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ABSTRACT

intersection sight distance (ISD) is an important design element. Each
intersection has a potential for several different types of vehicular conflicts that
can be greatly reduced through the provision of proper sight distance. Current
guidelines do not adequately address sight distance requirements for
intersections located on horizontal curves alone or horizontal curves combined
with vertical alignments. In many practical situations, however, sight distance is
required to be checked for an existing or proposed three-dimensional (3D)
intersection alignments. In this thesis, models were developed to check sight
distance adequacy under complex situations. Case B and Case F in AASHTO
(2001) were considered on 3D alignment: (1) Departure from stop-control minor-
road and (2) Left-turns from major-road. For stop-control intersections, several
cases were addressed. These include Case 1(a): Intersection and approaching
vehicle (object) lie on the curve, Case 1(b): Intersection lies on the curve and
object lies on the tangent, and Case 2: Intersection lies on the tangent and object
lies on the curve. For both cases (1) and (2), obstruction may lie inside or outside
the horizontal curve and the intersection and object can be anywhere with
respect to the vertical alignment. Design aids for required minimum lateral
clearance (from the minor and major roads) are presented for different radii of
horizontal curve and major-road design speed. For left-turns at signalized
intersections located on horizontal curves, guidelines are presented for offsetting
opposing left-turn lanes to provide unobstructed required sight distance.

Applications of the methodolcries are illustrated using numerical examples.
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Chapter 1: INTRORUCTION

1.1. INTERSECTIONS

An intersection is defined as the general area where two or more highways join
or cross; including the roadway and roadside facilities for traffic movement within
the area. Intersection design has a large impact on facility capacity and safety.
Basic types of intersections include three-leg, T, four-leg and multi-leg
intersections. An intersection is known as rural, suburban, or urban depending
upon the setting in which it is located. The efficiency of the road network very

much depends on the quality of operation and design of the intersections.
1.1.1. Types of Intersections

Selection and design of the traffic control on intersection are traffic operations

considerations. The details of these warrants can be found in the Manual on

Uniform Traffic Control Devices (MUTCD). The American Association of State

Highway and Transportation Officials (AASHTQO) recommends that geometric

design should not be considered complete nor should it be implemented until it

has been determined that needed traffic devices will have the desired effect in
controlling traffic. Intersections according to different types of traffic control are
categorized as:

* Uncontrolled intersections: No signs or signals are provided. Warning signs
are sometimes used. On four-leg intersections, usually traffic from the right
has priority. For traffic from the same or opposite direction, straight going
traffic has a priority over turning traffic.

s Yield-controlled intersections: Traffic on intersection approach controlled by
yield sign need to stop only when necessary to avoid conflict with other traffic
that is given the right-of-way.

e Stop-controlled intersections: An intersection may be two-way or all-way stop
controlled. All vehicles approaching the stop sigh must come to a complete

stop. Vehicles must stop at the stop line if it is marked on the pavement. If

B
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there is no stop line, they should stop at the crosswalk, marked or not. If there
is no crosswalk, they must stop at the edge of sidewalk. If there is no
sidewalk, they must stop at the edge of the intersection. Vehicles should wait
until the way is clear before entering the intersection.

e Signal-controlled intersections: Traffic signals, usually computerized, assign
time for each type of movement within the intersection.

¢ Modern roundabouts: Modern roundabouts are similar to rotary in which the
traffic streams are directed around the circle. However, unlike rotaries,
modern roundabouts have yield-at-entry, which means that vehicles on the
circulatory roadway of the r‘oundabout have the right-of-way to the entering
traffic.

1.1.2. intersection Design

One of the main objectives of intersection design is to aid the people crossing the
facility in a comfortable and safe manner while enhancing the efficient movement
of vehicles and pedestrians. The basic elements considered in intersection
design as recognized by AASHTO (2001) and the Transportation Association of
Canada (TAC 1999) include:

e Human Factors

e Traffic Factors/Considerations

e Physical Elements

e Economic Factors

e Functional Intersection Area

Human factors include driving habits, drivers expectation, perception of
intersection from driver's perspective, etc. Traffic factors include turning
movements, vehicle types, vehicle speeds, etc. Physical Elements include angle
of intersection, geometric design features, vertical and horizontal curvature at the
intersection, etc. Economic factors inplude land and construction costs,
maintenance costs, etc.
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1.2. INTERSECTION SIGHT DISTANCE

Intersection sight distance (ISD) is one of the most important design elements in
highway geometric design. Adequate intersection sight distance is provided at
intersections between a minor-road and a major-road to promote safe and
efficient traffic opérations. As descﬁbed in the previous sections, each
intersection has the potential for several different types of vehicular conflicts. The
provision of proper sight distance in addition to proper ftraffic controis greatly
reduces the likelihood of vehicular conflicts by allowing the drivers to perceive the
presence of potentially conflicting vehicles. It is recommended that the drivers of
stopped vehicles should have sufficient view of the intersecting highway to
decide when to enter the intersecting highway or to cross it. AASHTO (2001) and
TAC (1999) recommend that the sight distance requirement for vehicles
approaching the intersection and departing from the stopped position should be
considered.

1.2.1. Sight Triangles

The line from the driver's eye of the stopped vehicle on the minor-road, to the
front of the approaching vehicle on the major-road, joined by the extension of the
vehicles’ paths up to their point of conflict, makes a triangle. The area within this
triangle shouid be free of any obstruction that might block the driver's view of
potentially conflicting vehicles. Two types of sight triangles are considered in
intersection design:

e Approach Triangles: These are provided at uncontrolled or yield control
intersections so that the approaching drivers have the view of any conflicting
vehicles in sufficient time to slow or stop before colliding within the
intersection. If the approach sight triangle cannot be provided, stop-control is
often instituted for the minor highway.

e Departure Triangles: Although approach triangles are desirable at higher
volume intersections, they are not needed for intersection approaches with

stop signs or traffic signals. These approaches need a second type of clear
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triangle called departure triangies. These triangles provide sufficient sight
distance for a stopped driver on the minor-road to depart turning left, right or

cross the major-road. Approach and departure sight triangles are shown in
Figure 1.1.

Sight distance requirements vary with the type of traffic control used at
intersections. Discussion of the detailed procedures for sight distance
determination for all cases is beyond the scope of this thesis. A description of
relevant cases is discussed in the following sections.

A - z
Clegr Sight Triangte TN ‘L ” Clear Sight Triangle
g 2
B B
A - Approach Sight Triangles
A == =m| L e e
cna;rhsm ) 5 Bﬁigm Triangle -

B ]

8 - Depanture Sight Trangles

Figure 1.1 Intersection Sight Triangles [Source: AASHTO 2001]
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1.2.2. 1SD for Stop-Control Intersections

The idea of a stop-control intersection is that the minor-road vehicle driver waits
until he/she can depart from the stopped position into the intersection and
complete the intended maneuver without forcing a major-road vehicle to stop. For
intersections with stop control on the minor-road, departure sight triangles should
be considered for the following maneuvers:

e Lefi-turns from the minor-road

¢ Right-turns from the minor-road

e Crossing across the major-road

It should be noted that ISD for stop-control intersections is longer than stopping
sight distance (SSD) (AASHTO 2001). Discussion of stop-control ISD is
presented as Case B in AASHTO (2001).

1.2.3. I1SD for Left-turns at Signalized Intersections

Left-turning vehicles need sufficient sight distance to decide when it is safe to
turn left crossing the lane(s) used by the opposing traffic. AASHTO (2001)
recommended that all locations on a major highway, including intersections from
which left turns across opposing traffic are permitted, should have sufficient sight
distance to accommodate safe left-turn maneuver. Sight distance should be
based on vehicle stopped for making left turns as the vehicle that does not stop
would require less sight distance.

AASHTO (2001) recognizes that at four-leg intersections on divided highways,
opposing left-turning vehicles may block each other's view of oncoming traffic
and suggests that the visibility of the opposing through traffic can be increased
by offsetting the left-turn lanes. Other advantages of offsetting left-turn lanes
include: decreased possibility of conflict between opposing left-turn movements
within the intersections and efficient operation of left-turning traffic, particularly at

signalized intersections. Parallel and tapered offsets are recommended for
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medians wider than 5.4 m. These a.e shown in Fig. 1.2. Detailed discussion of
ISD for left-turns at intersections is presented as Case F in AASHTO (2001).

l lr {b} Paraliel Oftset Lett-Turn Lanes \] ' ‘ {c) Taperad Otgei Left-Turn Lanes

Figure 1.2 Parallel and Tapered Offset Left-turn Lanes [Source: AASHTO 2001]

1.3.3COPE AND OBJECTIVES OF RESEARCH
1.3.1. Scope

The focus of this thesis is on the modeling of Case B and F of AASHTO (2001)
assuming three-dimensional alignments. The AASHTO model for stop-control
intersections (Case B) is based on two assumptions: (1) both minor and major
roads are straight highways without any vertical or horizontal curvature; and (2)
the highways intersect at 90-degree. Previous research has developed
guidelines for the analysis of stop-control 1ISD on 3D intersections, where the
major-road may have veri'cal and horizontal curves and the minor-road may
have a longitudinal grade and skewed angle (Easa et al. 2004). These guidelines

are based on the assumption that the intersection and the major-road vehicle lie
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within the horizontal and/or vertical curve. Also, the mathematical model is
applicable only to the case when the obstruction is on the inside of the curve.
There are situations, however, when the intersection lies on the major-road curve
but very close to the tangent, or, when the intersection lies on the tangent but
very close to the curve. In such cases, the approaching vehicle may not be within

the curve and/or tangent, and the existing guidelines may be very conservative.

For Case F, AASHTO although recognizes the reduction of sight distance at
opposing left-turn lanes and suggests the use of barallel or tapéred offsets as a
mean to reduce or overcome this problem, it does not provide any specific
guidelines as to what offsets are required. Other research (McCoy et al. 1992)
developed guidelines for offsetting opposing left-turn lanes at 90-degree
intersections on level, tangent sections of four-lane divided roadways with 4.8 m

medians. The application of these guidelines is limited to straight highways.

1.3.2.0bjectives

The objectives of this thesis are as follows:
1. To develop three dimensional intersection sight distance mode! for stop-
control intersections that addresses the following cases:
(a) Intersection and approaching vehicle (object) lie on the curve, obstruction
on the inside or outside of the horizontal curve.
(b) Intersection lies on the curve and object lies on the tangent, obstruction on
the inside or outside of the horizontal curve.
(c) Intersection lies on the tangent and object lies on the curve, obstruction on
the inside or outside of the horizontal curve.
(d) Intersection and object can be anywhere on the curve or tangent on the
vertical alignment
2. To develop three dimensional intersection sight distance model for Left-turns
from major-road at signalized intersections that addresses the following
cases:

(a) Major-road has a horizontal curve
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(b) Left-turn vehicle and approaching through vehicle (object) can be
anywhere on the curve or tangent on the vertical alignment

1.4. THESIS ORGAN!IZATION

The thesis is presented in five chapters. Chapter 1 provided an introduction of

the related terminologies, scope and object of research. A brief description of the

following chapters is given below:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

This chapter contains a detailed literature review of horizontal and
vertical alignments, and intersections on three-dimensional
alignment. This chapter aiso discusses the current guidelines on the
issue at hand and their limitations.

This chapter describes the criteria used in the selection of all
variables, model development, evaluation procedure and guidelines
for the analysis of departure sight distance at 3D stop-control
intersections.

This chapter describes the criteria used in the selection of all
variables, model development, evaluation procedure and guidelines
for the analysis of left-turn sight distance at 3D signalized
intersections.

This chapter includes a practical application for stop-control
intersections, in addition to a hypothetical example for stop-control
intersections, and a hypothetical example for left-turns at signalized
intersections.

This chapter includes the summary and major findings of the

research followed by some recommendations.

The flowchart in Figure 1.3 provides an overview of the thesis organization.
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Chapter 2: LITERATURE REVIEW

2.1, HIGHWAY ALIGNMENT

All highways cannot be built straight. Aligning or realigning the highway is
required due to different constraints such as buildings, parks, historic sites, etc. A
highway usually consists of series of straight lines interconnected by curves that
are used to change the direction and/or slope of the highway. Highway alignment
is categorized as horizontal alignment and vertical alignment. The following

sections will describe each of these alighments.
2.1.1. Horizontal Alignment

The horizontal alignment of a highway represents the projection of facility on a
horizontal plane. Generally, it consists of straights commonly known as tangents
and horizontal curves. The curves are used to change the direction of the road.
The curves are connected to the tangents either directly or via intermediary
curves called spirals or transition. The most commonly used horizontal curves in
practically all modem highways are simple circular curves. The curve becomes
sharper as its radius decreases and vice versa. For modern, high-speed
highways, it is always preferable to use flat curves, rather than sharp. Design
guidelines such as AASHTO (2001) and TAC (1999) provide recommendation on
the minimum radii that should be used.

2.1.2. Vertical Alignment

The vertical alignment of a highway is the profile view shown in the vertical plane.
Highway vertical alignment is comprised of tangent grades and vertical curves
which are parabolic curves. The length of a vertical curve is measure along the
horizontal alignment, and any point on the curve is specified by its station
location and its elevation from the datum. The beginning and end of a vertical
curve are denoted by PVC (point of vertical curvature) and PVT (point of vertical
tangency), respectively.

10
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There are two basic considerations for the design of a vertical curve involving (1)
Smooth passage from one grade to another, and (2) safe sight distance over the
full length of the curve. The design policies with respect to vertical curves are
based on the need to provide drivers with adequate stopping sight distance.
AASHTO (2001) recommends that the available sight distance on a roadway
should be sufficiently long to enable a vehicle traveling at or near the design

speed, to stop before reaching a stationary object in its path.

The parameters that determine sight distance on crest vertical curves include the
change of grade, the length of the curve, the height of driver's eye above the
ground, and the height of the obstacle to be seen. Stopping sight distance is the
sum of two distances: (1) the distance traversed by the vehicle from the instant
the driver sights an object necessitating a stop to the instant the brakes are
applied; and (2) the distance needed to stop the vehicle from the instant brake
application begins. These distances are referred as brake reaction distance and
braking distance respectively (AASHTO 2001). Current practice assumes a
driver’'s eye height of 1.08m and object height of 0.6 m.

2.1.3. Highway Alignment and Sight Distance

Highway alignment effects driving performance. Researchers have related
highway alignments with driving performance for over half a century. Some
studies focused on straights, horizontal and vertical curves individually, while
others considered the overall alignment of highway sections. Horizontal
alignment studies have focused on circular and spiral transition curve elements.
Studies involving vertical curves focused on grades and optimum sight distance
characteristics, while the studies involving horizontal alignment focused on sight
distance and speeds related to the entire length of the geometric features of the

highway.

Sight distance is the length of the highway visible to a driver. It is one of the mcst
important and basic design elements in a highway network. Adequate sight

distance allows drivers the time they need to slow down, stop, turn or cross

11

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



safely, without any conflicts. Guidelines such as AASHTO (2001) and TAC
(1999) provide guidelines for the required sight distance that are directly
applicable to most common cases. As this thesis focuses on Case B and F of
AASHTO, required sight distance for only these cases will be discussed.

2.1.3.1. Required Sight Distance for stop-contro! intersections

The required sight distancé values can be computed using the model developed
in the National Cooperative Highway Research Program (NCHRP) report 383
and presented in AASHTO (2001). It is given:

d = 0.278 X Vmajorx tg 2.1

where d = required sight distance for a vehicle approaching from left or from right
(m), Vimgjor = design speed on major-road (km/h), ty = the time gap required for the
stopped vehicle on minor-road to maneuver (sec).

For a stop-control intersection, the leg of the sight triangle along the major-rdad
(Figure 1.1) should be equal to the distance traveled at the design speed of the
major-road during the time shown in Table 2.1. The values of time gap should be
adjusted for multilane highwéys and minor-road approach grades. For more
details, see AASHTO (2001)

Table 2.1 Recommended travel time for Determining Sight Distance for Left and
Right-turns onto the Major-Road at Stop-control Iintersections [Source: AASHTO

(2001)]
Design Vehicle Time Gap tq (s)
Passenger car 7.5
Single-unit truck 9.5
Combination truck 11.5
12
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Table 2.2 Recommended travel time for Determining Sight Distance for Left-
turns from Major-Road [Source: AASHTO 2001]

Design Vehicle Time Gap {4 (s)
Passenger car 5.5
Single-unit truck 6.5
Combination truck 7.5

Note: For left turning vehicles that cross more than one opposing lane, add 0.5 sec for passenger

cars or 0.75 for trucks for each additional lane to be crossed.

2.1.3.2. Required Sight Distance for Lef{-turns at Signalized Intersections

The required sight distance along the major-road to accommodate left-turns is
the distance traversed at the design speed of the major-road in the travel time for
the design vehicle. This distance is also calculated using Equation (2.1). The

time gaps used for this case are shown in Table 2.2.
2.2. 1SD AND CURRENT RESEARCH
2.2.1 Stop-conirol Intersections

Four-leg intersections are the most commonly used intersections in North
America (AASHTO 2001). They are where two highways intersect at-grade on
right (or skew) angle. Many safety issues may arise with the use of four-leg
intersections with the fact that they have the highest number of conflict points,
which could be as many as 32 conflict points (HCM 2000). Provisiun of adequate

sight distance allows drivers to perceive the presence of potentially conflicting
vehicles and adjust accordingly.

Intersection sight distance was initially introduced as a function of vehicle speed
and perception reaction time (AASHTO 1984). The primary changes in
intersection sight distance arose from the change in vehicle acceleration
characteristics. The current AASHTO policy uses gap-based method, which

13
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assumes that the gap acceptance time does not vary with approach speed on the
major-road. Larger values of the time gap to accommodate older drivers have
been recommended by Staplin et al. (2001).

Several authors have addressed extensions to the AASHTO method by
considering the effect of different variables on [SD, including vehicle type
(Fitzpatrick et al. 1990), driver’s eye and vehicle heights (Fiizpatrick et al. 1998),
and intersecticn skew angle (Gattis and Low 1998). Easa (1998) modified Case 1
of the AASHTO (1994) model for calculating ISD without control to incorporate
the design speeds of both intersecting roads. The author demonstrated that there
are conditions when using deceleration rates rather than stopping distances can
result in sight distances that are less than desired and suggested that the
difference is greater when the difference between the design speeds of the

intersecting roads is larger.

Easa (1994, 2000) introduced reliability analysis of sight distance for stop-controf
intersections and railway-grade crossings considering the moments (mean and
variance) of the probability distribution of each random variable. The author
noted that the advantage of the reliability method is that it provides the reliability
associated with ISD design and hence different highway classes could be
designed based on different levels of reliability, for example higher-class facilities

should have larger reliability and vice versa for the lower-class facilities .

Analytical geometry was also used to determine ISD for a horizontally curved
roadway with tangential intersection (Gattis 1992). Evaluation of the sight
distance adequacy with single or multiple obstacles on open highway with
horizontal and ver*ical curves has been addressed (Easa et al. 1991-1998). A
comprehensive review of recent geometric design research, including ISD, can
be found in NCHRP Synthesis 299 (Fitzpatrick and Wooldridge 2001).

The required sight distance d is taken as a function of the time gap {; required for
the stopped vehicle on the minor-road to turn left, turn right or pass through the

major-road. In most cases, the most critical maneuver is left turn. However, there
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are some situations where it is advised to check the availability of sight distance
for crossing maneuvers (AASHTO 2001). The time gap method is based on the
recommendations by Harwood et al (1996).

The underlying principle for gap-acceptance concept is that if left-turn drivers will
accept a specific critical gap in the major-road traffic stream, and such
maneuvers are routinely completed safely, then sufficient intersection sight
distance should be provided to enable drivers to identify that critical gap. The
details of this work are documented in NCHRP Report 383. Field studies were
conducted at 25 intersections located in 4 states. Authors noted that AASHTO
(1994) ISD models appear to have too much emphasis on the ISD criteria for the
crossing maneuver. They suggested that since the ISD values for left and right
turns exceed those for the crossing maneuvers, any intersection that is designed
to accommodate such maneuvers should have adequate sight distance for the
crossing maneuver.

Current AASHTO policy assumes that both minor and major roads are straight
without any vertical or horizontal curvature. Horiiontal curvature on the
approaches to an intersection makes it difficult for drivers to determine suitable
travel paths because their visual focus is directed along lines tangential to the
curved paths. it was found that collision rates increased by 35 percent for
highway segments with curved intersections compared with those with straight
intersections (Kihlberg and Tharp 1968). AASHTO (2001) also recommended
that intersections should not be l-ocated on a sharp horizontal curve. However, in
many practical situations, sight distance adequacy is to be checked for an
existing or proposed three-dimensional (3D) intersection alignment, where

vertical curves and horizontal curves overlap.

Intersection Diagnostic Review Module (IDRM) is an expert system for diagnostic
review of at-grade intersections on rural two-lane highways. It serves as a
component of Interactive Highway Safety Design Model (IHSDM). The
development of this expert system is sponsored by Federal Highway

15

Reproduced with permission of the copvriaht owner. Further renroduction prohibited without permission.



Administration ’(FHWA) IDRM provides diagnosis and recommendations for
proposed designs by highlighting the discrepancies it may have. it gives
advisories to user, shows the concern and its reason, and suggests treatments
which include design improvements and mitigation measures. Another important
component of the IHSDM is a Policy Review Module (PRM). PRM review a
proposed design for a roadway or intersection and flag any geometric design
element that does not comply with the established design policy in an automated
fashion. The authors recommend that the concerns identified by and treatments
suggested by IDRM should be investigated by the user, but the final decision
should be made on the basis o'f engineering judgment and evidence available to
the user.

A model for SSD on horizontal curves is applied in IDRM wherever the driver's
view of an intersection or potentially conflicting vehicle is limited by an
obstruction on the inside of a horizontal curve. A similar SSD model is applied
when the sight restriction is the crest of a vertical curve. In some situations a
more conservative model based on ISD is used. The difference between the 1SD
model, as it is applied in geometric design practices, and the ISD moagel, as it is
applied in IDRM, is that the IDRM uses the 85" percentile speed, or the best
estimate of actual speed, rather than a particular design speed. IDRM also
recommends an increased value of time gap (not finalized for all scenarios yet)
for certain special situations where complex geometrics place greater demand on
drivers; for example at skewed intersections, or intersections on horizontal
curves. The limitation of ISD due to horizontal alignment and due tc roadside
obstruction is determined by asking the user whether particular sight triangles
displayed by IDRM are clear of sight obstructions.

To eliminate the need for the graphical procedure and check sight distance
adequacy on existing or proposed intersections on 3D alignmants, previous
research (Easa et al. 2004), has developed guidelines for the analysis of stop-
control I1SD on 3D intersections, where the major road may have vertical and

horizontal curves and the minor-road to have a longitudinal grade and skewed

16

Repnroduced with permission of the copvriaht owner. Further reproduction prohibited without permission.



angle. The authors presented a new analytical model for ISD on three—
dimensional (3D) alignments, where the major-road has both horizontal and
vertical geometry, and the minor-road has a grade. The intersection could also
be skewed. These guidelines, however, are applicable only when the intersection
and the major-road vehicle lie on the curve. Also, the obstruction was assumed
to be on the inside of the curve.

2.2.2 Left-turns at Signalized Intersections

The required ISD for left-turn vehicles from the major-road is the distance
traveled by an approaching vehicle at the design speed of the major-road for the
time gap. Harwood et al. 1996 recognized the importance of sight distance
requirement for left-turns from major-road and recommended that sight distance
policy for this case should be presented in AASHTO as a separate case. The
details of this work are presented in NCHRP report 383. This work was accepted
and is included in AASHTO (2001).

AASHTO (2001) recommends that all locations on a major-road, including -
intersections from which the left-turn maneuver across opposing traffic is
permitted, should have sufficient sight distance to enable safe operation.
However, no specific guidelines for the required offsets are provided. Continuous
provision of stopping sight distance (SSD) along the major-road and provision of
sight distance for Case B (stop control) for each minor-road generally eliminates
the need for a separate check for sight distance requirement for left-turn vehicles
from the major-road. However, it is advisable to check the adequacy of sight
distance for left-turn vehicles because the opposing left-turn vehicles can block a
driver's view of oncoming traffic. Current AASHTO policy suggests the use of
parallel and tapered offsets to overcome this problem.

It is evident from previous studies that left-turning vehicles at 4-leg intersections
often block the sight line for the drivers of opposing left-turn vehicles (Joshua and
Saka 1992, McCoy et al. 1992). Guidelines have been established for offsetting
opposing left-turn lanes on divided straight roadways (McCoy et al. 1992). The
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offset was defined as the distance from the left-edge of a left-turn lane to the
right-edge of the opposite left-turn lane. When the distance from the left edge to
the right edge is zero, the offset equals zero. Where the opposite left-turn lane is
shifted to the left (i.e. the right edge of the opposite left-turn lane lies to the left of
the left edge of the given left-turn lane), the offset is negative. When the opposite
left-turn lane is shifted to the right, the offset is positive. Negative and positive
offsets are illustrated in Figure 2.1.

The authors noted that the guidelines should not be used for situation outside the
scope, such as at skewed intersection or intersections on horizontal curves.
Further guidelines have been also developed using different vehicle positioning
(McCoy et al. 1997). These guidelines were based on left-turning vehicle
positioning and maneuver-time data collected at intersections with left-turn lane
offsets ranging from (-4.3 to 1.8 m). Many studies showed that the available
sight distance could be increased without the need to reconstruct the left-turn
lanes (McCoy et al. 1999, McCoy and Geza 1999, McCoy et al. 2001). A
relationship between the left-turn lane-line and available sight distance was
developed and guidelines for designing the left-turn lane-lines to provide the
required sight distance for the opposing left-turn vehicles were established. The

guidelines were established by equating the available sight distance with the
required sight distance.

min ______ll?»UH
— TaEr - Tm

[ [ .

1 T

Figure 2.1 Negative and Positive Offsets [Source: McCoy et al. 1999]
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Easa and Ali (2004) modified the guidelines for left—turn~lane geometry and
recommended that the actual available sight distance for the left-turn vehicle
should be measured from the point of conflict. It was found that the previous
guidelines overestimated the available sight distance, hence, underestimated the
requirements for left-turn lane geometry (offset, length and lane-line width). It
should be noted, however, that these guidelines are only limited to straight
intersections.

The following limitations are recognized, and will be addressed in this thesis:

¢ Intersections are ideally located on tangent sections. Location of intersections
on curves reduces visibility and increases conflict potentials for vehicles
crossing the major-road. The current guidelines for 3D stop-control
intersections (Easa et. al.) address this issue; however they are applicable
only when the intersection and the major-road vehicle lie on the curve. Also.
the obstruction was assumed to be on the inside of the curve. The research
presented in this thesis extends previous work by allowing the intersection
and the major-road vehicle to be anywhere on the curve with respect to the
horizontal and/or vertical curves or anywhere on the tangent. Guidelines for
the case when the obstruction is located on the outside of the curve are also
established.

e The current guidelines for left-turn lane offset are applicable only to
intersections on straight highways. The problem of sightline blockage by
opposing left-turns is even more pronounced when the major-road has a
horizontal curvature. This thesis establishes guidelines for offset requirements

that provide unobstructed required sight distance for intersections located on
horizontal curves.
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Chapter 3: MODEL DEVELOPMENT: 1. DEPARTURE
SIGHT DISTANCE AT 3D STOP-CONTROL
INTERSECTIONS

3.1. INTERSECTION GEOMETRY

To check the required sight distahce, d, the proposed models consider two main
cases with respect to the location of intersection on horizontal alignment. Case1
— Intersection on Major-road horizontal Curve and Case 2 — Intersection on
Tangent of Major-road horizontal curve. There are two sub-cases of case 1; (1a)
Intersection and object on curve, (1b) Intersection on the curve and object on
tangent. Case 2 considers the object on the major-road horizontal curve. Note
that if the object is within the tangent, AASHTO guidelines can be used to
evaluate sightline obstruction. For both cases (1 and 2), models are developed
considering the obstruction on the inside as well as on the outside of the curve.
In addition, the intersection and the object can be anywhere on the vertical
curvature i.e., both intersection and object are on vertical curve, intersection is on
vertical curve while object is on tangent, and/or intersection is on first tangent

while object is on second tangent.

The sightline, which is a straight line between the driver's eye on the minor-road
and the top of an approaching vehicle on the major-road at a distance d from the
intersection (Figure. 3.1), is checked against all possible obstructions. If any
element representing sightline obstruction crosses the sightline, the sightline is
obstructed and the obstruction should be moved to satisfy the required sight
distance. Otherwise, it is unobstructed.

The main variables governing the sight distance in horizontal plane are (Figure.
3.1)

1. Required sight distance d, which is calculated using Equation (2.1).
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2. Distance d; which is the distance along the major-road between the
intersection and the point of curvature (PC)

3. Slope of required sightline tanea, which is a function of d and road horizontal
curvature

4. Distance M;s between the obstruction corner and the edge of the major-road
(along the line passing through the center of the horizontal curve)

5. Distance M, between the obstruction corner and the edge of the minor-road

6. Distance D between the minor-road driver's eye and the edge of major-road

The geometric alignment data required as input to the model are given in Table
3.1. The following section describes the development of the mathematical model.
The evaluation procedure and design graphs are then presented, followed by an
application example. |

Sighttli
T B(X1,y1)
.~.

Major Road
R

Wminor

Minor Road

Figure 3.1 Intersection Geometry (Case 1(a): Intersection and Object within the
curve)
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3.2. MATHEMATICAL MODEL

Similar to previous research (Easa et. al. 2004) the point of origin for the
Cartesian coordinates is assumed to be located at the road surface under the
driver's eye on the minor-road with the y-axis being along the centerline of the
stopped vehicle on the minor-road. Driver's eye is assumed to be located at the
center of the lane. The coordinates of Point A (Driver's eye) are (0,0,hy); the

coordinates of Point B (Object), which is the approaching vehicle, are (x4,y+,24).

(Figure 3.2)
+ Z4
+Y
A
(0,0,hd) _____ ::’,21
ha} S _7y1 B (xiy1,.z21)
< >

X (0,0,0) +X
Road Surface

-Z

v

Figure 3.2 Coordinates of different points of intersection sight distance on 3D
alignments [Easa et.al. 2004]
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The radius of the horizontal-curve path for a vehicle approaching from left or from
right given by (Easa et. al 2004) is

Rn = R=Wpajo/2 + Wimajor/ 2 (3.1a)
(vehicle approaching from left)

Rn = R+ Wnajo/2 + Mmajor/2 (3.1b)
(vehicle approaching from right)

Note that Egs. (3.1a) and (3.1b) are applicable when the obstruction is on the
inside of the horizontal curve. For the obstruction on the outside of the curve, the
radius of the horizontal-curve path for a vehicle approaching from left and from
right (in terms of driver's perspective views) is

Rn = R + Wmajor/Z - Wmajop/2 (323)
(vehicle approaching from left)

Rn = R - Mmajo[/2 ol Wmajor/z (3.2b)
(vehicle approaching from right)

where R, = radius of horizontal-curve path of the approaching vehicle, R = radius
of horizontal curve (along centerline of major-road), Wijor = total width of major-
road, Wngjor = lane width of major-road, and Mnaor = median width. The total width
Wigior €quals (2nWpajor + Mmajor), Where n = number of lanes of the major-rocad
(one direction). It should also be noted that (3.1a), (3.1b), (3.2a) and (3.2b)
assume that the approaching vehicle on the major-road is on the nearest lane to
the minor-road driver (inside lane for a vehicle approaching from right and

outside lane for a vehicle approaching from left), as this situation produces the

most critical case.

The central angle ¢ (in degrees) for the arc with length d’ (measured up to the
centerline of the minor-road) equals 7180 °/zR,. Note that for a two lane minor-
road d’ is nearly equal to d. Let the intersection angle 6 (skew) be measured

from the perpendicular line to the tangent to the horizontal curve. When the
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obstruction is on the outside of the curve, for a major-road vehicle approaching
from the left of the driver, the skew angle ¢ is considered positive if it is clockwise
and negative otherwise (and vice versa for a vehicle approaching from the right).
It should be noted here that it is reverse when the obstruction is on the inside of
the curve (Easa et al 2004).

The sightline to the object may be obstructed in two ways; either by any off-road
obstruction such as building, parked vehicle, bushes etc. or by the road surface
due to a presence of a crest vertical curve. The model involves two main
aspects: checking sightline obstruction in the x-y plane (i.e. off-road obstruction)
and the x-z plane (i.e. major-road surface obstruction). To simplify the ISD
analysis, analytical geometry is used to determine the adequacy of the required

sight distance.
3.2.1 Checking Sightline Obstruction in the X-Y Plane

To check sightline obstruction in the x-y plane, the siopes of sightline to the
object and obstruction corner need to be determined first. Then the check is
performed for Case 1(a) where the intersection and object lie on the curve, Case
1(b) where the intersection lies on the curve and the object lies on the tangent,
and Case 2 where the intersection lies on the tangent and the object lies on the
curve.

3.2.1.1.Sighline Slopes to Object and Obstruction

. The slope of the sightline to the object in the X-Y plane is (Figure 3.3)
tan a=y+/x4 (3.3)

where « is the angle between the sightline to the object and the x-axis. For an

obstruction at C(xz, y»):
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A (x1,v1)

C (x2,y2)

0 (0.0) o X

Figure 3.3 Sightlines to the Object and Obstruction
X2 = Mo + (Whinor = Wmino/2) (3.4a)
(vehicle approaching from left)

X2 = Mz + Wrjno/2 (3.4b)
(vehicle approaching from right)

Note that (3.4a) and (3.4b) are applicable for all cases to calculate x.. For the

calculation of y, appropriate equations should be used depending upon the case.

For Case 1 (a & b), y2 can be calculated as:

W 2
qu —(MZ +——"‘2I%_J +PI/majar /2+D—R

Y, = +x,sinf (3.5a)
cos@

(Obstruction inside the curve)
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2
\/qz ~(Mz +~W—2—) Wy /2= D =R

Y, = +x,siné (3.5b)
cosé& B

(Obstruction outside the curve)
with

Wmajnr Iz
q=R+—2—+M, {3.6a)

(Obstruction outside the curve)

W .
g= R- mzajar _M] (36b)

(Obstruction inside the curve)

where Whinor = total width of minor-road, Wpminor = lane width of minor-road, M

distance between the obstruction corner and the edge of the minor-road, My
distance between the obstruction corner and the edge of the major-road (along
the line passing through the centre of the horizontal curve), and D = distance of
driver's eye of vehicle on minor-road and edge of major-road. For Case 2, y» can
be calculated as:

For obstruction corner within the tangent (x2 < d;), where d; is the distance of
intersection from PC, then

y2=Aﬁéé +Xx,sin@ (3.7a)

(Obstruction outside the curve)

h=D'Mumﬁm9 (3.7b)

cosé

(Obstruction inside the curve)

For obstruction corner beyond tangent (x2 > dy), then
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'\/q2 '"(xz _dl)2 _VVmajarlz_D_R

cos@

Yy = +x,siné (3.7¢)

(Obstruction outside the curve)

'\/q2 _(xZ —dl)z +Wmajor/2+D_R

cos@

2:

+x, siné (3.7d)

(Obstruction inside the curve)

The slope of the sightline to the obstruction in the X-Y plane equals tan g = y/x»,
where g is the angle between the sightline to the obstruction and the x-axis. The
sightline to the object (major-road vehicle) is not obstructed if the angle « (for
sight line to the object) is greater than or equal to the angle £ (sightline to the

obstruction). That is, for unobstructed sightline,
g o
fan f < tan o

Yo/Xo < Y1/ Xy (3.8)

Now, the coordinates of sightline to the object (xy,y7), needs to be established in
order to carryout the check in Equation (3.8). Following sections considers two

main cases to establish these coordinates.

3.2.1.2.Case 1(a) Intersection and Object lie on Horizontal Curve

Previous research (Easa et al. 2004) has established guidelines for the case
when the obstruction is located on the inside of the curve. Figure 3.4 shows the
geometry of ISD on the X-Y plane for an object on the horizontal curve
(obstruction outside the horizontal curve). Note that the outside obstruction is
clearly more critical than the inside obstruction for a minor-road vehicle driving
towards the center of the curve. Then,

x, =R, singcos@+ R, (1-cosg)siné (3.9a)

(Obstruction inside or outside)
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y1

Major Road

Figure 3.4 Case 1(a) ISD on X-Y plane — Obstruction is located on the outside of

the curve (skew angle 6).

If there is no skew (8 = 0), (9a) becomes

X1=Rpsin ¢ (3.9b)
Similarly
¥, =R, sinfsing+ R, (cos¢ —1)cosf — L, (3.10a)

(Obstruction outside the curve)

¥, =L, — R, cos@(1—cosg —sin ptan ) (3.10b)

(Obstruction inside the curve)

If there is no skew (6 = 0), (3.11a) and (3.11b) becomes (3.11a) and (3.11b)

respectively
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¥, =R, (cosp—1)- L, (3.11a)

»=L R, (1-cosg) (3.11b)

where

[, =2y p (3.12a)
2cosf

(vehicle approaching from left)

W _ (“’major J
major 2
+D

cosd

L = (3.12b)

(vehicle approaching from right)

3.2.1.3. Case 1(b) Intersection lies on Horizontal Curve and Object lies on
Tangent

In this case, the intersection lies on the horizontal curve and the object lies on the
tangent at distances dy and d. from PC, respectively (Figure 3.5). The distances
represent the components of the required sight distance on the curve and
tangent. The location of intersection from the PC is known from the field or
drawing plan. The required distance d can be calculated using the appropriate

time gap and the design speed on major-road.

For an exiting intersection, the d; component of the required sight distance is the
distance between the intersection and the PC, and subtracting d; from the total
required sight distance d will provide d.. If the required sight distance is less than
ds,,it implies that the object lies within the curve, and therefore Case 1(a) should
be used. For a proposed intersection, the designer can allocate the d; and d»
components of the required sight distance according to other constraints, and
then calculate M; and M, to provide unobstructed sightlines to the approaching
vehicles. Once these data are available, the coordinates of the object can be

established as follows:
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di
PT
da
L1 ¢
- ) B(x1,y1)
-§- y1‘t‘ $1 Rn
i g "\ - X
x A(O,O)/

Figure 3.5 Case 1(b) Intersection on Curve and Object beyond PT

The central angie for arc of length dy is given by ¢, =180 d+/zR,. (Figure. 3.4).

For a skew angle &, and an object on tangent (obstruction inside or outside the

horizontal curve), then

x, =R, sing cos@ + R, (1—-cosg,)siné+d, cos(g, — ) (3.13)
Similarly,
y, =R, sinOsing, + R, (cosg, —1)cosf — L, —d, sin(4, —6) (3.14a)

(Obstruction outside the curve)

y, =L, —d,sin(¢ —6)— R, cos@(1 —cosg, —sin g, tan §) (3.14b)

(Obstruction inside the curve)

where Ly is given by Equations (3.12a) and (3.12b).
Using the obstruction coordinates from Equations (3.4 to 3.5), for a vehicle

approaching from left or right, Equation (3.8) can be written as (with an equality)
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W fe : W 2 WI(IOI‘
M, =J[—leOSQ(xz)+R+D+%—cos€(x2)sin9:| +(M2 +——m2—) —R——”iL
X

(Obstruction outside the curve) (3.15)

where x» is given by Equations (3.4a) and (3.4b), and x4, y; and are given by
Equations (3.9a) and (3.10a) for Case 1(a) or Equations (3.13) and (3.14a) for
Case 1(b).

Similarly, based on previous research (Easa et al. 2004), for the obstruction on

the inside of the horizontal curve, Equation (3.8) can be written as

W’"" or Wmu or . : w_. :
M, = R——" —\/{——-y‘ COsH(xz)—i—R—D——éj———cosé(xz)smei’ +(M2+—mf£]
X

(Obstruction inside the curve) (3.16)

where x» is given by Equations (3.4a) and (3.4b), and x; and y; are given by
Equations (3.9a) and (3.10b) for Case 1(a) or Equations (3.13) and (3.14b) for
Case 1(b).

Note that Equations (3.15) and (3.16) provide the minimum required value of M,
for which the required minimum sight distance is unobstructed. Hence, for a
given highway, for any value of M,, use appropriate equation to calculate x4, y;
and x2 and then use Equation (3.15) or Equation (3.16) to calculate M; for
obstruction on the outside or inside of the curve. If My is given, substiture for x5 in
Equation (3.15) or Equation (3.16) from Equation (3.4a) or Equation (3.4b) and
calculate Mz by trial and error. The values of M and M, should be greater than or
equal to zero or other minimum values required by road authority regulations.
When y; is negative, M; and M, refer to the corner of obstruction that is farther
from the minor-road vehicle for obstruction on the inside of the horizontal curve
and vice versa for the obstruction on the outside of the horizontal curve. It should
be noted that for the obstruction on the outside of curve, farther corner is highly
unlikely to control as y; will only be positive in case of very large skew. In this

case, the obstruction always lies at the corner near the approaching vehicle.
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Note that M; is the distance measured along the radius to the curve. It is
measured from the corner of obstruction to the outside or inside edge of the
major-road for obstruction on the outside or inside of the curve, respectively, for
Case 1(a) and Case 1(b). Now, for Case 1(b) there may be situations when the
obstruction is closer to the major-road but much farther from the minor-road (i.e.
the obstruction lies beyond PC). In this case, M; will provide the distance up to
the extension of the horizontal curve. Therefore, the distance beyond M; to the
tangent M3 needs to be calculated. it is needed when the following condition is
justified (Figures. 3.6 and 3.7)

M, > gsin, —WmT (3.17)

X
a1

— .

< Tangent

‘x\”;
»” D

e

¢

A

W

A

Figure 3.6 Condition for M, (Obstruction inside the curve)
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PC Tangent Ej

[ |C B
~
\%4

A

Figure 3.7 Condition for M1 (Obstruction outside the curve)

where M: is measured from the field/drawing and q is given by Equation (3.6a)
and (3.6b) for the obstruction on the outside and inside of the curve, respectively,
according to the given conditions. Once M; is calculated, the distance
perpendicular to the tangent My is deterrnined. The procedure for the calculation
of Myt is as follows.

From AABC, (Figures. 3.6 and 3.7), the side AC is given by

Wma'
AC=R+—%
2
(Obstruction outside the curve)

Similarly

Wma'
AC=R-—2%
2

(Obstruction inside the curve)
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And
BC = ACtan(y, )

where

7’2=7’1_¢1

7, =sin™ (x—zj
q

Using the Pythagoras theorem,

AB =+ A4C? + BC?
Then,

M, =AB—AC

Now, the distance perpendicular to the tangent from the corner of the obstruction
M;r can be calculated as

M, =(M, ~M,)sin(90~y,) (3.18a)

(Obstruction outside the curve)

M, =(M,+M,)sin(90 -y, ) (3.18b)

(Obstruction inside the curve)

3.2.1.4.Case 2 Intersection lies on Tangent and Object lies on Horizontal Curve

There are situations, when the minor-road lies on the tangent of a major-road
horizontal curve. This case would affect sight distance, especially when the
horizontal curve is sharp and the minor-road is close to the start (or end) or the

horizontal curve. The geometry of this case is shown in Figure 3.8.
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L1
D} y1

A(0,0)

Figure 3.8 Intersection on tangent of Major-road Horizontal Curve

Similar to Case 1 (b), the distance of the intersection from PC can be obtained
from the geometry. The intersection is at a distance d; from PC. If the required
sight distance is found to be greater than d, then, according to the current case,
the object will lie on the curve. The distance d, can be calculated by subtracting
d; from the required sight distance. Then, the central angle for the arc of length

ds is given by ¢, =180dy/nR, (Figure 3.8). For a skew angle 8, obstruction inside

or outside the curve and object beyond PC (i.ga., on the curve), the coordinates
(x4, y1) are given by

x, =R, sing, cos@ + R, (1 —cosg,)sinb +d, cosd (3.19)
(Obstruction inside or outside)

Similarly,

y, =R, sinfsing, + R, (cosg, —1)cosf—L, —d,sinb (3.20a)

(Obstruction outside the curve)
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v, =L, —R, cosf(l—cosp, —sing, tan@) + d, sind (3.20b)

(Obstruction inside the curve)
where L; is given by Equations (3.12a) and (3.12b).

Using the coordinates of obstruction from Equations (3.4a, 3.4b and 3.7a to 3.7d)
for a vehicle approaching from left Equation (3.8) for the obstruction may be
written as

M, = (ﬂ —sin 9)(x2 cos8)+D

X
(x2=d7)
(Obstruction outside the curve) (3.21a)

4 ’ W
M, = \{&cos 6’(x2)+R+D+——1§’i—cosg(xz)sin 9:| +(x, ~d,) —R—;’z"f‘—"—
X
(x2 > dT)
(Obstruction outside the curve) (3.21b)
Similarly,
MI =D- (1’1_ —sin 6’j(x2 cos@)
X

(x2<d1)
(Obstruction inside the curve) (3.22a)

2

W ajor l’/Vma‘lr ) 2
M, =R~ ”.’,ZJ —\/[&cose(xz)+R—D—T”-cose(x2)sin6’} +(x, —d, )
X

(X2 > d1)
(Obstruction inside the curve) (3.22b)

For all the situations of Case 2, x; is given by Equations (3.4a) and (3.4b), and x;
y1, are given by Equations (3.19), (3.20a) and (3.20b).
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+2Z4

>+X

Figure 3.9 Intersection and Object on the vertical curve [Source: Easa et al.
2004]

3.2.2 Checking Sightline Obstruction in the X-Z Plane

Let the minor-road grade be g, in decimal. Then, z, is given by (Figure 3.9)

2
Z1 = r)g -girXxs + ho + Y19m (3.23a)
(Observer and Object on curve)

where g; = slope of the vertical curve at the minor-road vehicle path, r = rate of
change of grade of vertical curve, and hy = height of the approaching vehicle on

major-road. The variable rand g; are given by

8,8

r=2t—=

L
gr=g:1+rP

where g; and g, = first and second grades of the vertical curve in decimal, L =
length of vertical curve (m), and P = distance from the point of vertical curvature
(PVC) to the path of the minor-road vehicle (m).

Now, if the object is on the tangentz, is given by (Figure 3.10)
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+Z 4

Minor-Road Vehicle

T 00,0)

Approaching Vehicle
on Major Road

x1

Figure 3.10 Intersection on the vertical curve and Object on Tangent

+2Z
&»
PVC .
Minor-Road}Vehicle s o SIEAD
(0,0,0)
X e e — e aX
g r 55555555 - Approaching Vehicle
i S TTTeme—— PVT  on Major Road
T 1

g2(x»-L-P)

X1

Figure 3.11 Intersection on First Tangent and Object on Second Tangent

rP?
Z =T—g!P—g](xl—P)+h0+ylgm (3.23b)

(Observer on curve & Object before PVC)
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Similarly, for the case when the intersection is on first grade and the object is on
second, z4 is given by (Figure 3.11)

rI?
z = gI(P+L)+7+gz(xI ~L-P)—h, +yg, (3.23¢)

(Observer before PVC and Object beyond PVT)

To check whether the sight line is obstructed by the major-road surface, it is
assumed that the driver on the minor-road is located on the vertical curve (at the
centerline of the major-road). This approximation is expected to be reasonably
accurate as the distance between the actual location of the minor-road driver and
the assumed location is very small compared with the sight distance. Previous
research developed guidelines to check road-surface obstruction when both
intersection and the object lie on the vertical curve. This research has extended
this work by considering two new cases: (a) Observer on curve and approaching
vehicle on tangent i.e. before PVC. This case exists when there is a vertical
curve and X, calculated for any case of ‘Off-Road Obstruction’ is greater than P.

(b) Observer on First tangent and Object on Second tangent.

Note that the approaching vehicle is considered to be on the first tangent for the
purpose of this development. This assumption is made to avoid the confusion of
positive or negative sign of x,. For all previous situations, the coordinate z at any

point x on the curve is given by,

X

Z=T—g1x+ylgm (324)

The sightline to the approaching vehicle is a straight line with a starting point at
the driver's eye (0,hg) and an end point at the top of the approaching vehicle

(x1,z1). Comparing the slopes using equation of a straight line, we have

z—h; % -h,
x-0 x, -0

(3.25)

39

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



Substituting for z4 and z from Equations (3.23a), (3.23b), (3.23c) and (3.24) into
Equation (3.25), then

2
rx rx
Syt (=

2 2 +ho - hd +ylgm>'x_(hd _ylgm)xl ::O (3263)

(Observer and Object on curve)

2

rP
5 Jx+(ylgm —hy)x; =0

rX
TIxz +(gx(x| -P)+g P—hy—yg,+h;—gx —

(Observer on curve & Object befpre PVC) (3.26b)

%I‘xz '*‘[gl(P'*'L)"‘r_é;'*'gz(xl - L—P)'"ho + Y& —hy + 8% Jx_‘_(ylgm =hy)x; =0
(Observer before PVC and Object beyond PVT) (3.26c¢)

The major-road surface obstructs the sightline only if Equation (3.26a}, (3.26b) or
(3.26¢) has a solution within the range,

0<x=<x
3.3. MODEL VERIFICATION

The developed model was verified by comparing the results cbtained by the
software with those obtained graphically using AutoCAD. The positions of
observer and object were fixed according to the scenario and the sightline was
drawn for each case. As the points on the sightline correspond tc the values of
M; or Myt and M, the values were noted and compared with those established
mathematically. The results obtained by the mathematical modeis for all cases
were in compliance with those obtained graphically.

All models including the model for the special case (case 2), when the
intersection is located on the straight major-road were also verified by comparing
results with AASHTO (2001) models. This was done by considering very large

value of R hence making the major-road virtually straight. The values of M; at
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different M, were then calculated. The values were compared with the departure
triangles given in AASHTO (2001). The triangles were drawn using the
recommended time gaps and a value of D equals 5.4m. For a design speed of
40km/h along major-road, for vehicle approaching from left, M, is 2.81 for M,

equals 24.6m. Values at other speeds were also in accordance with the values
obtained using AASHTO model.

3.4. EVALUATION PROCEDURE

Whether an obstruction such as building is proposed, or it exists, the guidelines
presented in this chapter can be applied directly. For an existing obstruction with
given M; and M,, and the location of the intersection from PC, it is required to
determine if the existing obstruction provides the adequate sight distance or not.
The procedure is as follows:
1. Calculate the required sight distance d using Equation (2.1).
2. When intersection is on curve (Case 1), compare d with d;
(@) If d < dq, then it is Case 1(a), hence use Equations (3.8a) to (3.10b) to
calculate x; and y4
(b) If d > dy, then it is Case 1(b), hence use Equations (3.13) to (3.14b) to
calculate x4 and y4
(c) For Cases 1(a) and 1(b), using given M,, determine minimum required M;
using Equations (3.15) or (3.16), for obstruction on the outside and/or
inside of the curve respectively.
(d) If the existing M; > calculated M, then the sight line is not obstructed.
Note that for Case 1(b), if the condition in Equation (3.17) is true, calculate
M7 and compare it with existing M;r.
(e) If the existing M, or Myr < calculated M; or M;r respectively, then the
sightline is obstructed and the obstruction should be moved.
3. When the intersection lies on the tangent, compare d with dy
(@) If d =< dy, then the object lies within the tangent and the obstruction

distance M; can be calculated by formulating departure sight triangles
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using AASHTO (2001) model. The obstruction values for two-lane straight
major and minor roads are presented as Figure 3.18.

(b) If d > dy, then it is Case 2, hence use Equations (3.19) to (3.20b) to
calculate x; and y4

(c) Using given M,, determine x2 using Equations (3.4a) and (3.4b) for vehicle
approaching from left and right respectively, compare x; with d-,

(d) If x2 < dy, using given M,, determine minimum required M; (from the
tangent) using Equations (3.21a) and (3.22a), for obstruction on the
outside and/or inside of the curve respectively.

(e) If x2 > dy, using given M, aetermine minimum required My (from the cruve)
using Equations (3.21b) and (3.22b), for obstruction on the outside and/or
inside of the curve respectively.

(f) If the existing M > calculated My, then the sight line is not obstructed.

To save time and effort, the developed mathematical procedure was translated to
various Excel worksheets to determine the values of M; or M7, if applicable, for
user chosen or existing initial value of M,. Upon the input of required data, the
results are shown accordingly. The results include: (a) required sight distance,
(b) road surface obstruction equation, (c) values of x4, and y, and (d) table for the
minimum values of M, corresponding to different values of M. (an increment of
4m is used by default to display the effect of M> on M,). This table may be used
to plot the minimum values for both M; and M, graphically. The procedure is also

applicable to ISD analysis for proposed intersection design.

3.5. DESIGN AIDS

Design aids were established using the mathematical models presented earlier
assuming general values for the design variables. Please not that for Case 1(a)
i.e. when both the intersection and object lie within the curve, and the obstruction
is on the outside of the curve, values of M; and M, in Figure 3.12(b) provide
unrestricted sightlines independent of the speed along major-road. To check if

these graphs can be applied directly, a quantity Q must be calculated. it follows:
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O = Rsing (3.27)

A vertical line is drawn upward from Figure 3.12(a) for the design radius. The
design graphs given in Figure 3.12(b) are only applicable if Q is above the
shaded region. If Q lies within the shaded region, then the sightline may be
obstructed and hence the user must go through the complete analysis procedure
as explained earlier. The design graphs based on the analysis are presented
from Figure 3.13 — 3.16. The following recommended values (AASHTO 2001)
were used in developing these design aids:

o Driver's eye height, hg=1.08 m.

o Height of approaching vehicle on major-road, h, = 1.08 m.

o The design vehicle i.e. minor-road vehicle is a passenger car.

e Lane width = 3.6 m (for both minor and major roads).

e Distance of driver's eye of vehicle on minor-road and the edge of mayar-road,
D=54m.

Since stop-control intersections and combined alignments are likely to exist in
two-lane highways, both major and minor roads are assumed to be two-lane
highways with a total width of 7.2 m each. No skew or slope of the minor-road

was assumed.

According to AASHTO the required time gap for two lane major-road, is 7.5 s.
Note that for Vigor = 80 km/h, the minimum radius is likely to be some value
between 195 m and 280 m, depending on superelevation, therefore the radius of
100 m was not included with this design speed. Also, for Vpgjor = 100 km/hr, the
minimum radius is likely to be some value between 330 m and 490 m, depending

on superelevation, and therefore a radius less than 300 m was not included.

The design aids are also useful for evaluating an existing obstruction, as the
values for M;and M; for an obstruction may be plotted as one point on the graph.
If the point lies under the corresponding line, that means M;and M, are less than

the minimum values and the sightline is obstructed. If the point lies above the

43

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




line, that means M; and M, are more than the minimum values and the sightline
is not obstructed.

For the obstruction on the inside of horizontal curve, a positive slope of a curve in
the design graph means that the farther corner of the obstruction controls (that is,
y1 is negative). A negative slope means that the obstruction corner near the
minor-road vehicle controls. Note that for obstruction on the outside of curve, the
obstruction corner near the minor-road vehicle controls and the slopes are
always negative, as expected. Figures 3.13 and 3.15 show graphs at different
speeds for Case 1(a) i.e. the .object lies within the horizontal curve, for the
obstruction on the outside and inside of curve respectively. It should be noted
that the rate of decrease in M, with the increase in M is likely to decrease as the
radius becomes larger in this case of obstruction on the outside of the curve
(Figure 3.13). In other words, the slope of the curves in the design graphs
becomes flatter.

The design graphs for Case 1(b) i.e when the object lies on the tangent, for
obstruction on the outside and inside of the curve, respectively, are shown in
Figures 3.14 and 3.16. Note that these graphs were established assuming that
the required sight distance is twice the distance of intersection from PC, which
means that the object is on the tangent at a distance equal to half of the total
required sight distance (d = 2d;). Any other value can be calculated by
interpolation. Figure 3.17 shows the actual and calculated values through
interpolation for a radius of 500 at major-road design speed of 60 km/h. The
values were calculated using graphs of d = 2d; and d = ds. As the values are
very close, therefore it would be appropriate to estimate in-between values
through interpolation. The design aids when d = 10d; are presented in Tables 3.2
— 3.9. Note that these tables include the values of M,r in addition to M; when
condition in Equation (3.17) is true.

Figure 3.18 shows the. obstruction distances M; and M, when the intersection
and object lie on the tangent of major-road horizontal curve (i.e. straight major-
road), Case 2 — (d < dy). The design graphs for the Case 2, when the intersection

44

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



lies on the tangent and object lies on the horizontal curve (d > dy) are shown in
Figures 3.19 and 3.20, for obstruction on the outside and inside of the curve,
respectively. The graphs were developed assuming that the required sight
distance is equal to ten times the distance of intersection from the PC (d = 710 d,).
Any other value can be calculated by interpolation between design graphs in
Figure 3.19 and 3.20 and the design graphs in Figure 3.18. Note that the
obstruction distance M; is measured from the tangent or curve with respect to the
location of the obstruction corner (within the tangent or curve). The vertical lines
in Figures 3.19 and 3.20 represent PC. The curves in the design graphs to the
left of the vertical lines, provide obstruction distance My from the tangent (x; <
dy), and the curves to the right of the vertical lines provide obstruction distance
M, from the horizontal curve (x, > dy).
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Table 3.1 Geometric Data Required as input to Mathematicai Model

input Data Symbol

Radius of horizontal curve R
Lane width on major-road Whmajor
Lane width on minor-road Waninor
Total number of lanes on major road n
Median width of major-road Mmajor
Total width of minor-road Wninor
Driver's eye height . hy
Height of approaching vehicle on the major-road he
Length of vertical curve

First grade of vertical curve g+
Second grade of vertical curve g
Distance between vehicle on minor-road and edge of major-road D
Grade of minor-road G
Intersection angle (skew) 8
Distance of intersection from PC ds
Distance from PVC to the path of the minor-road vehicie P
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Table 3.2 Design values of M; and M;r at M. for major-road design speed = 40
km/h on two-lane intersections (Case 1(b): obstruction on the inside of horizontal
curve, d = 10dy)

R Obstruction distance M» (m)
o | 42 | & | 122 | 16 | 20°
(a) Obstruction distance M, (m)
100 5.37 5.26 4.97 4.51 3.88 3.09
200 5.15 4.92 4.61 4.22 3.74 3.18
300 5.08 4.81 4.49 4.11 3.68 3.20
400 5.04 475 443 4.06 3.65 3.20
500 5.02 472 4.39 4.03 3.63 3.21
700 5.00 4.68 4.35 3.99 3.61 3.21
(b) Obstruction distance M;7 (m)

100 | -° 5.27 5.15 5.02 4.90 4.78
200 - 4.93 4.69 4.44 4.20 3.96
300 - 4.81 4.54 4.26 3.98 3.70
400 - 4.76 4.46 4.17 3.87 3.58
500 - 472 4.42 4.11 3.81 3.50
700 - 4.68 4.37 4.05 3.73 3.42

 Perpendicular distance from the tangent M,r, is required.
b M,ris not required, use M,
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Table 3.3 Design values of M; and M;r at M, for major-road design speed = 60
km/h on two-lane intersections (Case 1(b): obstruction on the inside of horizontal
curve, d = 10dy)

R Obstruction distance M, (m)
o | 4 | & | 122 | 16° | 20°
(a) Obstruction distance M, (m)

200 5.41 5.38 5.26 5.06 4.78 4.42
300 5.30 5.21 5.05 4.84 4.58 4.26
400 5.25 5.12 4.95 4.73 4.48 4.19
500 5.22 5.07 4.88 4.67 4.42 4.14
600 5.20 5.03 4.84 4.62 4,38 4.10
700 5.18 5.01 4.81 4.59 4.35 4.08
(b) Obstruction distance M+ (m)

200 P - 5.27 5.14 5.01 4.88
300 - - 5.06 4.89 473 4.56
400 - - 4.95 477 4.59 4.40
500 - - 4.88 4.69 4.50 4.31
600 - - 4.84 4.64 4.45 4.25
700 - - 4.81 4.61 4.41 4.20

? Perpendicular distance from the tangent M, , is required.
b M,y is not required, use M,
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Table 3.4 Design values of M; and M+ at M, for major-road design speed = 80
km/h on two-lane intersections (Case 1(b): obstruction on the inside of horizontal
curve, d = 10dy)

Obstruction distance M, (m)
4 | 8 | 12 | 160 | 20°
(a) Obstruction distance M; (m)
200 5.60 5.70 5.73 5.66 5.52 5.29
300 5.45 5.47 5.42 5.33 5.17 4.97
400 5.38 5.35 5.27 5.16 5.00 4.80
500 5.34 5.28 5.18 5.06 4.90 4.70
600 5.31 5.23 5.12 4.99 4.83 4.64
700 5.29 5.20 5.08 4.94 4.78 4.59
(b) Obstruction distance M, (m)

R
0o |

200 b - - 5.67 5.59 5.52
300 - - - 5.33 5.22 5.11
400 - - - 5.16 5.03 4.91
500 - - - 5.06 4.92 479
600 - - - 4.99 4.85 4.71
700 - - - 4.94 4.79 4.65

Z Perpendicular distance from the tangent M7, is required.
M Not required, use M,
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Table 3.5 Design values of M; and M,r at M, for major-road design speed = 100
km/h on two-lane intersections (Case 1(b): obstruction on the inside of horizontal
curve, d = 10dy)

R Obstruction distance M2 (m)
o | 4 | 8 | 12 | 10 | 20°
(a) Obstruction distance M; (m)

300 5.57 5.67 5.72 5.71 5.64 5.562
400 5.48 5.52 5.52 5.48 5.40 5.27
500 5.43 5.43 5.40 5.34 5.25 5.13
600 5.39 5.37 5.33 5.25 5.15 5.03
700 5.37 5.33 5.27 5.19 5.08 4.95
800 5.35 5.30 5.23 5.14 5.03 4.90
(b) Obstruction distance Mt (M)

300 b - - - 5.64 557
400 - - - - 540 | '5.31
500 - - - - 5.25 5.15
600 - - - - 5.15 5.04
700 - - - - 5.08 4.97
800 - - - - 5.03 4.91

@ Perpendicular distance from the tangent M, , is required.
® M, Not required, use M,
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Table 3.6 Design values of M, and M,+ at M, for major-road design speed = 40
km/h on two-lane intersections (Case 1(b): obstruction on the outside of
horizontal curve, d = 710d,)

R Obstruction distance M, (m)
0 | 4 | 8 [ 122 | 160 | 20°
(a) Obstruction distance M, (m)

100 4.51 3.93 3.49 3.21 3.08 3.1
200 4.72 4.26 3.87 3.56 3.33 3.18
300 4.79 4.37 3.99 3.67 3.41 3.19
400 4.83 4.42 4.06 3.73 3.44 3.20
500 4.85 4.46 4.09 3.76 3.47 3.20
700 4.87 4.49 4.14 3.80 3.49 3.20
(b) Obstruction distance Myr (m)

100 P 3.93 3.39 2.86 2.32 1.77
200 - 4.26 3.81 3.37 2.93 2.49
300 - 4.37 3.96 3.55 3.13 2.72
400 - 4.42 4.03 3.63 3.24 2.84
500 - 445 4.07 3.69 3.30 2.92
700 - 4.49 412 3.75 3.37 3.00

& Perpendicular distance from the tangent M, , is required.
b .
M,r Not required, use M,
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Table 3.7 Design values of M; and M,y at M, for major-road design speed = 60
km/h on two-lane intersections (Case 1(b): obstruction on the outside .of

horizontal curve, d = 10dy)

R Obstruction distance M2 (m)

o | a4 | 8 | 122 | 160 | 20°

(a) Obstruction distance M; (m)

200 4.77 4.34 3.99 3.72 3.52 3.41
300 4.88 4.51 4.20 3.95 3.74 3.59
400 4.93 4.60 4.31 4.06 3.85 3.68
500 4.96 4.65 4.37 4.13 3.91 3.73
600 4.98 4.69 4.42 4.17 3.96 3.77
700 5.00 4.71 4.45 4.21 3.99 3.79
(b) Obstruction distance M7 (m)

200 b - 3.99 3.67 3.34 3.02
300 - - 4.20 3.91 3.62 3.33
400 - - 4.31 4.03 3.76 3.48
500 - - 4.37 4.11 3.84 3.57
600 - - 4.42 4.15 3.89 3.63
700 - - 4.45 4.19 3.93 3.67

@ Perpendicular distance from the tangent M, is required.
b M7 Not required, use M,
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Table 3.8 Design values of M; and M, at M for major-road design speed = 80
km/h on two-lane intersections (Case 1(b): obstruction on the outside of
horizontal curve, d = 10d,)

Obstruction distance M. (m)

4 | 8 | 122 16° | 207

(a) Obstruction distance M, (m)
200 4.74 4.29 3.92 3.62 3.41 3.27
300 4.88 4.53 4.22 3.97 3.77 3.62
400 4.95 4,64 4.37 4.14 3.94 3.79
500 5.00 4.71 .4.46 4.24 4.05 3.89
600 5.02 4.76 452 4.31 4.12 3.96
700 5.04 4.79 4.56 4.36 4.17 4.01
(b) Obstruction distance M;r(m)

R o

200 L - - 3.62 3.36 3.10
300 - - - 3.97 3.73 3.50
400 - - - 414 3.92 3.70
500 - - - 4.24 4.03 3.82
600 - - - 4.31 4.11 3.90
700 - - - 4.36 4.16 3.96

? Perpendicular distance from the tangent Mr, is required.
b M,y Not required, use M,
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Table 3.9 Design values of M; and M, at M, for major-road design speed = 100
km/h on two-lane intersections (Case 1(b): obstruction on the outside of
horizontal curve, d = 10d)

R Obstruction distance M, (m)
o | 4 | 8 | 12 | 188" ] 20
(a) Obstruction distance M; (m)
300 4,86 4.48 4.16 3.89 3.67 3.50
400 4.95 4.63 4.35 412 3.92 3.76
500 5.00 4.72 4.47 4,25 4.07 3.91
600 5.04 4,78 4.55 4.34 4.17 4.01
700 5.06 4.82 4.60 4.41 4.24 4.09
800 5.08 4.85 4.65 4.46 4.29 4.14
(b) Obstruction distance M7 (m)
300 P - - - 367 | 347
400 - - - - 3.92 3.74
500 - - - - 4.07 3.89
600 - - - - 4.17 4.00
700 - - - - 4,24 4.07
800 - - - - 4.29 4.13

8 Perpendicular distance from the tangent M7, is required.
b M,rNot required, use M,
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design Graph independent of major-road design speed
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Figure 3.13 Design graphs for M; and M, for two-lane intersections on horizontal
curves, Case 1(a) — Obstruction on the outside of horizontal curve (d < d;) (Lane

width = 3.6 m, major-road design speed = 40-100 km/h)
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Figure 3.14 Design graphs for M; and M, for two-lane intersections on horizontal
curves, Case 1(b) — Obstruction on the outside of horizontal curve (d = 2d)

(Lane width = 3.6 m, major-road design speed = 40-100 km/h)
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Figure 3.15 Design graphs for M, and M, for two-lane intersections on horizontal
curves, Case 1(a) — Obstruction on the inside of horizontal curve (d < d;) (Lane

width = 3.6 m, major-road design speed = 40-100 km/h)
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Figure 3.16 Design graphs for M; and M, for two-lane intersections on horizontal
curves, Case 1(b) — Obstruction on the inside of horizontal curve (d = 2d; ) (Lane
width = 3.6 m, major-road design speed = 40-100 km/h)
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Figure 3.17 Interpolated vs. Actual values of M, at different M,, Case 1 (b) ~
Values shown for Obstruction on inside and outside of curve (R = 500m, major
road design speed = 60km/h, d = 1.33 dy)
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Figure 3.19 Design graphs for M; and M, for two-lane intersections on the
tangent of major-road horizontal curve, Case 2—- Obstruction on the outside of
horizontal curve (d = 10 d;) (Lane width = 3.6 m, major road design speed = 40 -
100 km/h)
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Figure 3.20 Design graphs for M; and M, for two-lane intersections on the

tangent of major-road horizontal curve Case 2— Obstruction on the inside of

horizontal curve (d = 10 d;) (Lane width = 3.6 m, major road design speed = 40 -
100 km/h)
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Figure 3.21 Interpolated vs. Actual values of M, at different M, , Case 2 — Values
shown for Obstruction on inside and outside of Curve (R = 500m, major road
design speed = 40km/h, d = 1.8 dy)
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Chapter 4: MODEL DEVELOPMENT: Il. LEFT-TURN
SIGHT DISTANCE AT 3D SIGNALIZED
INTERSECTIONS

4.1. INTERSECTION GEOMETRY

To check the intersection sight distance, where the intersection is located on a
horizontal curve, the following geometric characteristics are assumed (Figure.
4.1): (a) the major-road has a’horizontal curve and (b) there is no vertical
curvature. The presented model is applicable to skewed and non-skewed
intersections, but a 90-degrze intersection angle is assumed for simplicity

(implications for skewed geometry are discussed later).

4.2. MATHEMATICAL MODEL

Throughout this chapter, the left-turn vehicle making the turn is referred to as the
observer, the oncoming through vehicle as the object, and the opposite left-turn
vehicle, which obstructs the sight line of the observer, as the obstruction. The
centerline of the inside opposing through lane is used as the reference line for
calculating the available sight distance, based on previous research (McCoy et
al. 1992).

The positions of both vehicles (observer and obstruction) within the intersection
are determined based on their lateral and longitudinal distances from the
reference points. Let the lateral and longitudinal distances be measured along
the lines perpendicular to the tangent to the horizontal curve and to the minor-
road, respectively. Then, the lateral position refers to the lateral distance
measured from the extension of the left edge of the lane from which a vehicle is
turning, and the longitudinal position refers to the longitudinal distance measured
from the extension of the left edge of the lane on the cross minor street, into

which it is turning. The vehicle positioning variables used in the model are shown
in Figure. 4.2.
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The lateral positions of the observer (to driver's eye) and obstruction (to the front
left-corner) are denoted by X; and X, respectively, whereas the longitudinal
positions of observer (from the front) and object (from the front right corner) are
given by Yps and Yp2. The left-turn lane offset Xo is the lateral distance from the
left edge of the lane occupied by the observer to the right edge of the lane
occupied by the obstruction, at the center of the minor-road (Figure. 4.1). X, is
considered negative if the latter edge is to the left of the former, and vice versa.
The minimum required left-turn lane offset is the offset that would enable. an
unobstructed view of the object by the observer when the former is at a distance

equal to the required sight distance from the point of conflict.

Analytical geometry was used to determine the minimum offset required for
unobstructed sightline for left-turn vehicles. The concept used for the analysis is
similar to the analysis of stop-control intersection sight distance on 3D highway
alignments (Easa et al. 2004). The model involves several tasks including
determination of the required sight distance, establishing coordinates of sightline

and obstruction, and checking sightline obstruction.

The required sight distance is calculated using Equation (2.1) and the time gap is
determined using Table 2.2.

4.2.1. Establishing Coordinates of Object and Obstruction

The widths of the major and minor roads are given by

Winajor = Mmajort 2Nmajor Wmajor (4.1)
Winor = Mminort 2Nminor Wininor (4.2)

where Wiajor Mimajor, Wmajor, @nd npmsj = total width, median width, lane width, and

number of lanes in one direction for the major-road (similarly for the minor-road
variables).
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The road surface under the driver's eye of the left-turn vehicle (observer) is
considered as the point of origin for the global Cartesian coordinates with the y-
axis being parallel to the minor-road. The coordinates of Point A (driver's eye)
are (0, 0, hg ). The radius of the arc on which the origin A lies is is given by
(Figure. 4.1)

M

RO =R+ "2"’J'0’ ~ Mgjor — Xi (43)

where R = radius of horizontal curve along the centerline of the major-road (m),
Mmajor = Width of medial separator along major-road (m), and X; = Lateral
distance of driver's eye from the left edge of the left-turn lane (m). The
coordinates of Point B (object) are (x4, y;) and the radius of the horizontal-curve
path for the object (along the centerline of the inside lane) is (Figure. 4.1)

M

R _ R + major +w
1 =

2

major

(4.4)

The object travels a distance d’ on the curve before it reaches the centerline of

the minor-road given by

d' o~ ISDa + (wminnr +Mmin0r) (45)
2

where /SD, = available sight distance measured from the front of the object to the
point of conflict, which is the same as for the crossing maneuver presented in
AASHTO (2001). For the observer to perform a safe left-turn maneuver, the
available sight distance should be at least equal to the minimum required sight

distance given by Equation (2.1). Hence, substituting /SD, for d in Equation (4.5),
gives

d =d+ (M’minor _;Mminor)

(4.6)

The central angle for this arc with length d’is calculated as:
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1804
7R,

¢ (4.7)

¢ = central angle (in degrees) for the curved path with length d’. From Figure 4.3,

the x-coordinate of Point C is given by
X, =R, sing+7, +Y0+——"‘§‘—”i— (4.8)

where Y, distance from the front of the vehicle to the edge of the minor-road (m),

is given by

Yo=Y, -

pl

Wmin or + Mmin or
2

and Y; = distance from driver's eye to the front of the vehicle (m).

Y
A
- X1 —
|
Yot Yi-k Wi/ 2 '
- il d
L: | Y _B(X1,Y1)
—1 .
A(0,0) 1 X
] R:

Ro
N

CL of Minor Rd

Figure. 4.3 Coordinates of object
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Similarly, the y-coordinate can be obtained as

y, =1, —Rl(l——cosgzﬁ)%—(Ro —\/Roz —[Yo +Y +W_2_} } (4.9)

where

w
ajor
L=""um  +X,

5 major i
To establish the coordinates of the obstruction, it is assumed that the observer's
sightline to the object is obstructed by the front-right corner of the opposing left-
turning vehicle stopping at the opposite left-turn lane. Note that this assumption
is appropriate as the sightline around the obstruction might be obstructed in the
presence of a larger vehicle, or a queue of left-turn vehicles (Figure. 4.1). The
coordinates of Point B (obstruction) are (x;, y2) and the corresponding radius is

given by

Alnmjx)r -
R2=R+——7——-m"mjm—X0-A, (410)

where X, = lateral distance of front right corner of obstruction from the right edge

of the left-turn lane from which it is turning (m). It is given by

X =w -V, -X, (4.11)

r

where wy = width of left-turn lane (m) and V,, = vehicle width (m). which equals

2.13 m for passenger cars (AASHTO 2001). Also,

X, =M, —2m,, . —W (4.12)

Illq/OI‘ ma_/nr X
Then, from Figure. 4.4, the x-coordinate of Point C is given by

W, M.
x2 — nun or 2 min or +}/: +}/z) +Yp2 (4.13)
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Figure. 4.4 Coordinates of obstruction

Similarly, the y-coordinate y; is given by

M 2 2
i i 2 W
yE:L:, —(RZ—JRzz—(YFZ—'_’"z'"QLJ ]‘F[RO—\/R{{ —(Y0+K+ mzmnr) ]

(4.14)

where L, =X, -X, - X,
4.2.2. Checking Sightline Obstruction

To ensure that the sightline to the object is not obstructed, the slopes of the
sightlines to the object and obstruction are compared. The slope of the sightline
to the object is given by tan a = yu/x;, while the slope of the sightline to the

obstruction is given by fan 8 = y./x» (Figure. 4.5).
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Figure. 4.5 Slopes of sightlines to the object and obstruction

The sightline to the object is not obstructed if
tanB<tana
or YofXa £ yi/Xq (4.15)

Substituting variables and solving for X, Equation (4.15) may be written as

2
, W\ MY
X,=A-X, - {ﬁxﬁA-X,-R“JRg—(YOw +mTj ] +(YF2—M]

X, 2

(4.16)
where

M

- mafor
A=R+ — M yor

and xy, y1, X2, and y, are obtained using Equations. (4.8), (4.9), (4.13), and
(4.14). For a given geometric configuration and design speed on the major-road,
use Equations. (4.1) to (4.9), (4.13), and (4.14) to calculate x;,y;, x2 and y»,

respectively. Check the condition given in Equation (4.15). If it is not satisfied,
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use Equation (4.16) to calculate the minimum required offset which provides
unobstructed sightline to the object for the given conditions.

The required median width to accommodate the required offset can be calculated
by using the required offset in Equation (4.12) and solving for the median width.
It should be noted that if the right of way is limited or the methodology is applied
to an existing intersection where it is not possible to increase the width of the
major-road, the designer might have to reduce the through-lane width to
accormimodate the required median.

To simplify the analysis, the preceding mathematical model was translated to an
Excel worksheet (Appendix. C). The calculations of offset and median
requirements for intersections on horizontal curves can be performed for any
geometric configuration (e.g. curvature of major-road, and number of lanes and
lane widths of the minor and major roads). Different design speeds along the
major-road, and longitudinal and latera! positioning of vehicles based on field
observations may also be used.

4.2.3. Major-Road Surface Obstruction

Similar to the procedure used to check the major-road surface obstruction in

chapter 3, coordinate z; of object is given by

2

zq = ”; - gi X1 + ho (4.17a)

(Observer and Object on curve)

.P2
z, =1—2——g,P—gl(xl—P)+h0 (4.17b)

(Observer on curve & Object before PVC)

T2
z‘=g1(P+L)+—’——L2——+g2(xl—-L—P)—ho (4.17¢)

(Observer before PVC and Object beyond PVT)

73

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



where g; = slope of the vertical curve at the minor-road vehicle path, r = rate of
change of grade of vertical curve, and hg = height of the approaching vehicle on
major-road. The variable r and g; are given by

g, — &
— 4.18
r I ( )

gt=g1+l'P (419)

where gy and g, = first and second grades of the vertical curve in decimal, L =
length of vertical curve (m), and P = distance from the point of vertical curvature
(PVC) to the Observer (m).

As both the observer and object lie on the major-road, the assumption of
observer at the centerline of the major-road is quite reasonable in this case.
Similar to ISD analysis for stop-control intersection presented earlier, three cases
are addressed: (a) Observer and object are within the vertical curve, (b)
Observer on curve and approaching vehicle on tangent i.e. before PVC. This
case exists when there is a vertical curve and x; calculated for any case of ‘off-
road obstructiony is greater than P. Note that the approaching vehicle is
considered to be on the first grade for the development of analysis. This
assumption is made to avcid the confusion of using positive or negative sign of
x1. () Observer »n First tangent and Object on Second tangent. From Figures
3.9, 3.10 and 3.11, the coordinate z at any point x on the curve is given by

z= Piz——g,x (4.20)

2

The sightline ‘S’ to the approaching vehicle is a straight line with a start point at
the driver's eye (0,hg) and an end point at the top of the approaching vehicle

(x1,21). Comparing slopes using equation of a straight line, we have

z-h; z;-h,
x-0 x-0

(4.21)
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Substituting for z1 and z from (4.17a), (4.17b), (4.17c) and (4.20) in (4.21), then

2

__(2

™ o
2
(Observer and Object on curve)

+h, —h)x—hyx, =0 (4.22a)

FX, 5 rP? 5
~—2——x +| g,(x,—P)+g,P—-hy+h, —gx B x—h,x; =0 (4.22b)

(Observer on curve & Object before PVC)

, .
—r—;'—xz +(g,(P+L) +f-§—+ 2, (x, ~L—P)—h,—h, +g,x1]x—hdxl =0 (4.22c)
(Observer hefore PVC and Object beyond PVT)

The major-road surface obstructs the sightline only if Equation (4.22a), (4.22b) or

(4.22c) has a solution within the range,
0<x<x
4.3. MODEL VERIFICATION

For the purpose of verification, the radius of the horizontal curve was set to a
very large value (i.e. R =), which means that the horizontal curve virtually
becomes a straight line. The results for minimum required lefi-turn lane offsets
were then compared with the guidelines for intersections located on a straight
highway section (Easa and Ali 2004). The results for the desired offsets, defined
as the offsets that provide unobstructed sight distance regardless. of the required
sight distance (McCoy et al. 1992), were also compared. For this purpose, the
radius of horizontal curve and the required sight distance along the major-road
were set to a very large value (representing straight major-road with very large
required sight distzince). The developed methodology was then applied and the
offsets were calculated. The values of the required offset that satisfies this infinite
sight distance represent the desirable offset. The desired offset for infinite radius
(straight major-road) was found to be 0.61 m, which is the same value
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established for straight highway sections when the opposing vehicle is a

passenger car (McCoy et al. 1992). The results for the case of opposing truck

were also found to be accurate. it should be noted that the calculations for the

purpose of verification were performed using the vehicle positioning and other

input data used in the existing guidelines.

4.4. EVALUATION PROCEDURE

Whether the major-road is a straight highway or it has a horizontal curve, the

guidelines developed in this chapter can be applied directly. Note that for straight

major-road (R = « ). To calculate the required offset for an intersection where

left-turns are permitted from major-road, the procedure is as under:

1.
2.

© N o O

10.
11.

12.

Calculate the required sight distance d using Equation (2.1)

Calculate the total widths of major and minor roads, Wigjor and Wiginor Using
Equations (4.1) and (4.2), respectively.

Calculate the radii of the curved paths of observer (under driver's eye) and
object Ry, and R using Equations (4.3) and (4.4), respectively.

Calculate total curved path d’ using Equation (4.6).

Calculate the central angle ¢ of the arc with length d’ using Equation (4.7).
Calculate x7 and ys using Equations (4.8) and (4.9), respectively.

Calculate the current offset Xo, using Equation (4.12).

Calculate the radii of the curved paths of the right corner of obstruction Ry
using Equations (4.10).

Calculate x2 and y; using Equations (4.13) and (4.14), respectively.

Check for sightline obstruction using Equation (4.15), if y1/xs > yao/X2.

if yi/x1 < yo/x2 , the sightline to the object is obstructed. Calculate the
required minimum offset for which the sightline becomes unobstructed is
using Equation (4.16).

The required median width to accommodate the required offset can be
calculated using the required minimum offset calculated above and solving
for the median width in Equation (4.12).
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4.5. DESIGN AIDS

Using the analytical model, design aids were established to determine the
intersection sight distance for different intersection configurations. Two cases of
minor-road are presented. Case 1 considers a four-lane divided minor-road,
while Case 2 considers a two-lane undivided minor-road. The following AASHTO
recommended values were used in developing the design aids:

e The distance from driver's eye to the front of vehicle, Y; is 2.4 m

» The width of design vehicle (passenger car), Vyis 2.13 m

e The lane width of the major and minor roads, Wamajor and Wminor, 1S 3.6 m

o The median width of the major and minor roads, Mmajor @and Mpjnor, is 4.8 m

with_ a medial separator of 1.2 m (NMminor OF Mmajor)-

Both the observer and obstruction were considered to- be at the center of the
occupied lanes and hence the lateral positions were determined accordingly.
Two longitudinal positions of the obstruction are used for Case 1 (a) when the
obstruction is located at the edge of the minor-road, (b) when the obstruction
moves into the intersection covering a distance equal to the lane width. For Case
2, the obstruction is assumed to be located at the edge of the minor-road. Note
that unlike straight intersections, the offset requirements for intersections on
horizontal curves (when the obstruction vehicle is positioned into the intersection)
are less critical than when it is stopped behind the stop line in most cases. This
happens when y; is negative (the object vehicle is to the right of the observer due
to curvature). Recall that it is assumed here that the observer cannot view the
object from the right side of the obstruction as his sightline might be obstructed
by other left-turn vehicles in the queue. As the radius becomes flatter, y;
increases (becomes less negative) and eventually becomes positive. As a .esult,'

the offset requirements for the case when the obstruction vehicle is positioned

become more critical.

Easy-to-use design aids are presented in Figjures. 4.7 and 4.8. The design aids
were developed for design speeds of 40, 60, 80 and 100 km/h. By plotting the
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point for a given radius and design speed, the designer can check sightline
obstruction. If the point lies below the corresponding curve, the sightline is
obstructed, and vice versa. The designer can then determine the required
minimum offset by extending the point vertically up till it hits the corresponding
curve. Then, a horizontal line drawn to the left will give the required minimum
offset that provides an unobstructed sightline. Alternatively, the designer can
extend the point vertically down to determine the speed that provides
unobstructed sightline for the given conditions.
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Table 4.1 Design guidelines for Left-Turn Lane Offset for Case 1(a)?

Radius of

Horizontal Left-turn Lane Offset Xo (m)

Curve, R Speed of Major-Road Vpgjor (km/h)
(m) 40 60 80 100
300 1.57 3.15 -b -
500 0.67 1.74 2.68 3.56
700 0.28 1.14 | 1.86 2.52
900 0.06 0.81 1.41 1.94
1100 -0.07 0.59 1.12 1.58
1300 -0.17 0.45 0.92 1.32
1500 -0.24 0.34 0.77 1.14

a Nmajo, Nminor = 2 and Mmajor,Mminor =4.88m.

® values for radii less than or equal to the minimum radius are not included.
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Table 4.2 Design guidelines for Left-Turn Lane Offset for Case 1(b) 2

Radius of

Horizontal Left-turn Lane Offset Xo (m)

Curve, R Speed of Major-Road V40r (km/h)
(m) 40 60 80 100
300 1.50 2.83 b -
500 0.70 1.60 2.39 3.12
700 0.36 1.08 | 168 2.23
900 0.16 0.79 1.289 1.74
1100 0.04 0.60 1.04 1.42
1300 -0.04 0.47 0.87 1.21
1500 -0.1 0.38 0.74 1.05

2 Nmajor, Nminor = 2 and Mmajor, Mminor = 4.88 m.

® values for radii less than or equal to the minimum radius are not included.
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Table 4.3 Design guidelines for Left-Turn Lane Offset for Case 2 2

Radius of

Horizontal Left-turn Lane Offset Xo (m)

Curve, R Speed of Major Road Vpa0r (km/h)
(m) 40 60 80 100
300 0.97 1.72 “b -
500 0.53 1.05 1.50 1.90
700 0.34 0.77 B 1.42
900 0.23 0.61 0.89 1.14
1100 0.17 0.50 0.76 0.97
1300 0.12 0.43 0.66 0.85
1500 0.09 0.38 0.59 0.77

2 Nmajor = 2, Nminor = 1, Mmajor =4.88 m, and Mpjnor = 0.

® values for radii less than or equal to the minimum radius are not included.
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Case 1(a)
o e Case 1(b)

1.8

Vmajor = 100 kim/h

Required Minimum Offset (m)

05 Vmaijor = 60 km/h
. ] ——

S

Vmajor = 40km/h

o] .
200 300 400 500 600 700 800 200 1000 1100 1200 1300 1400 1500 1600 1700
Radius of Horzontal Curve (m)

Figure. 4.6 Required minimum left-turn lane offsets for Case 1(a) and Case 1(b)

(Nmajor, Nminor = 2, Mmajor, Mminor = 4.88 m)
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Requ«ired Minimum Offset (m)

V = 100 km/h

V = 80 km/h

V =60 km/h

emme /= 40 kmM/h

200 400 600 800 1000 1200 1400 1600
Radius of Horzontai Curve {m)

Figure. 4.7 Required minimum offset for two-lane undivided minor-road for
Case 2 (NMmajor = 2, Nminor = 1, Mingjor = 4.88m and Mpinor = 0)
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Chapter 5: APPLICATION

5.1. PRACTICAL APPLICATION FOR STOP-CONTROL INTERSECTION

The application of the methodology is shown on an existing intersection (Dundas
St. and Pembroke St.). Dundas st. constitutes the major-road while Pembroke st.
is the minor-road. The intersection is located in downtown Toronto. Pembroke St.
operates one-way southbound and is a residential street which crosses Dundas
St. (a major highway). The minor-road approach is stop-control. The sateliite
image of the intersection is shown in Figure 5.1. GIS ArcView was used to
establish the location of object and observer based on the presented

methodology. The detailed procedure is discussed in the following sections.

Figure 5.1 Aerial view of the modeled intersection
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5.1.1. Data Collection

The intersection is located in zone NBV of Toronto. Ortho image of this zone was
acquired through the geospatial database of Ryerson Library. In addition,
geometric drawing of the intersection was obtained from the Toronto Works and

Emergency Department.
5.1.2. Model Application

The radius of the horizontal curve at the centerhiz of the major-road was
obtained from the geometric drawing. The center of the radius was then fixed. A
line from the origin of the radius was drawn through the intersection of major and
minor-road (intersection of the centerlines of major and minor roads). A line along
the centerline of mincr-road was also drawn. Recall that the skew of the
intersection is measured from the line perpendicular to the tangent to the
horizontai curve. The minor-road does not pass through the center and hence a
skew of 9° exists at the intersection. (Figure. 5.2)

Figure 5.2 Establishment of center of curve and sightline
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Point. A in Figure. 5.2 represent the point of origin of the Cartesian coordinates
with the x and y-axis being perpendicular and along the minor-road respectively.
Point B represents the position of the object according to the required sight
distance. Note that position of the object is only shown for the vehicle
approaching from left. Position of the vehicle approaching from right can be fixed
in the similar manner. The details of the geometric inputs are given in Table 5.1

below:

Variables Values
R 142 m
Wmajor 3.6m
Winor - 36m
Vinajor 40 km/h
D 5.4 m
M(Left-side) 42 m
My(Left-side) 6.6 m
M (Right-side) 24m
M2(Right-side) 6.3 m
@ 9° (clockwise)

Table 5.1 Input data
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e Using Equation (2.1), the required sight distance dis 83.4 m
¢ Using Equation (3.1), radius of horizontal-curve path of approaching vehicle
for vehicle approaching from left and right is

R,=142 + (3.6 x4)/2-3.6/2=1474 m (vehicle approaching from left)
Rn=142-(0)/2-3.6/2=140.2m (vehicle approaching from right)

As minor—roéd vehicle path is more than 83.4 m from PC, the major-road vehicle

also lies within the curve, therefore it is Case 1(a).

e Using Equations (3.4a) and (3.4b) x, for vehicle approaching from left and
right is given by:

Xo=6.6 +(7.2—-3.6/2)=12m (vehicle approaching from left)
X2=6.3+36/2=8.1Tm (vehicle approaching from right)

¢ Using Equation (3.8a), x; for vehicle approaching from left and right is given

by:
x7=81.7m (vehicle approaching from left)
x1=74.5m (vehicle approaching from right)

e Using Equation (3.9a), (3.10a) and (3.10b), y; for vehicle approaching from
left and right is given by: '

y1=-17.6m (vehicle approaching from left)
y1=-53.2m (vehicle approaching from right)

e Using Equation (3.15), required minimum value of M; for the existing M is
given by

M;=11m (vehicle approaching from left)
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Mi=1m (vehicle approaching from right}

As s, calculated is less than M; available, hence sightlines to the vehicles

approaching from the left and right are not obstructed.

5.1.3. Results and Discussion

It should be noted that the above calculations are based on D = 5.4m. It was
observed at the intersection that the driver's eye of the minor-road vehicle
stopped exactly on the stop line is more than 5.4 m away form the edge of the
major-road. Using greater value of D will results in 1arger values of required M,
for the existing M.. For example, a value of D = 7.5m results in My values of 2.9
and 2.8 m for vehicle approaching from left and right respectively. In this case,
the available M, for the right side i.e. for vehicle approaching from right is less
than the required minimum value.

It should also be noted that there are often parked vehicles on the North West
corner of the intersectiont although the area is restricted for parking. The
presense of these vehicles significantly reduces the available sight distance for
the minor-road vehicles. These vehicles, however, were not considered in the

analysis.
5.2. HYPOTHETICAL EXAMPLE FOR STOP-CONTROL INTERSECTIONS

A hypothetical example with general geometry is used to illustrate the application
of the presented design aids and mathematical model in detail. Both major and
minor roads are two-lane undivided with lane widths of 3.6m each. The design
speed along major-road is 50 km/h and all maneuvers are permitted from the
minor-road. As the major-road is a two lane highway, therefore the required time
gap for critical case (turning left maneuver) for a departing minor-road vehicle is
7.5 sec. The intersection is located in the middle of the curve i.e. equidistant from
PC and PT and the skew is zero. The radius R of the curve is 600 m with a
deflection angle A equal to 10°. The other geometric variables are based on

AASHTO (2001) recommended values and are shown in Table 5.2. It is recuired
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to establish zones clear of obstruction on the inside and outside of the curve. The
example was solved considering a vehicle approaching from the left, which is the
most critical case.

5.2.1. Checking Off-Road Obstruction
Off-Road Obstruction (inside of curve)

1. Using Equation (2.1), the required sight distance d is 104.25m
2. Using Equation (3.1), radius of horizontal-curve path of approaching
vehicleis R, =600-3.6 +1.8=598.2m

3. As the intersection is equidistant from PC and PT, therefore ¢, = A/2 i.e.
5°.

Using ¢,, d;=52.2m

As d > dy, therefore, it is Case 1(b).

Using Equation (3.13), x; = 103.88 m

Using Equation (3.14b), y;=0.39 m

Using Equation (3.12), minimum required M; is determined assuming

© N o g b

different values of M,. For a range of M, (0 — 20 m), M, was found to be in
the range of (6.38-4.97 m).

9. As it is Case 1(b), check given in Equation (3.15) is required to see if
calculation of M1 is necessary. For M, = 20 m and M; = 4.97 m, using
Equations (3.4a) and (3.6b), x2 = 25.4 m and g = 591.43 m. Then, gsing,

=51.55m. As x, <gsing,, therefore calculation for M7 is not required.

Off-Road Obstruction (outside of curve)

1. Using Equation (3.2a), radius of horizontal-curve path of approaching
vehicle from the leftis: R, =600+ 3.6-1.8=601.8m

2. As the intersection is equidistant from PC and PT, therefore ¢, = A/2 i.e.
5°.
3. Using ¢, d;=52.52m
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As d > d;, therefore, it is Case 1(b).
Using Equation (3.13), x;1 = 104.01 m
Using Equation (3.14a), y1=-14m

N o o s

Using Equation (3.11), minimum required M; is determined assuming
different values of M». For a range of M. (0 — 20 m), M; was found to be in
the range of (4.67 —2.31 m).

5.2.2. Checking Major-Road Obstruction

1. As x4 calculated above is greater than P = 50 m, it implies that the object
is on tangent. Using Equation (3.23b), z; = -2.98 m. (negative sign
indicates that the object is below the observer).

2. Using Equation (3.26b) to check sightline obstruction against road surface,
-0.0042x%+0.316x -112.32 = 0, which does not produce any value of x
within the range of0<x<x,. Hence road surface does not obstruction

sightline.

It should be noted that the above check is made for the vehicle approaching
from the left for the observer on the inside of the curve. To check road surface
obstruction for the vehicle approaching from the left of the observer on the
outside of the curve (or for vehicle approaching from the right of observer on
the inside of curve), P should be subtracted from the length of vertical curve L
and used instead of P in the given equations. Also, g, should be used as gy
i.e. the positive grade.

Check for major-road obstruction for vehicle approaching from the left of
observer on the outside of horizontal curve follows:

3. Now, P is given by L - P = 750-50 = 700 m, it implies that the object is
within the curve. Using Equation (3.23a), z; = 4.39 m. (+ve sign indicates
that the object is above the observer).

4. Using Equation (3.26a) to check sightline obstruction against road surface,
-0.0042x%+0.433x -112.32 = 0, which does not produce any value of x
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within the range of0<x <x,. Hence road surface does not obstruction

sightline.

5.3. HYPOTHETICAL EXAMPLE FOR LEFT-TURNS AT SIGNALIZED
INTERSECTIONS

A hypothetical example with general geometry is used to illustrate the application
of the presented design aids and mathematical model. Both major and minor
roads are fodr—lane divided highways with median and lane widths of 4.8 m (3.6
m left-turn lanes and 1.2 m medial separator) and 3.6 m, respectively. The
design speed along the major-road is 64 km/h. Other geometric variables for the
assumed intersection are given in Table 5.3. It is required to check if there is
adequate sight distance available. If inadequate, it is required to calculate the
minimum left-turn lane offset X, which will satisfy sight distance requirement. The
procedures are as described next using the design aids and the mathematical
model.

5.3.1. Using Design Aids

Using Figure. 4.7, enter on the horizontal axis at a radius of horizontal curve of
1080 m. Project a line vertically upward until it hits the curve corresponding to the
design speed along the major-road (60 km/h for the current case). The required
minimum offset can be obtained from the correspondent value on the vertical
axis. For a radius of 1080 m and a design speed of 60 km/h, the required
minimum offset that will provide unobstructed required sight distance is 0.61 m,
identical to the offset previously obtained using the mathematical model. If the
provision of this required offset is not feasible, the designer can reduce the speed
along the major-road to satisfy sight distance requirements. For example, for the
current scenario, reducing the design speed along the major-road from 60 km/h
to 40 km/h reduces the required minimum offset to -0.06 m from 0.61m.

5.3.2. Using Mathematical Model

1. Using Equation (2.1), the required sight distance, d = 100.08 m.
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2. Using Equations (4.1) and (4.2), the total widths of major and minor roads
are, Whgor = 19.52 m and Wpiner = 19.52 m.

3. Using Equations (4.3) and (4.4), Rp = 1080 m and Ry = 1084.27 m. Note
that when the object is positioned in the center of the occupied left-turn
lane, the driver’'s eye is exactly above the centerline of the major-road (Ro
= R).

4. Using Equation (4.6), d’'= 104.35 m

5. Using Equation (4.7), the central angle ¢ of the arc with length d’ = 5.51°.

6. Using Equations (4.8) and (4.9), x; = 116.99 m and y; = -0.67 m (the
negative sign indicates thét the object is below the cbserver)

7. Using Equations (4.10-4.14), xo=22.57 mand y,=1.70 m

8. Using Equation (4.15) to check for sightline obstruction, we have: y+/x; = -
0.006 and y»/xz = 0.075

9. As ya/x»> y1/X4, the sightline to the object is obstructed.

10.To satisfy sight distance requirements, the offset should be adjusted. The
minimum value of the offset for which the sightline becomes unobstructed
is calculated using Equation (4.16). For the current case, it is found that
for an offset of 0.61 m the sightline is unobstructed. Therefore, the

required minimum offset for the given intersection is 0.61 m.

Using Equation (4.12), the required median width to accommodate the required
offset is 6.71 m. Note that the required median width of 6.71 m will increase the
total width of the major-road Wy from 19.52 m to 21.35 m. If it is desired to
keep the width of the major-road constant, the designer must reduce the width of
the through lanes along the major-road near the intersection and recheck the

offset and median width requirement. For the addressed case, it follows that:

* Reducing the lane width along the major-road to 3.19 m results in 19.51 m
major-road width, which is almost equal to 19.52 m.

= Using Equations (4.16) and (4.12), the required offset X, and median width
Mmajor are 0.65m and 6.75 m, respectively.
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Table 5.2 Input data (Example for Stop-control intersections)

Variable Value
R 600 m
Wmajor 36m
Whinor 3.6m
Winajor ’ 7.2m
Wininor 7.2m
hg 1.08 m
ho 1.08 m
L 750 m
g1 4%
9z -2%
54m
7 0°
9m 0%
P 50 m
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Table 5.3 Input data (Exampie for Left-Turns at Signalized Intersections)

Variables Values
R 1080 m
Vinajor 60 km/h
Wy 3.66 m
Mumajor 122 m
Mminor . 122 m
Yp1 12.2m
Ya 19.52 m
Yi 3.05m
Nmajor 2
Nminor 2
Vi 213 m
Muajor 4.88m
Mminor 4.88m
Xi 1.22m
XL 0.76 m
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Chapter 6: SUMMARY AND CONCLUSIONS

6.1. SUMMARY

Sight Distance is an important element of design. It is evident from past research
that provision of proper sight distance improves highway safety. Although the use
of horizontal curves along with vertical alignment (combined 3D alignments) is
usually not practiced on intersecting roadways, there are situations where
highway intersections are built on 3D combined alignments in which case sight
distance can be greatly reduced. Current design guidelines do not provide
adequate guidelines to investigate sight distance adequacy on 3D alignments.
Several sight distance models are developed in this thesis considering different
cases of 3D alignments on intersections.

6.2. MAJOR FINDINGS
6.2.1. Stop-control Intersections

1. This research has presented new mathematical models for the analysis o
sight distance at intersections under complex situations. Practical design
aids are provided to determine the exact location of obstruction. The
design aids presented can be used to evaluate sight distance for an
existing or proposed intersection. -

2. Although the cases of obstruction on the outside of the curve are less
critical than that for straight roadways, guidelines are provided for those
cases to illustrate the exact location of obstruction from the major and
minor-road. Moving the obstruction closer to the major and minor roads
means less right of way which in turn means cost saving.

3. For the case when the major-road vehicle is beyond PC (i.e. on tangent),
the results become less critical for an obstruction on the inside and vice

versa for an obstruction on the outside of curve.
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4. The check presentea for major-road surface obstruction can be used for
any location of minor-road .nd/or major-road vehicle with respect to

vertical alignment.
6.2.2. Left-turns at Signalized Intersections

1. Where an intersection and a median both exist on a curve, the preferred
treatment should be to make the median continuous and deter the turns to
nearby median openings on tangents. However, it might not always be
feasible to do so, and hence for cases where the left-turns are present on
horizontal curves, sight distance adequacy should be carefully checked.

2. The developed model was translated into an Excel worksheet to make it
easier for the users. Given the model input (for'geometric and other
variables,), a step-by-step procedure was presented to calculate the
required minimum left-turn lane offset, which is used to calculate the
required minimum median width along major-road.

3. Since no actual data were available to determine the exact positioning of
vehicles, the design graphs were developed assuming that the observer
and obstruction are located at the center of the occupied lanes. This
results in conservative values because drivers often position their vehicles
at the intersection in a way that attempts to improve sight distance as
much as possible. It is expected that actual vehicle positioning will result in
reduced offset requirements.

4. Where the major-road is located on a vertical curve, the sightline may be
obstructed. The adequacy of sight distance can be checked using basic
vertical curve geometry presented. If the sightline is obstructed by the
vertical curve, the vertical alignhment can be improved or appropriated
posted speed can be calculated.

6.3. RECOMMENDATIONS

Based on the research conducted in this thesis, the following recommendations

are made:
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. The methodology developed considers the vertical obstruction caused by
the road surface on crest vertical curves. Further research is required to
explore the case of sag vertical curve where the sightline may be
obstfucted by an overpass. This case would be more critical for trucks and
buses.

. The check presented for major-road surface obstruction can be used for
any location of the intersection and/or object with respect to the vertical
alignment. This check, however, is approximate because it assumes that
the vertical curve lies in a vertical plane (no horizontal curve exists). This
approximation is reasonable'sincev the minor-road vehicle is stopped close
to the major-road. For the case where there is a median barrier along the
major-road that may obstruct the sightline to a vehicle approaching from
right, this approximation would not be appropriate. In such a case, it is
recommended that the finite element method should be used (Easa et. al.
2004).

. It should be noted that the skew of the intersection will have no effect on
the total available sight distance (from the observer to the object) for the
addressed case in chapter 4 since the observer, obstruction, and object
are located on the major-road. In other words, the sightline to the object
and obstruction will remain unaffected by the skew. However, the skew
would affect the positioning of the left-turn vehicles. For such cases, it is
strongly recommended that vehicle positioning should be observed prior to
the application of the presented methodology. Also, the vehicles may need
slightly larger or smaller time gaps (depending on the angle of the skew),
and this may require adjustment to the AASHTO time gaps.
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APPENDIX A: NOTATION

D = Distance between the driver’s eye of vehicle on the minor road and the edge
of the major-road

d = Total curved path (assumed to the centerline of minor-road) (m)

d = Required intersection sight distance (m)

d; = Distance of intersection from PC

g+, = Grade of first tangent of the vertical curve

g- = Grade of second tangent of the vertical curve

gm = Grade of the minor-road (positive for upgrade and negative for downgrade)
hq = Driver's eye height on minor-road

hg = Driver's eye height on minor-road

L = Length of vertical curve

M; = Distance between the obstruction and the edge of the major-road
(perpendicular to the tangent to the curve)

M1 = Distance between the obstruction and the edge of major-road (perpendicular
to tangent segment) »

M» = Distance between the obstruction and the edge of the minor-road

Mpajor = Median width along major-road (m)

Mminor = Median width along minor-road (m)

Mmasjor = Width of medial separator along major-road (m)

Mminor = Width of medial separator along minor-road (m)

Nmajor = Number of through lanes along major-road (in one direction)

Nminor = Number of through lanes along minor-road (in one direction)

P = Distance from PVC to the path of the minor-road vehicle

PVC = Point of vertical curvature

PVT = Point of vertical tangency

r = Rate of change of grade of the vertical curve

R = Radius of horizontal curve (along the center of major-road) (m)

Ry, = Radius of the curved path of the observer (under driver's eye) (m)
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R; = Radius of the curved path of the object (Centerline of inside lane) (m)

R2 = Radius of the curved path under the right front corner of the obstruction (m)
R, = Radius of the horizontal-curve path for approaching vehicle

Vimaior = Design Speed along major-road (km/h)

Wajor = total width of major-road

Wiinor = total width of minor-road

wy = Width of left turn lanes (m)

Wmajor = Lane width along major-road (m)

Wminor = Lane width along minor-road (m)

Xi = Lateral position of observer (distance of driver's eye from the left edge of
the left-turn lane from which it is turning) (m)

X, = Lateral position of the obstruction (distance of the front left-corner of
obstruction from the left edge of the left-turn lane from which it is turning) (m)

Xo = Left-turn lane offset (m)

X, = Lateral distance of front right corner of obstruction from the right edge of the
left-turn lane from which it is turning (m)

Y; = Distance from driver's eye to the front of the vehicle (m) = 2.4 m (AASHTO)
Yo = Distance from the front of the vehicle to the edge of the mino.r-road (m)

Yp1 = Longitudinal position of observer (distance from front of the vehicle to the
left-edge of the lane into which it is turning)

Yp2 = Longitudinal position of obstruction (distance from front the right corner of
the vehicle to the left-edge of the lane into which it is turning)

a = Angle between the sightline to the object and the x-axis

B = Angle between the sightline to the obstruction and the y-axis

68 = skew angle of the intersection

¢ = Central angle of the curved path with length d’ (degrees)

¢ = Central angle of the curved path with length d,; (degrees)

¢2 = Central angle of the curved path with length d> (degrees)
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INTERSECTIONS
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APPENDIX B: ANALYSIS WORKSHEETS - STOP-CONTROL
INTERSECTIONS

Case 1. Intersection lies on Curve and Object lies on
curve/ tangent - Obstruction Outside the Curve

INPUT DATA
R 600 hq 1.08
Winai 3.6 D 5.4
Winin 3.6 0 0
Winat 7.2 t, 7.5
Wi 7.2 v 40
hg 1.08 u 0
d4 83.4
CALCULATIONS
d 83.4 $1 7.944319907
d; 0 X1 83.17519441
Rn 601.8 Y1 12.97556507

Table for M4 and M; for Vehicle approaching from Left

M2 x2 M,
0 54 4.55758476
4 94 3.946741325
8 13.4 3.362286034
12 17.4 2.804295187
16 214 2.272841903
20 25.4 1.767996073
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Case 1. Intersection lies on Curve and Object lies on

curve/ tangent - Obstruction Inside the Curve

INPUT DATA
R 600 ho 1.08
Winai 3.6 D 5.4
Wain 3.6 8 0
Wi 7.2 tq 7.5
Wirin 7.2 \ 40
hg 1.08 u 0
dq 83.4
CALCULATIONS ‘
d 83.4 ¢1 7.988077585
d; 0 X4 83.13008191
Rn 598.2 y1 1.395669702
Table for My and M; for Vehicle approaching from Left
M2 x2 My
0 5.4 5.309339481
4 9.4 5.22865093
8 13.4 5.120905165
12 17.4 4.986116973
16 21.4 4.82430484
20 25.4 4.635490933
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Case 2. Intersection lies on Tangent and Object lies on
tangent/curve - Obstruction Outside the Curve
INPUT DATA
R 250 he 1.08
Winaj 36 D 5.4
Wnin 3.6 g 0
Winsj 7.2 . 7.5
Wiin 7.2 % 40
hg 1.08 u 0
d1 20.85
CALCULATIONS
d 83.4 ¢! 14.24014611
d2 62.55 ‘ Xy 82.78942545
Rn 251.8 y1 14.93700081
Table for M1 and M, for Vehicle Approaching from Left
M, X2 M;
) 5.4 4425723347
4 9.4 3.704036937
8 13.4 2.982350527
12 17.4 2.260664117
16 21.4 1.539570521
20 25.4 0.857974155
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Case 2. Intersection liex - Tangent and Object lies on
Tangent/curve - Obsisuction Inside the Curve
INPUT DATA
R 500 hg 1.08
Winai 3.6 D 5.4
Win 3.6 v 0
Wina 7.2 tq 7.5
Winin 7.2 v 40
hy 1.08 u 0
d1 20.85
CALCULATIONS '
d 83.4 ¢2 | 7.193598973
d2 62.55 X1 | 83.23579705
Rn 498.2 Y1 |3.278516958
Table for M1 and M, for Vehicle Approaching from Left
M x2 M,
0 5.4 5.187303153
4 Q4 5.029749933
8 13.4 4.872196714
12 17.4 4714643494
16 214 4.556782757
20 254 4.378498398
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APPENDIX C

ANALYSIS WORKSHEET —~ LEFT-TURNS AT
| SIGNALIZED INTERSECTIONS
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APPRENDIX C: ANALYSIS WORKSHEET -~ LEFT-TURNS AT SIGNALIZED

INTERSECTIONS
Input Data
Speed on Major Road Ve = 48
Rad of Horz curve (Centerline of Maj Rd) R = 1500
Lane Width along Major Road W0 = 3.66
Lane Width along Minor Road W0, = 3.66
Width of Left Tumn Lane w,= 3.66
Medial Seperator along Major Road m,,,,= 1.22
Medial Seperator along Minor Road m, = 1.22
No. of lanes in one direction along Major Road nq; = 2
No. of lanes in one direction along Minor Road n,,, = 2
Median Width on Major Road My; = ) 4.88
Median Width on Minor Road My, = 4.88
Distance from Driver's eye (Observer) to the front of vehicle Yi = 3.05
Longitudinal distance of Observer Veh Yp, 12.2
Longitudinal distance of opp left turn veh Yp, 12.2
Lat dist of driver's eye from left-edge of left-turn lane 'X{’ = 1.22
Lat post of opp left turn veh w.r.t left-edge of occupied lane "X/ 0.76
Vehicle width ‘Vw'= 2,13
Calculated Values
X =W, . V,-X, = 0.77
Current Offset =M pnyj - 2M gy - W, = -1.22
Total width of Major Road "W o = 19.52
Total width of Minor Road 'W s = 19.52
Dist. from front of Observer to the edge of Minor Road:Y,= 0
Dist. from Observer's eye to the edge of Minor Road:Yi+Yo = 3.05
Time gap 'ty = 6
Ro 1500
Ry 1504.27
Required Sight Distance 'd' 80.064
Distance upto the centerfine of Min.Rd d' 84.334
@ . 3.212177514
X4 . 97.09982902
Ly 427 -
Y1 1.961307188
X2 22.57
Required Offset ‘X' 0.017067409
Equating Current offset to Req and solving for Median width, Req M, = 6.117067409
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