.5 81.7 81.7

Max. 0.913 1.140 3.108 3.405 3.405 0.964 1.053 1.053 400.4 576.8 546.5

Mean 0.353 0.367 2.085 2.087 2.086 0.276 0.294 0.291 243.7 266.3 258.4

SD 0.22 0.27 0.24 0.53 0.49 0.51 0.25 0.27 0.26 56.44 112.01 95.89

Population 85th 0.582 0.648 0.612 2.631 2.599 2.610 0.538 0.571 0.557 302.2 382.4 357.8

95th 0.717 0.813 0.758 2.953 2.900 2.917 0.693 0.734 0.713 336.5 450.6 416.1
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Table C-S: DESCRIPTIVE SU M M AR Y  FOR MEAN SPEED S ON RIG H T LANES A DJACENT TO  LIM ITED SCLs

SCL Name Statistics
Com bined PC & HV | PC Only

M ean Speed km /h
Through Diverged M L All Through Diverged M L All

Bronson Ave 
(W-NS)

Sam ple

N 78 39 2 119 76 31 2 109
85th 109.7 98.3 107.0 109.8 98.3 108.4
M in. 72.8 70.9 100.5 70.9 72.8 73.9 100.5 72.8
M ax. 125.9 114.5 110.8 125.9 125.9 114.5 110.8 125.9
M ean 99.6 90.3 105.7 96.6 99.6 92.5 105.7 97.7

SD 9.84 9.27 7.27 10.58 9.97 7.75 7.27 9.88

Population 85th 109.8 99.9 107.6 109.9 100.5 107.9
95th 115.8 105.5 114.0 116.0 105.2 113.9

Parkdale Ave 
(W-NS)

Sam ple

N 81 45 1 127 72 45 1 118
85th 109.1 98.9 107.2 110.8 98.9 107.4
M in. 75.1 72.6 100.4 72.6 75.1 72.6 100.4 72.6
M ax. 119.3 115.4 100.4 11 9 3 119.3 115.4 100.4 119.3
Mean 99.6 90.5 100.4 96.4 100.2 90.5 100.4 96.5

SD 9.28 8.87 10.07 9.39 8.87 10.28

Population
85th 109.2 99.7 106.8 109.9 99.7 107.1
95th 114.9 105.1 113.0 115.7 105.1 113.4

Prom Island Park Dr 
(E-N)

Sam ple

N 90 60 4 154 77 60 4 141
85th 101.2 90.8 99.4 101.2 90.8 99.4
Min. 74.5 62.1 78.3 62.1 74.5 62.1 78.3 62.1
M ax. 111.5 97.7 101.2 111.5 111.5 97.7 101.2 111.5
Mean 93.1 82.0 94.9 88.8 93.1 82.0 94.9 88.4

SD 8.42 7.87 11.09 9.87 8.60 7.87 11.09 9.98

P opulation
85th 101.8 90.2 99.1 102.0 90.2 98.8
95th 107.0 95.0 105.1 107.2 95.0 104.8

Moodie Dr 
(W-NS)

Sam ple

N 103 5 108 90 4 94
85th 112.4 112.1 113.1 113.0
Min. 81.6 89.1 81.6 90.9 89.1 89.1
M ax. 126.9 104.9 126.9 126.9 103.9 126.9
Mean 104.7 99.2 104.5 105.9 97.8 105.5

SD 7.80 6.56 7.81 7.27 6.60 7.39

Population 85th 112.8 112.6 113.4 113.2
95th 117.6 117.3 117.8 117.7

Terry Fox Dr 
(E-NS)

Sam ple

N 73 50 123 62 48 110
85th 111.6 117.4 114.1 112.2 117.5 114.7
Min. 86.3 81.5 81.5 86.3 81.5 81.5
Max. 122.0 124.9 124.9 122.0 124.9 124.9
M ean 104.0 105.0 104.4 104.8 105.2 105.0

SD 7.25 9.91 8.41 7.27 10.08 8.57

Population 85th 111.5 115.3 113.1 112.4 115.6 113.9
95th 116.0 121.3 118.3 116.8 121.8 119.1

Terry Fox Dr 
(W-NS)

Sam ple

N 104 3 107 93 3 96
85th 116.1 115.9 117.0 116.8
M in. 86.2 86.1 86.1 86.2 86.1 86.1
M ax. 130.8 111.7 130.8 130.8 111.7 130.8
M ean 107.6 103.1 107.5 108.1 103.1 108.0

SD 8.51 14.75 8.66 8.63 14.75 8.80

Population 85th 116.4 116.4 117.1 117.1
95th 121.6 121.7 122.3 122.5

Ch. Carp Rd 
(E-NS)

Sam ple

N 106 19 125 87 14 101
85th 117.6 112.8 117.3 118.6 1 114.4 117.9
Min. 87.1 89.2 87.1 88.5 89.2 88.5
M ax. 127.4 117.3 127.4 127.4 117.3 127.4
M ean 108.1 104.4 107.5 109.8 106.0 109.3

SD 9.02 8.03 8.94 8.71 8.31 8.71

Population
85th 117.4 113.0 116.8 118.8 114.9 118.3
95th 122.9 118.4 122.2 124.1 120.7 123.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table C-6: DESCRIPTIVE SUMMARY FOR MEAN SPEEDS ON RIGHT LANES ADJACENT TO EXTENDED SCLs

SCL Name Statistics
Combined PC & HV | PC Only

Mean Speed km/h
Through Diverged ML Exit All Through Diverged ML Exit All

St. Laurent Blvd 
(W-NS)

Sample

N 52 10 5 22 89 49 10 5 21 85
' 85th 107.1 100.9 105.5 105.7 107.5 100.9 105.7 105.8

Min. 73.5 89.3 79.1 85.2 73.5 82.9 89.3 79.1 85.2 79.1
Max. 114.6 102.2 96.2 113.8 114.6 114.6 102.2 96.2 113.8 114.6
Mean 96.6 96.6 88.4 97.3 96.3 97.5 96.6 88.4 97.8 96.9

SD 8.87 4.12 7.01 8.22 8.34 8.16 4.12 7.01 8.05 7.90

Population 85th 105.8 101.1 106.0 104.9 105.9 101.1 106.3 105.1
95th 111.2 104.1 111.4 110.0 110.9 104.1 111.7 109.9

Vanier Pkwy 
(W-NS)

Sample

N 90 6 7 24 125 76 6 6 24 110
85th 104.4 101.7 104.3 104.6 101.7 104.5
Min. 78.4 93.8 87.1 75.2 75.2 83.6 93.8 87.1 75.2 75.2
Max. 110.6 104.3 128.0 120.7 115.8 110.6 104.3 128.0 120.7 115.8
Mean 96.3 97.9 100.1 91.9 95.3 97.3 97.9 100.9 91.9 95.9

SD 6.90 4.35 14.11 11.19 7.65 6.51 1 4.35 15.28 11.19 7.66

Population
85th 103.4 103.7 103.2 104.1 103.7 103.8
95th 107.6 111.0 107.9 108.0 111.0 108.5

Woodroffe Ave 
(E-NS)

Sample

N 94 11 4 107 89 11 4 103
85th 111.3 116.9 112.3 111.4 116.9 113.9
Min. 87.3 72.5 108.6 81.3 87.3 72.5 108.6 81.3
Max. 125.6 122.6 130.3 125.6 125.6 122.6 130.3 130.3
Mean 102.5 99.8 118.0 102.8 102.6 99.8 118.0 103.2

SD 7.65 15.28 9.55 8.36 7.83 15.28 9.55 8.91

Population
85th 110.4 116.5 111.5 110.8 116.5 112.5
95th 115.1 127.5 116.6 115.5 127.5 117.9

Woodroffe Ave 
(W-NS)

Sample

N 70 4 1 75 63 4 1 68
85th i 10.9 110.9 111.2 111.3
Min. 79.6 91.3 93.1 79.6 79.6 91.3 93.1 79.6
Max. 123.0 123.6 93.1 123.6 123.0 123.6 93.1 123.6
Mean 102.0 105.3 93.1 102.1 102.7 105.3 93.1 102.7

SD 8.80 14.11 9.05 8.93 14.11 9.19

Population 85th 111.1 111.5 112.0 112.2
95th 116.5 117.0 117.4 117.8

Greenbank Rd 
(E-NS)

Sample

N 126 4 6 18 153 108 3 5 17 132
85th 110.7 106.8 110.7 110.9 106.9 110.9
Min. 78.7 91.7 98.1 81.6 78.7 84.5 93.9 98.1 81.6 81.6
Max. 121.4 120.2 130.8 110.8 121.4 121.4 120.2 130.8 110.8 121.4
Mean 101.2 j 101.1 112.2 98.0 101.1 102.0 104.2 112.7 98.8 101.9

SD 8.14 "I 13.06 10.61 8.43 8.35 7.93 14.06 11.80 7.92 8.11

Population 85th 109.7 107.0 109.7 110.3 107.3 110.3
95th 114.6 112.7 114.8 115.1 112.6 115.2

Eagleson Rd 
(W-NS)

Sample

N 99 28 1 128 88 28 1 117
85th 109.2 117.4 110.0 109.8 117.4 1103
Min. 86.8 87.5 112.9 86.8 86.8 87.5 112.9 86.8
Max. 119.0 122.0 112.9 122.0 119.0 122.0 112.9 122.0
Mean 102.5 103.3 112.9 102.8 102.7 103.3 112.9 102.9

SD 7.19 9.26 7.69 7.51 9.26 7.95

Population 85th 110.0 113.1 110.7 110.5 113.1 111.1
95th 114.3 119.0 115.4 115.0 119.0 116.0
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Table D -l: Additional Diverge Speed Predictive Models for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant -63.587 0.023 -2.673

10 0.891Vrl 1.487 0.000 6.810
Ljyec 0.012 0.001 4.482

2

Constant -121.056 0.001 -4.976

9 0.921Vrl 2.050 0.000 9.854
QDiverging -0.020 0.007 -3.462
Rampf/L 7.046 0.032 2.539

3
Constant 88.713 0.000 17.705

10 0.640bf)ec 0.014 0.016 2.899
L, 0.155 0.024 2.667

Table D-2: Additional Speed Differential Predictive Models for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 20.019 0 . 0 0 0 10.538

10 0.921L Dec -0.014 0 . 0 0 0 -9.370
HVrl -0.864 0 . 0 0 0 -6.095

2
Constant 19.304 0 . 0 0 0 9.186

10 0.898L o e c -0.014 0 . 0 0 0 -8.244
HVRL-Average -0.725 0 . 0 0 0 -5.160

3
Constant 15.574 0 . 0 0 0 6.156

10 0.791L Dec -0.013 0 . 0 0 0 -5.071
L, -0.082 0.019 -2.798

4
Constant 32.649 0.001 4.530

10 0.901Log LD ec -14.538 0 . 0 0 0 -7.079
FwyNL 3.029 0.013 30.17

Table D-3: Additional Gore Speed Predictive Model for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 31.086 0.056 2.192

9 0.867VDiverge 0.519 0.006 3.563
L, 0.146 0.009 3.338
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Table D-4: Additional Overall Deceleration Rate Predictive Models for Combined SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant -0.192 0.353 -0.979

9 0.782FwyNL 0.329 0.001 5.113
SCLfype -0.240 0.047 -2.304

2
Constant 0.135 0.628 0.501

9 0.782FwyNL 0.442 0.000 5.552
Rampw -0.128 0.047 -2.302

3
Constant 1.336 0.000 7.691 10 0.648

HVjtl-Average -0.058 0.002 -4.288

4
Constant 2.026 0.008 3.312

10 0.343
Tog Tpec -0.529 0.045 -2.87
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Table E-l: Additional Diverge Speed Predictive Models for Limited Length SCLs

Model Independent Variables Coefficients p-value t d f R 2

1
Constant -40.032 0.127 -1.924

4 0.990Vrl 1.247 0.003 6.274
S C L c o n f 10.414 0.015 4.121

2
Constant 114.213 0.000 24.381

4 0.9879 -1.745 0.006 -5.242
S C L c o n f 10.563 0.024 3.538

Table E-2: Additional Speed Differential Predictive Model for Limited Length SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 27.634 0.000 11.220

4 0.967Lhim -0.041 0.001 -8.914
HVr [ _ j \  v e r a g e -0.011 0.017 -3.929

Table E-3: Additional Gore Speed Predictive Models for Limited Length SCLs

Model Independent Variables Coefficients p-value t d f R2

1
Constant 1.007 0.920 0.107

4 0.973VDiverge 0.986 0.000 11.456
Q.Ramp -0.020 0.025 -3.503

2
Constant 135.079 0.000 29.180

4 0.9599 -2.832 0.001 -9.264
Qliamp -0.033 0.010 -4.593
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