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FOREWORD
By Staff
Transportation Research
Board

This report presents procedures for estimating the operational, safety, and access
impacts of different midblock left-turn treatments and includes guidelines for selecting
among raised-curb medians, two-way left-turn lanes, and undivided cross sections. The
report will be useful to designers of multilane roads with unrestricted access.

Midblock left-turn lane treatments, which allow access to adjacent businesses and other
properties, directly affect accident rates and roadway capacities. Although there is a general understanding of the impact of these treatments on safety, few, if any, studies provided
explicit information on the capacity and operational effects of these facilities. Research was
needed to provide guidelines and criteria for selecting appropriate midblock left-turn lane
treatments.
Under NCHRP Project 3-49, the University of Nebraska-Lincoln evaluated current
practice, collected data on the different types of left-turn treatments through field observations and simulations, and prepared this guide for practitioners to use in analyzing different treatments. The project included raised-curb median, two-way left-turn lane, and undivided cross sections.
The report presents detailed methods for determining the effects of different treatments
on operations (including effects on speed and delay and the probability of queue spillback),
safety, and adjacent businesses. These detailed models were used with typical construction
costs to generate tables that can be used to quickly assess the cost-effectiveness of a leftturn treatment. The results are applicable to four-lane to seven-lane cross sections.
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CAPACITY AND OPERATIONAL EFFECTS OF
MIDBLOCK LEFT-TURN LANES

SUMMARY

The objective of this research project was to develop a methodology for evaluating alternative midblock left-turn treatments on urban and suburban arterials. The key requirements
for the evaluation methodology were that it be quantitative and sensitive to the operational
effects, safety effects, and access impacts relating to a midblock left-turn treatment. The
methodology had to be applicable to three common midblock left-turn treatments: the
raised-curb median, the flush median with two-way left-turn lane (TWLTL) delineation,
and the undivided cross section. The methodology developed for this research focuses on
the evaluation of midblock street segments on urban and suburban arterials. In this context,
a midblock segment refers to the street segment between, but exclusive of, the bounding
signalized intersections.
The approach taken to conduct this research was to develop a comprehensive methodology for evaluating midblock left-turn treatments, collect field data to calibrate the methodology, and use the calibrated methodology to develop treatment selection guidelines. The
approach was applied to the parallel development of three models that comprise the evaluation methodology: the operations model, safety model, and access impact model. These
models can be used to evaluate the operational effects, safety effects, and access impacts of
a specific midblock left-turn treatment. The operations and safety models were used to
develop midblock left-turn treatment selection guidelines based on a benefit-cost analysis
approach.
Full-scale field studies were conducted to obtain the data necessary to refine and calibrate
the operations, safety, and access impact models. Traffic flow data were collected during
32 field studies in eight cities and four states. Three-year accident histories for 189 street
segments were obtained from cities in two states. Finally, 165 owners and managers of businesses located along four arterials in four cities and three states were surveyed to determine
the effect on property access and business activity of a recent change in midblock left-turn
treatment. In the case of the traffic data, 117 additional simulation runs were made to
expand the range of field data.
The operations and safety models were used to develop guidelines for selecting a midblock left-turn treatment. The performance measures predicted by these models were used
to compute the road user benefits associated with a change in left-turn treatment (e.g., from
an undivided cross section to a TWLTL). This benefit was then compared with the con-
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struction cost associated with the treatment conversion. Arterial conditions that were found
to be cost-effective were identified in the selection guidelines. The guidelines are sensitive
to the following conditions: traffic demand, access point density, number of traffic lanes,
and land use.
The following conclusions were reached as a result of this research:
1. The performance of an unsignalized access point often is degraded by the close proximity of another intersection.
2. Traffic platoons created by upstream signalized intersections can affect the operation
of an access point by increasing the capacity of its traffic movements.
3. The application of the operations model to a wide range of traffic demand and geometric conditions indicated that the raised-curb median and the TWLTL yield similar delays to arterial drivers. The undivided cross section yields significantly higher
delays than the raised-curb median and TWLTL.
4. The operations model analysis indicates that any of the left-turn treatment types can
function without causing congestion in arterial traffic movements at average daily
traffic demands of 40,000 vehicles per day (vpd) or less.
5. Accidents are more frequent on street segments with higher traffic demands, driveway densities, and public street densities. Accidents also are more frequent when the
land use is business or office as opposed to residential or industrial.
6. The undivided cross section has a significantly higher accident frequency than the
TWLTL and raised-curb median treatments when parallel parking is allowed on the
undivided street. When there is no parking allowed on either street, the difference
between the undivided and TWLTL treatments generally is small and negligible for
average daily traffic demands of less than 25,000 vpd. In general, the raised-curb
median treatment appears to be associated with fewer accidents than the undivided
cross section and TWLTL, especially for average daily traffic demands that exceed
20,000 vpd.
7. The majority of street reconstruction projects considered in this research that involve
a left-turn treatment conversion resulted in no change in the level of access provided
to adjacent properties. Two-thirds of these “no-change” projects involved a conversion from an undivided cross section to a TWLTL. Very few projects resulted in more
property access, such as the conversion from a raised-curb median to a TWLTL.
8. Business owners believe that the conversion from an undivided cross section to either
a raised-curb median (with openings every 330 ft) or a TWLTL will improve arterial
traffic conditions and business conditions (i.e., property values, access, and sales). In
contrast, business owners believe that the conversion from either a raised-curb median
(with openings every 330 ft) or a TWLTL to a raised-curb median with openings
every 660 ft will not improve business opportunities.
9. Business owners believe that customers rank property access much lower in importance than either service or quality. This finding indicates that the typical business
may be able to overcome some reduction of access if it offers good, reliable service.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

RESEARCH PROBLEM STATEMENT

The continuing growth and development of our nation’s
cities has placed increasing pressure on the urban transportation system. This pressure is evidenced by increased traffic
demand, longer periods of congestion, and reduced safety on
most city streets. There are two primary sources of these
operational and safety problems. First, there is an inadequate
number of traffic lanes on arterials relative to the growing
demand. Second, there is conflict between arterial through
and turning vehicles. Turning vehicles at signalized intersections consume the capacity that otherwise would be available
to through traffic movements. Turning vehicles at driveways
also can be a major cause of turbulence in the arterial traffic
stream.
Transportation agencies usually address operational and
safety problems on existing arterials by using a combination
of geometric and traffic control improvements. Geometric
improvements involve the addition of arterial through lanes
or midblock left- or right-turn treatments. Midblock left-turn
treatments can be categorized as either direct or indirect,
depending on the manner in which the arterial left-turn
maneuver is completed. Direct left-turn treatments, typically
found within the arterial cross section, include the raisedcurb median with left-turn bays, flush median with two-way
left-turn lane (TWLTL) delineation, flush median with delineated left-turn bays, and undivided cross section (i.e., no
median). Indirect left-turn treatments, typically adjacent to
the arterial, include a jug handle or an at-grade cloverleaf.
Right-turn treatments include the provision of a right-turn
bay or a larger turn radius. Traffic control improvements
include signalization and turn prohibition.
Of these improvements, midblock left-turn treatments are
believed by many practitioners to offer the most promise in
terms of improved operations and safety. However, the
extent of the improvement is difficult to assess with existing
operational and safety evaluation procedures. This difficulty
stems from the complexity of traffic operations on the arterial. In fact, this difficulty is attested to by the preponderance
of publications discussing the operational effectiveness of
one or more left-turn treatments, but offering little in the
way of a comprehensive, quantitative assessment. Some of
these publications offer broad-based, subjective insights into
the relative merits of many midblock left-turn treatments,

whereas others present quantitative findings from a limited
study of only one or two treatments. Although the conclusions from these studies are generally consistent (i.e., “treatment A is generally better than treatment B under the conditions studied”), a rational method for evaluating alternative
treatments under a wide range of conditions has yet to be
developed using a large national database. Moreover, guidelines identifying conditions in which a specific midblock leftturn treatment offers the safest and most efficient operation
do not exist.
In summary, a methodology is needed for quantitatively
evaluating alternative midblock left-turn treatments on urban
and suburban arterials. This methodology would provide the
procedures and analytic tools needed to efficiently conduct
the evaluation. This methodology would be comprehensive
in its scope so that it includes the operational effects, safety
effects, and access impacts of each left-turn treatment. The
performance measures predicted by the methodology would
be suitable for a cost-benefit analysis and thereby would
facilitate the development of guidelines that identify the most
cost-effective left-turn treatment for a given arterial.

RESEARCH OBJECTIVE AND SCOPE

The objective of this research project is to develop a quantitative methodology for evaluating alternative midblock leftturn treatments on urban and suburban arterials. The project
results will be applicable to a full range of arterial cross sections, including raised-curb medians and cross sections with
up to seven lanes. The product of this study will be in the
form of a guide that allows the transportation practitioner to
make decisions regarding the most appropriate midblock
left-turn treatment based on available data. The research also
will produce a better understanding of the relationship
between the type of midblock left-turn treatment and adjacent traffic generators.
The key requirements of the evaluation methodology are
that it be quantitative and that it be sensitive to the operational effects, safety effects, and access impacts relating to
the midblock left-turn treatment. The operational effects
relate primarily to the delays incurred by the arterial and
access point traffic movements. The safety effects relate to
the frequency and severity of vehicular accidents, although
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unsafe and erratic maneuvers also are important safety clues.
The access impacts relate to the number and function of
access points provided to properties adjacent to the arterial.
The more common midblock left-turn treatments used on
urban and suburban arterials are as follows:
• Flush median with TWLTL delineation;
• Raised-curb median with alternating left-turn bays (nontraversable median area);
• Flush median with alternating left-turn bays (traversable
median area); and
• Undivided cross section (i.e., no median).
Other treatment types include the flush median with continuous parallel left-turn lanes, raised-curb median with
acceleration lanes, mountable median with TWLTL delineation, and median channelization for U-turn or right-turn
access only.
The methodology developed for this research focuses on
the evaluation of midblock street segments on urban or suburban arterials. In this context, a midblock segment refers to
the section of street between, but exclusive of, the bounding
signalized intersections. Access everywhere along the midblock segment is by way of unsignalized access points. This
segment has a constant cross section and one type of midblock left-turn treatment.
The following criteria were used to define an urban or suburban arterial segment, as related to the study objectives:
•
•
•
•
•
•

Traffic volume exceeding 7,000 vehicles per day (vpd)
Speed limit between 30 and 50 mph
Spacing of at least 350 ft between signalized intersections
Direct access from abutting properties
No angle curb parking (parallel parking is acceptable)
Located in or near a populated area (e.g., population of
20,000 or more)
• No more than six through traffic lanes (three each
direction)
• Arterial length of at least 0.75 mi.
These criteria eliminated from consideration low-volume
two-lane roadways, rural highways, expressways, roads
through small towns, and low-speed collector streets.
Several terms are traditionally used to describe a location
of unsignalized access to the arterial, including driveway,
access point, unsignalized intersection approach, and public
street approach. To eliminate confusion, the following terms
are defined for this report:
• Access points—All unsignalized access locations. An
access point can be either a driveway or a public street
approach.
• Driveway—Any location on the arterial where the curb
along the outside lane is removed or dropped for 10 or

more ft to facilitate vehicular access to the adjacent
property.
• Access point density—Total number of access points on
both sides of the major-street segment (i.e., a two-way
total) divided by the length of the segment (in mi). (Driveway density and public street approach density are
defined in a similar manner.)
At this point, it is useful to clarify the meaning of other
terms found in the literature, because they are used in this
report. It is assumed that a major street is classified as an arterial and a minor street is classified as a collector, local street,
or driveway. The through traffic movements on the arterial
are referred to as priority movements; all other drivewayrelated movements are nonpriority movements.
The aforementioned definitions are used throughout the literature dealing with the safety and operational effects of midblock left-turn treatments. These definitions, however, are less
rigidly applied in the literature on operational effects. Specifically, a distinction between access points and driveways is
not made in this literature. Moreover, all driveways are generally assumed to have some minimum traffic volume (i.e.,
they are assumed to be “active”). In this latter sense, it is
assumed that a driveway with negligible volume has negligible effect on traffic operations. Throughout this report, the
term “access point” is used instead of driveway or public street
approach; however, any such reference in an operational context infers that the access point is active. In this report, an
active access point is defined as a driveway or street with an
entering volume of 10 vehicles per hour (vph) or more.
RESEARCH APPROACH

The approach taken in conducting this research was to
develop a comprehensive midblock left-turn treatment evaluation methodology, collect field data to calibrate this
methodology, and use the calibrated methodology to develop
treatment selection guidelines. This approach was applied
to the parallel development of three models that comprise
the evaluation methodology. These models, the operations
model, safety model, and access impact model, can be used
collectively or individually to evaluate the operational
effects, safety effects, and access impacts associated with a
specific midblock left-turn treatment. The operations and
safety models were used to develop midblock left-turn treatment selection guidelines based on a cost-benefit analysis.
A survey of practitioners and a review of the literature
were conducted to determine the current procedures, experiences, and needs with respect to evaluating alternative leftturn treatments. The survey addressed a variety of issues
including the availability of existing treatment selection
guidelines, volume or access point density thresholds that
bound the effective range for a given treatment type, and the
types of left-turn treatments being used currently. The
insights obtained from the survey, literature review, and two
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pilot field studies were used to identify traffic flow, safety,
and access problems associated with common midblock leftturn treatments. Theoretic model forms were then developed
to quantify the nature of the problem and its effect on relevant performance measures (e.g., delay, accident frequency,
and property values).
Full-scale field studies were conducted to obtain the data
necessary to refine and calibrate the theoretical model forms.
Traffic flow data were collected during 32 field studies in
eight cities and four states. Three-year accident histories for
189 street segments were obtained from cities in two states.
Finally, 165 business owners or managers located along four
arterials in four cities and three states were surveyed to determine the effect of a recent change in midblock left-turn treatment on property access and business activity. In the case of
traffic data, 117 additional simulation runs were made to
expand the range of field data.
The three models developed for this project predict quantitative performance measures that define the operational

effect, safety effect, and access impact of a midblock leftturn treatment. The operations model predicts the delay to
arterial left-turn and through movements. The safety model
predicts the annual frequency of accidents along the midblock street segment. The access impact model predicts an
index value that represents the proportion of business owners who would perceive a given left-turn treatment as having
a favorable effect on business.
The operations and safety models were used to develop
guidelines for selecting a midblock left-turn treatment. The
performance measures predicted by these models were used
to compute the road user benefit associated with a change in
left-turn treatment (e.g., from an undivided cross section to
a TWLTL). This benefit was then compared with the construction cost associated with the treatment conversion. Arterial conditions that were found to be cost-effective were identified in the selection guidelines. The guidelines are sensitive
to the following conditions: traffic demands, access point
density, number of traffic lanes, and land use.
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CHAPTER 2

SELECTION GUIDELINES FOR MIDBLOCK LEFT-TURN TREATMENTS

This chapter describes the development of guidelines for
selecting a midblock left-turn treatment. These guidelines
were developed using the operations and safety models to
compute the operational and safety effects of three midblock
left-turn treatments: the raised-curb median, the two-way
left-turn lane (TWLTL), and the undivided cross section. The
operational effect of each treatment was computed as the
annual delay incurred by arterial through and left-turn movements. The safety effect of each treatment was computed as
the annual number of arterial accidents. The costs associated
with these delays and accidents were used to compute the
road user benefits associated with the conversion from one
treatment to another. These benefits were then compared
with the annualized cost of the conversion to determine traffic conditions that warranted a conversion on a cost-effective
basis. These conditions formed the basis for the treatment
selection guidelines provided at the end of this chapter.
The following two sections describe the procedures used
to compute the operational and safety effects for a series of
typical arterial traffic and geometric conditions. The last section describes the guidelines formed from the findings of the
operational and safety analyses.

OPERATIONAL EFFECTS OF MIDBLOCK
LEFT-TURN TREATMENTS
Approach

This section describes the effect of three alternative midblock left-turn treatments on the operational performance of
an urban arterial. The operational performance of each treatment was evaluated using the operations model developed
for this research project. This model embodies the operational analysis techniques described in Chapters 9 and 10 of
the 1994 Highway Capacity Manual (HCM) (1). To facilitate
this analysis, the operations model was reproduced in software form. A more detailed description of the operations
model is provided in Chapter 3.
The performance assessment of each alternative midblock
left-turn treatment was based on an examination of the delays
incurred by the various traffic movements at each unsignalized intersection formed by the major street and a driveway
or unsignalized public street. Delay was selected as the most

appropriate measure of performance because it is recognized
by the HCM (1) as the measure of effectiveness defining
level of service. Moreover, delay is a desirable measure of
performance because it can be incorporated into an economic
assessment of performance that considers a facility’s lifecycle costs.
The focus of a performance evaluation is the delays to two
traffic movements at each unsignalized intersection. Of the
many possible traffic movements associated with each intersection, the two movements most directly affected by alternative midblock left-turn treatments are those on the majorstreet approach to the intersection. The movement most
directly affected is the left-turn from the major street. This
movement’s performance is affected by the presence of a
median storage area.
The storage area provided by the raised-curb median and
TWLTL treatments removes the left-turns from the through
traffic stream, keeping the through traffic lanes open to
through traffic only. This separation of flows increases leftturn capacity and reduces left-turn delay by increasing the
frequency and size of available gaps in the opposing traffic
stream, relative to the undivided cross section. Because the
raised-curb median treatment always has less storage space
than the TWLTL, differences between these two treatments
also can emerge when left-turn demands are high enough to
precipitate the overflow of the raised-curb median’s bay storage area.
The other movement directly affected by midblock leftturn treatment is the major-street through movement. This
movement is affected when one or more left-turning vehicles
are queued in the inside through lane. Left-turn vehicles
queue in the inside lane for the raised-curb median and
TWLTL treatments when the left-turn queue exceeds the
available median storage area. Similarly, left-turn vehicles
frequently queue in the inside lane for the undivided treatment because of the lane’s lack of a median storage area.
Through vehicles in the inside lane approaching a left-turn
queue will merge (i.e., change lanes while maintaining
speed) into the adjacent through lane, if possible. However,
as volume levels increase, some through vehicles will not be
able to merge and will have to stop at the back of the left-turn
queue. At this point, these through vehicles are delayed until
they are able to change lanes or until the left-turn queue
ahead of them dissipates.
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Other traffic movements at the unsignalized arterial intersection are affected by midblock left-turn treatments; however, these effects are indirect. For example, traffic queues
extending back from a downstream intersection (e.g., resulting from bay overflow) could impede the entry of these
movements. Also, turbulence in the inside through lane
resulting from major-street left-turn activity could degrade
the structure of traffic platoons from the upstream signal and
thereby reduce the capacity available to these movements.

•
•
•
•
•

Procedure

The effect of each midblock left-turn treatment on the
operational performance of a typical urban arterial street
segment was determined using the operations model. This
model was used to evaluate treatment effects over a wide
range of traffic demands and geometric configurations. Traffic demands included the major-street flow rate and left-turn
percentage. Geometric configurations included the number
of through traffic lanes and the density of access points along
the major street. It should be noted that no distinction is made
in this analysis between a driveway and an unsignalized public street approach; the term “access point” is used hereafter
to denote either type of access.
The performance relating to each left-turn treatment was
determined from a combination of major-street left-turn and
through delays. Specifically, the delays to these two movements were computed for individual hourly flows representing those typically found during the course of a year for each
average daily traffic and geometry case. The annual vehiclehours of delay to the two affected movements were determined by aggregating their individual hourly delays. Guidance on the operational performance of any treatment and the
relative performance difference between any two treatments
can be obtained by comparing the annual delays computed in
this manner.
Analysis Scenarios

The combinations of traffic demand and geometry considered for this performance evaluation were selected to be representative of typical urban arterials. To obtain this representation, an idealized street segment with all the attributes
of a typical urban arterial was configured. To facilitate discussion of specific traffic movements, this street is defined as
oriented in an east-west direction. The specific attributes of
the study segment are as follows:
• The segment is 1⁄ 4 mi in length.
• The cross section of the major street contains four or six
through traffic lanes and is constant throughout the segment and symmetric about the centerline.
• The effect of nonideal conditions (e.g., trucks, lane
width, area type, and buses) is incorporated in the satu-

•
•

•

•
•
•

ration flow rate at the signalized and unsignalized (i.e.,
access point) intersections.
Both ends of the segment have a signalized intersection.
The phase sequence, phase duration, and traffic demands are equivalent at both signalized intersections.
A minimum-delay signal offset is maintained between
the two signalized intersections.
Traffic demands in each direction along the major street
are equivalent (including turn percentages).
Turn percentages at each unsignalized intersection are
balanced so that there is no net loss or gain in traffic
demand along the major street.
Left-turn and through (i.e., cross) movement volumes
from the access points are negligible.
Only “active” access points (i.e., access points with an
entering volume of 10 vph or more) are considered on
the street segment.
Access points on opposite sides of the street are located
so that they are directly opposite one another, thereby
making a four-leg intersection with the major street.
Access points are evenly spaced along the segment.
Access points are not permitted within 300 ft of a signalized intersection approach.
Median openings are provided at every access point;
thus, U-turn maneuvers are negligible.

Segment Length
The 1⁄ 4-mi segment length was selected because it represents a typical signal spacing for urban arterials. Experience
with the operations model indicates that longer segment
lengths have a negligible effect on the operational performance of the arterial (as it relates to the midblock left-turn
treatment); hence, the findings reported in the next section
can be extrapolated to longer segment lengths. The effect of
shorter lengths can be significant depending on the type of
signalization, density of the through movement platoon, ability to obtain efficient two-way progression, and length of the
queues extending back from the signalized intersections into
the study segment. The reported findings, therefore, should
be used with caution for segments that are less than 1,000 ft
in length.
Cross Section
The cross section of the study segment contains either four
or six through traffic lanes. This range in lanes was determined to be typical of the sites found during the field studies
to have operational problems and sufficient traffic demand to
make these problems significant. Segments with only two
through lanes were not included in the evaluation because
arterials of this type with significant operational problems are
believed to occur with much lower frequency than those with
four or six lanes.
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The cross section of the major street is constant throughout the length of the study segment and is symmetric about
the centerline. In other words, one midblock left-turn treatment is applied throughout the length of the study segment.
The symmetric attribute indicates that both travel directions
will have either two lanes or three lanes; no unbalanced lane
combinations were used. In addition, the study segment does
not have bays for right-turn movements exiting the major
street.
Saturation Flow Rate
A saturation flow rate of 1,700 vphgpl was used at the signalized and unsignalized intersections to account for nonideal traffic and geometric conditions. This variable, which
is a well-recognized input into the operational evaluation of
signalized intersections, also was incorporated into several of
the component models used to enhance the unsignalized
intersection analysis procedure. The saturation flow rate used
for this evaluation represents a reduction from the ideal rate
of 1,900 vphgpl to account for the effect of trucks, buses,
narrow lane widths, area type, and so on in combinations
typically found at real-world urban arterials.
Signalized Intersections
Signalized intersections have a very significant effect on
the flow of traffic along the major street. Specifically, intersection signal timing promotes the cyclic flow of dense platoons of traffic, followed by periods of significantly lower
flow. These alternating high and low flow rates tend to
increase the capacity of the nonpriority traffic movements at
the unsignalized access points beyond that found when
arrival headways are more randomly distributed. Because
signalized intersections are inherent to urban arterials, it is
essential that they be included at the boundaries of the study
segment so that the effect of traffic platooning is incorporated in the findings from the performance evaluation.

The signal timing characteristics for the signalized intersections are listed in Table 2-1. The phase durations reflect
an equitable split of the available cycle time relative to the
corresponding traffic demands and available lanes. Traffic
movements entered the study segment as left-turn, through,
or right-turn vehicles at the upstream signalized intersection.
This approach was taken to replicate the effect of secondary
platoons formed by the intersection turn movements (relative
to the main platoon formed by the through movement). The
minimum delay offset between the through signal phases at
the two bounding intersections was determined using a timespace diagram.
Traffic Volumes
The traffic volume and turn percentages in each travel
direction along the study segment were set at the same values.
This approach resulted in a 50-50 directional split in arterial
traffic flow. This split was found to be conservative in that
other values would yield improved operational performance.
Specifically, all other splits would increase volume in one
direction and reduce it in the other direction. This imbalance
matched an increased left-turn volume with an increased leftturn capacity in one direction and decreased left-turn volume
and capacity in the other direction. The capacity increase generally exceeded the volume increase for the one direction,
resulting in less delay and queueing for that direction. For the
other direction, the volume reduction tended to mitigate the
increase in total delay. The net result was that an unequal
directional split would yield lower delays than would an equal
split. Therefore, it was reasoned that a delay-based evaluation
of the relative merits of alternative midblock treatments based
on a 50-50 directional split would be conservative in the
context of it being a worst-case assessment.
Turn Movements
The turn percentages were the same at each access point
and balanced so that there was no net loss or gain in traffic

TABLE 2-1 Characteristics of the signalized intersections bounding the study segment
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demand along the street segment. This balance was achieved
by specifying the major-street left- and right-turn movement
percentages and then adjusting the access point right-turn
movement percentage to achieve a balanced flow condition.
The left-turn and through (cross) movements from the access
points were assumed to be negligible based on observations
made during the field studies. It is not expected that these latter two movements would have a direct impact on the magnitude of the major-street left-turn and through movement
delays; hence, the findings reported in the next section also
should be applicable to street segments having a small
amount of left-turn or through movement volume exiting the
access point.
The turn percentage for major-street left- and right-turn
movements at each unsignalized intersection was determined
by the number of access points in each direction of travel and
the overall turn percentage assigned to the study segment.
The following terms are defined for the eastbound direction;
the same definitions apply to the westbound direction.
The left-turn percentage for the eastbound direction of the
study segment is defined as follows:
PL =

VL
V

(1)

where:
PL  left-turn percentage for the eastbound segment
VL  total number of vehicles turning left from the eastbound major street into an access point
V  total number of eastbound vehicles entering the
segment.
A similar definition is applied to the right-turn percentage
for the eastbound segment PR.
The left-turn movement percentage at any one access point
is defined as follows:
pL =

PL
n

(2)

where:
pL  average left-turn percentage at any one access point
for the eastbound segment
n  number of access points located on the south side of
the major street.
As before, a similar definition is applied to the rightturn percentage at any one access point for the eastbound
segment pR.
A review of turn percentages at several field study sites
indicated that both PL and PR varied between 5 and 13 percent. Based on these data, it was determined that the left-turn
percentage for the segment PL would be varied between 0 and
30 percent and that the right-turn percentage PR would be
fixed at 10 percent. The left-turn percentage was varied

because of its direct impact on the major-street left-turn delay
and, hence, the major-street through movement delay. The
right-turn percentage was fixed at a representative value to
provide a realistic balance between resource requirements
and the level of effort needed for the analysis of other
variables.
Active Access Points
The access points included in the study segment represent
access points with sufficient volume to have some effect on
traffic operations. In this context, the access point density
reported for the study segment represents the density of
active access points (i.e., those with entering volumes of 10
vph or more). Inactive access points were excluded to better
represent the traffic-related effect of access point density on
arterial operations.

Access Point Locations
The access points on the study segment are evenly spaced
and located opposite one another where they intersect the
major street. This approach was taken to facilitate a direct
comparison of the midblock left-turn treatments. Specifically, the raised-curb median treatment is most commonly
associated with the aforementioned access point location
scheme. Although this is not always true for the TWLTL or
undivided cross section, a comparison of relative differences
among all three treatments requires a common access point
location scheme to preclude the effects of uneven spacing or
staggered positioning from confounding the interpretation of
the findings. Moreover, the scheme used in this evaluation is
consistent with preferred engineering practice in the context
of access point spacing and alignment (i.e., uneven spacing
and staggered positioning can degrade traffic operations and
typically result from a lack of effective access management).
Hence, the findings from this evaluation will form an appropriate basis for guidelines for the selection of midblock treatments wherein accepted access management techniques will
be applied.
Access points were not included in the vicinity of signalized intersection approaches (i.e., within 300 ft of the stop
line). This approach was taken to be consistent with effective
access management principles (in the context of the development of guidelines from the evaluation findings). Access
points in the vicinity of signalized intersection approaches
tend to degrade intersection capacity and increase the frequency of rear-end accidents. In fact, access points with
volumes high enough to be called active were typically
not found in the vicinity of the signalized intersection
approaches at the sites visited during the field studies. Locations with access points near the intersection approach typically exhibit natural egress restrictions as a result of traffic
queues extending back past and blocking the access point.
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Median Openings
For this study, it was assumed that median openings exist
at all active access points. This assumption is fairly consistent with the use of median openings at the field study sites
with raised-curb median treatments, particularly for those
with densities of less than 60 active access points per mile.
Moreover, in addition to directly answering the question of
differences in operational effects of left-turn treatments, this
approach eliminated the criticism of associating an overly
conservative estimate of delay with the raised-curb median
treatment as a result of an assumed U-turn scenario. On the
other hand, it was believed that it is impossible to accurately
account for the effects of median closure on driver route
choice without considering the surrounding street network,
which was beyond the scope of this project. It is also believed
that the predicted left-turn movement delays for the raisedcurb median segments modeled in this study are more nearly
equal to the delays actually incurred by these drivers (regardless of whether the median is open or closed) than the delays
that would be obtained by assuming that all left-turn vehicles
travel to the next downstream median opening, make a
U-turn, and return.
Variables Included in the Evaluation

A wide range of traffic demands and geometric configurations were considered in the performance evaluation. Traffic
demands included the major-street flow rate and left-turn
percentage. Geometric configurations included the number
of through traffic lanes and the density of access points along
the major street. Table 2-2 lists the specific combinations of
these variables used for the evaluation. The factorial combination of variable values listed in this table represents the 648
analyses considered for this evaluation.
The geometric layout that corresponds to one of the three
access point densities is shown in Figure 2-1. Specifically,
this figure illustrates the “90 access points per mile” scenario.

This scenario includes T intersections for the first and last
access points to avoid access points within 300 ft of the signalized intersection stop line. The figure also includes the
traffic demands computed for one of the analysis scenarios.
Running speed on the arterial was allowed to vary with the
through lane flow rate in the corresponding direction. The
relationship between speed and volume used in the evaluation is based on the speed-volume relationship developed in
Chapter 3 (Equation 21).
Analysis Results

The operational performance of the major-street traffic
movements was evaluated for the range of conditions indicated in Table 2-2 using the operations model. Specifically,
the delays to the major-street through and left-turn vehicles
were computed for each midblock left-turn treatment for a
range of traffic demand and geometric conditions. The computed delays have been tabulated for each of the two traffic
movements studied. Regression analyses were conducted
using the tabulated delays to provide an alternative means of
estimating the computed delays.
The analysis scenarios and variables considered for this
evaluation were selected to be representative of most urban
arterials. Hence, the findings from this analysis can be used
by practitioners to evaluate alternative midblock treatments
for a wide range of urban arterial conditions.

Delays to Major-Street Through Vehicles
Operations Model Delay Estimates. The delays computed
by the operations model for the major-street through movements are provided in Tables 2-3, 2-4, and 2-5. The delays
reported in these tables represent the average delay to each
through vehicle on any one intersection approach in the subject travel direction. These delays are in units of seconds per
vehicle per approach (s/v/a). For each major-street approach,

TABLE 2-2 Range of evaluation variables for the operational effects evaluation

Figure 2-1. Study segment with 90 access points per mile.
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TABLE 2-3 Through vehicle delay for the raised-curb median treatment (s/v/a)

through vehicles are defined as those not turning left or right
at that intersection; vehicles traveling through the subject
intersection but turning at a downstream intersection are
included in the count of through vehicles at the subject intersection. In contrast to other studies, through vehicles are not
defined in this study as vehicles that enter and exit the study

segment by means of a through movement at the bounding
signalized intersections.
The delays computed include delays caused by turning
vehicles (left or right) that slow down in a through lane to
negotiate the turn. Delays caused by left-turning vehicles
stopped in the inside through lane also are included. The
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TABLE 2-4 Through vehicle delay for the TWLTL treatment (s/v/a)

computed delays do not include the added travel time
incurred as a result of lower running speeds during higher
volume conditions nor any delay incurred while waiting for
a traffic signal. These two delays were excluded because they
are effectively the same among the three midblock treatments considered.

An examination of the delays reported in Tables 2-3, 2-4,
and 2-5 indicated some interesting trends. One trend that is
consistent among all three treatments is the increase in delay
with the increase in number of through or left-turn vehicles.
A second trend is that the raised-curb median and TWLTL
treatments generally yield about the same delays; however,
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TABLE 2-5 Through vehicle delay for the undivided cross section (s/v/a)

the delays associated with the raised-curb treatment are
slightly higher than the TWLTL at the highest volume levels. This trend is consistent with the increased frequency of
bay overflow associated with the raised-curb treatment, relative to the TWLTL. The delays associated with the undivided
cross section are higher than those of either the raised-curb

or TWLTL treatments for all conditions except the “zero leftturn percentage” condition. This increase is a result of the
lack of bay storage available to left-turn movements associated with the undivided cross section.
In general, it appears that the range of delays is larger for
the four-lane major street than for the six-lane major street.
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On the other hand, the six-lane street tends to become congested as a result of high left-turn delays when both the leftturn and through volumes are high, whereas, with one exception, the four-lane street does not become congested.
The delays reported in Tables 2-3, 2-4, and 2-5 were compared with those reported by Harwood (2). Harwood quantified the delay reduction attributable to a TWLTL relative to
an undivided cross section on a four-lane suburban arterial.
His delay data were obtained from the first version of
TWLTL-SIM, as applied to an unsignalized street segment
with staggered access points.
To facilitate this comparison, the delays reported in Tables
2-4 and 2-5 were used to compute the delay reduction (in
vehicle-seconds) resulting from the conversion of an undivided cross section to a TWLTL. This comparison indicated
that the delay reductions found in this research are about onehalf to one-third of those reported by Harwood for similar
volumes and driveway densities. Moreover, Harwood’s data
indicate that the maximum through lane flow rate for the
undivided cross section is about 550 vphpl. In contrast, the
findings of this research indicate that through lane flow rates
of 850 vphpl will yield acceptable operation for the undivided cross section.
Three factors can be attributed to the differences between
the results reported in this research and those reported by Harwood (2). First, the results of this research are based on an
operations model calibrated using TWLTL-SIM III, which
has undergone significant enhancement since the original version used by Harwood. Second, one of the TWLTL-SIM III
enhancements is the capability of modeling signalized intersections at the beginning and end of the study segment. The
effect of these traffic signals is to increase the capacity and
lower the delays to access point traffic movements.
The third factor relates to the alignment of access points
on opposite sides of the arterial. As mentioned previously,
for the study segment for this analysis, unstaggered access
point locations were used to facilitate the equitable comparison of all three midblock left-turn treatments. Research
by Batra (3) has shown that delays are higher when access
point locations are staggered along the street. This type of
positioning creates a few areas of concentrated, oppositedirection left-turn activity that can amplify the frequency
and duration of left-turn queues in the inside through lane.
These queues will precipitate congestion and increase
through vehicle delay at lower volume levels.
In summary, the differences between the findings of this
research and those of Harwood (2) point out the wide range
of operating conditions that may be encountered and the
delays that can be incurred. The magnitude of the delay difference may depend on the nature of the study segment traffic control and the access point orientation.
Regression Models. SAS (4) was used to calibrate a predictive model of through vehicle delay. Specifically, the SAS
nonlinear regression procedure (NLIN) was used to deter-

mine the best model fit to the delay data in Tables 2-3, 2-4,
and 2-5. The form of the model was based on an examination
of the data in the tables and the observance of logical boundary conditions (e.g., no delay when there is no volume). Several candidate model forms were hypothesized and examined; the following model form was found to yield the best
fit to the data:
dT = b0 × f L × fT

(3)

with:
f L = b1 + (1 − x ) x b

2

fT =
x =

y =

y
1− y
vL
≤ 1.0
VN , o 

1, 8001 −


Cm 
V − vL − vR
N
1, 800  − x (1 − ITR )
 2


( 4)
(5)

(6)

(7)

where:
dT  average through vehicle delay per approach in
the subject direction of travel, s/v/a
fL  effect of left-turn volume on through delay
fT  effect of through volume on through delay
x  variable relating left-turn volume to opposing
flow rate
y  variable relating through volume to number of
traffic lanes
vL  average left-turn volume per access point
( VL/n), vph/access point
VL  total number of vehicles turning left from the
major street in the subject direction of travel (at
all access points), vph
vR  average right-turn volume per access point
( VR/n), vph/access point
VR  total number of vehicles turning right from the
major street in the subject direction of travel (at
all access points), vph
V  total volume in subject direction ( VN * N/2),
vph
VN  through lane flow rate in subject direction (i.e.,
the count of lefts, throughs, and rights on the
major-street approach to each access point
divided by the number of approach lanes—
averaged for all access points), vphpl
VN,o  through lane flow rate in the opposing direction, vphpl
N  number of through traffic lanes on the major
street (both directions)
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n  number of access points located on the outside
(right side) of the major street in the subject
direction of travel
Cm  constant (900 for undivided cross sections;
1,000 otherwise)
ITR  indicator variable (1.0 for raised-curb or
TWLTL treatments; 0.0 otherwise)
b0 ,b1,b2  regression parameter coefficients.
The results of the regression analysis are provided in Table
2-6 for each of the three treatments. As the statistics in this
table indicate, the model provides a relatively good fit to the
data. However, the standard error (i.e., root mean square
error) is large enough to suggest that the fit is not perfect.
Thus, the values in Tables 2-3, 2-4, and 2-5 should be preferred to those predicted by Equation 3 whenever the application allows a choice. The quality of fit of the calibrated
model is shown in Figures 2-2, 2-3, and 2-4.

Delays to Major-Street Left-Turn Vehicles
Operations Model Delay Estimates. The delays computed
by the operations model for the major-street left-turn movements are provided in Tables 2-7, 2-8, and 2-9. The delays
reported in these tables represent the average total delay to
each left-turning vehicle, as defined in Chapter 10 of the
HCM (1). The units of the delay are seconds per vehicle per
approach (s/v/a).
The left-turn delays represent an overall average delay relative to the many possible left-turn locations (i.e., access
points) along the study segment. Left-turn delays at unsignalized intersections closer to the downstream signalized intersection are lower, whereas those at intersections more distant

from the signalized intersection are higher. The delays
reported represent only the delays incurred by the majorstreet left-turning drivers in the vicinity of the turn location;
delays that drivers may incur one or more intersections
upstream from the turn location are attributed to through
vehicle delay, as discussed in the preceding section.
An examination of the delays reported in Tables 2-7, 2-8,
and 2-9 indicated several interesting trends. One trend is the
increasing left-turn delay with increasing left-turn or through
volume. Another trend is that left-turn delays for the four-lane
major street are always lower than those for the six-lane major
street for the same combination of through lane flow rate,
access point density, and left-turn percentage. The latter trend
is a result of the higher total flow rate associated with the sixlane streets and the corresponding lower capacity.
In general, the left-turn delays for the TWLTL and raisedcurb treatments are similar. However, the delays for the
raised-curb treatment are slightly larger than those of the
TWLTL at the highest combinations of left-turn and through
volume. The delays for the undivided cross section tend to be
a little higher than those of the TWLTL or raised-curb
median treatment. These higher delays result primarily from
the greater dispersion of the traffic platoon (caused by the
increased frequency of blockage in the inside through lane)
and a corresponding decrease in left-turn capacity. As noted
previously, the higher left-turn and through volume combinations for the six-lane street tended to experience delays of
sufficient magnitude to precipitate extensive queueing and
the likelihood of congestion.
Regression Models. The SAS system (4) was used to calibrate a predictive model of left-turn vehicle delay. Specifically, the SAS nonlinear regression procedure (NLIN) was
used to determine the best model fit to the delay data in
Tables 2-7, 2-8, and 2-9. The form of the model was based

TABLE 2-6 Calibrated through delay regression model
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Figure 2-2. Comparison of through delays for the raised-curb median
treatment.
on an examination of the data in the tables and the observance of logical boundary conditions (e.g., no delay when
there is no volume). Several candidate model forms were
hypothesized and examined; the following model form was
found to yield the best fit to the data:

b u 1 + x b2 )
d L =  0 (
0.0

u =

: if vL > 0
: if vL = 0

3, 600
Vo e ( − V g/ 3, 600 )
o

Figure 2-3. Comparison of through delays for the TWLTL treatment.

(8)

( 9)
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Figure 2-4. Comparison of through delays for the undivided cross
section.
g =

[bb

1
3

: if N = 4
: if N = 6

(10)

where:
dL  average total left-turn vehicle delay per
approach in the subject direction of travel,
s/v/a
x  variable relating left-turn volume to opposing flow rate ( vL * u/3,600)
vL  average left-turn volume per access point (
VL /n), vph/access point
VL  total number of vehicles turning left from the
major street in the subject direction of travel
(at all access points), vph
n  number of access points located on the outside (right side) of the major street in the subject direction of travel
Vo  total volume in the opposing direction (
VN,o * N/2), vph
VN, o  through lane flow rate in the opposing direction, vphpl
N  number of through traffic lanes on the major
street (both directions)
b0,b1,b2,b3  regression parameter coefficients.
The results of the regression analysis are provided in Table
2-10 for each of the three treatments. As the statistics in this
table indicate, the model provides a relatively good fit to the
data. However, the standard error (i.e., root mean square
error) is large enough to suggest that the fit is not perfect.

Thus, the values in Tables 2-7, 2-8, and 2-9 should be preferred to those predicted by Equation 8 whenever the application allows a choice. The quality of fit of the calibrated
model is shown in Figures 2-5, 2-6, and 2-7.
Annual Delay to Major-Street Left-Turn and
Through Vehicles

The results of the preceding analysis were used to compute
the delay incurred by the traffic stream during 1 year. This
computation was accomplished by determining the left-turn
and through movement delays for each hour of a representative subset of all hours during a typical year. The delays corresponding to each of these representative hour intervals
were then aggregated to represent the total vehicle-hours of
delay experienced by the major-street left-turn and through
movements during a typical year. This type of annualized
aggregation of the delay data is intended to make the results
described in the preceding section more useful for planninglevel assessments of operational performance.
As mentioned previously, the computation of annual delay
required an estimate of delay incurred during each hour of
the year. Because the hourly traffic volume varies widely
during the year and recognizing the significant effort required to analyze each hour, it was determined that a reasonable level of accuracy could be obtained by discretizing
the distribution of hourly traffic flows into five representative
intervals and conducting an hourly analysis for the average
hourly flow within each interval. The total delays for the five
intervals could then be added, as weighted by their frequency
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TABLE 2-7 Major-street left-turn vehicle delay for the raised-curb median treatment (s/v/a)

of occurrence, to yield the annual total delay for a particular
midblock treatment.
The frequency distribution of annual hourly volumes used
for this analysis is shown in Table 2-11. The volume intervals were narrowest for the peak hours of the year and broadest for the nonpeak hours. This technique improves the rep-

resentation of the peak traffic hours in which most of the traffic delay typically occurs. The values reported in Table 2-11
represent the hourly volumes found at several typical urban
arterials in Nebraska (5). They are reported as a percentage
of the total daily traffic because percentages tend to be fairly
constant among facility types. Therefore, their use in com-
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TABLE 2-8 Major-street left-turn vehicle delay for the TWLTL treatment (s/v/a)

puting the annual delay is expected to yield results applicable to a wide range of urban arterial traffic conditions.
A sample calculation of total annual delay to the majorstreet left-turn and through movements is shown in Table
2-12. This calculation applies to the TWLTL treatment on a
four-lane cross section. The study segment has an access
point density of 30 access points per mile, yielding a total of

six access points (three on each side) in its 1,320-ft length.
Fifteen percent of the traffic stream is distributed evenly
among the access points as left-turn volume. The average
daily traffic demand on the study segment is 32,500 vpd.
Using the five hourly volume intervals from Table 2-11, the
analysis proceeds as shown in Table 2-12 for one travel
direction. Because of the symmetry of the analysis scenarios,
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TABLE 2-9 Major-street left-turn vehicle delay for the undivided cross section (s/v/a)

the delay for each travel direction is the same. As shown in
the last row of the table, the total delay for both travel directions is 4,000 hours per year.
The computations shown in Table 2-12 were repeated for
each of the three midblock left-turn treatments with each
combination of through lanes, traffic demand, access point
density, and left-turn percentage. The traffic demands used

in this analysis represent the range of daily demands typically
found at four- and six-lane urban arterials that yield a level
of service B or worse during peak periods. The results of this
analysis are provided in Tables 2-13, 2-14, and 2-15.
The trends shown in Tables 2-13, 2-14, and 2-15 are consistent with those discussed for the individual movement
delays in the preceding section. Specifically, the data indicate
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TABLE 2-10 Calibrated left-turn delay regression model

that there is no difference among treatment types when there
is no left-turn volume. However, as the left-turn volume
increases, differences begin to emerge. The raised-curb treatment has slightly higher delays than the TWLTL treatment
at the highest left-turn and through volume ranges; this trend
results from the greater likelihood of bay overflow for the
raised-curb median treatment under high-volume conditions.

The undivided cross section has significantly higher delays
than the raised-curb treatment for all nonzero combinations
of left-turn and through volume. The difference increases
exponentially with an increase in left-turn or through volume. This trend is the result of the added turbulence in the
undivided treatment’s through traffic stream that stems from
left-turns being made from the inside lane.

Figure 2-5. Comparison of left-turn delays for the raised-curb median
treatment.
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Figure 2-6. Comparison of left-turn delays for the TWLTL treatment.
Another trend apparent in Tables 2-13, 2-14, and 2-15 is
that the extra lanes associated with the six-lane major street
(relative to the four-lane street) tend to reduce delays for the
same daily traffic demand levels. The reduction is typically
from 30 to 40 percent for the raised-curb median and
TWLTL treatments and 40 to 60 percent for the undivided
cross section.

Finally, the analysis indicates that any treatment type can
function without causing congestion to the major-street movements at average daily traffic demands of 40,000 vpd or less.
Demands in excess of 40,000 vpd are possible for both the
four- and six-lane streets; however, congested conditions are
likely to occur. When demand exceeds 40,000 vpd, congestion
on a four-lane street is more likely to be found at the signal-

Figure 2-7. Comparison of left-turn delays for the undivided cross section.
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TABLE 2-11 Frequency distribution of annual hourly flow percentages

ized intersections than at the major-street left-turn movement
of an access point. In contrast, congestion on a six-lane street
is more likely to be found at the major-street left-turn movement of an access point than at the signalized intersections.
SAFETY EFFECTS OF MIDBLOCK
LEFT-TURN TREATMENTS
Approach

This section describes an evaluation of the effect of three
alternative midblock left-turn treatments on the safety of traf-

fic operations on a typical urban arterial. These treatments
include the raised-curb median, TWLTL, and undivided
cross section. The traffic safety afforded by each treatment
was evaluated using the safety model developed for this
study. This model was developed using nonlinear regression
techniques that account for the nonconstant variance associated with accident data. A complete description of the model
and its calibration is provided in Chapter 4.
The safety evaluation of each alternative left-turn treatment is based on the estimation of the average number of
accidents that would be expected to occur on a typical urban
arterial street segment having one of three treatment types.

TABLE 2-12 Sample calculation of annual delay to major-street left-turn and through vehicles
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TABLE 2-13 Annual delay to major-street left-turn and through vehicles for the raised-curb median
treatment (hr/yr)

“Total arterial accidents” was selected as the most appropriate measure of safety (as opposed to traffic conflicts, injury accidents, accident type, and so on) because it
provides the most direct measure of overall safety and its
use precludes the need to divide the accident database into
subsets. In general, “subsetting” a database to focus on a
specific accident severity or type reduces the sample size
available for model calibration without necessarily reduc-

ing the variability in the data or yielding better safety
estimators.
The focus of the safety evaluation is on the accidents
occurring on an urban arterial between, but not including, the
bounding signalized intersections. Arterial accidents on the
approach to and within the intersections formed by the driveways or unsignalized public streets are considered in this
evaluation. The evaluation does not include accidents occur-
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TABLE 2-14 Annual delay to major-street left-turn and through vehicles for the TWLTL treatment (hr/yr)

ring on the driveway or unsignalized public street approaches
to the arterial, nor does it account for accidents that occur on
adjacent streets involving vehicles that are rerouted because
of the arterial’s raised-curb median treatment. These accidents are not included primarily because of the significant

increase in effort required to assemble such a comprehensive
database relative to the marginal effect these accidents would
have (in terms of their number and severity) on the determination of relative safety differences among left-turn
treatments.
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TABLE 2-15 Annual delay to major-street left-turn and through vehicles for the undivided cross
section (hr/yr)

Procedure

The effect of alternative midblock left-turn treatments on
motorist safety was determined using the safety model. This
model was used to predict the average annual accident frequency on a typical arterial segment for a wide range of traf-

fic demands, geometric conditions, and adjacent land uses.
Traffic demand is represented by the average daily traffic on
the arterial segment. Geometric conditions include the provision of parallel parking and the density of access points
along the major street. Finally, land use includes the residential, office, business, and industrial categories.
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It should be noted that statistical analysis of the accident
data indicated that there is no significant difference between
the effect of a driveway and an unsignalized public street
approach on accident frequency. Hence, there is no distinction made in this analysis between a driveway and an unsignalized public street approach; the term “access point” is
used hereafter to denote either type of access.

Analysis Scenarios

The combinations of traffic demand and geometry considered for this safety evaluation were selected to be consistent
with the idealized street segment configured for the operational effects evaluation (described in the preceding section).
The one difference between the street segments analyzed in
the operational and safety evaluations is their access point
density. The density used in the safety evaluation is based on
the total number of access points on both sides of the majorstreet segment. In contrast, only active access points were
considered in the operational effects evaluation. To facilitate
later aggregation of the operational and safety measures, an
assumption was made regarding the relationship between total
and active access points. Specifically, it was assumed that total
access point densities of 40, 65, and 90 approaches (ap)/mi
corresponded with the 30, 60, and 90 ap/mi scenarios, respectively, previously developed for the operational evaluation.
Table 2-16 indicates the specific variable combinations
considered in the safety evaluation. The variable values
included in this table represent 480 unique combinations
considered for this evaluation.

Analysis Results

The accident frequencies predicted by the safety model for
the range of variable values listed in Table 2-16 are provided
in Tables 2-17, 2-18, and 2-19. The evaluation of other values should be performed by means of a direct application of
the safety model, as described in Chapter 4.

The property-damage-only (PDO) accident percentage is
included in these tables to facilitate their calibration to local
conditions. This percentage represents the ratio of PDO accidents to all reported accidents. As such, it is a direct measure
of the accident cost reporting threshold and the degree of
compliance with accident reporting requirements in a given
area. Areas with higher reporting thresholds or a larger number of unreported accidents are associated with lower PDO
percentages.
The trend of a higher number of annual accidents associated with a higher PDO percentage indicated in Tables 2-17,
2-18, and 2-19 does not mean that more accidents occur in
areas with higher PDO percentages; rather, it means that
more accidents are being reported in these areas. The technique of including PDO percentage in the tables also facilitates a comparison of the relative safety of arterial streets in
different cities and states through the use of a common PDO
percentage.
Not all levels of each variable listed in Table 2-16 were
evaluated for this analysis. Specifically, the effect of parking
activity was not evaluated for the raised-curb and TWLTL
treatments. This action resulted from the lack of street segments in the database that have one of these treatment types
and parallel parking. In contrast, street segments with an
undivided cross section, both with and without parallel parking, are included in the database. As such, the safety model
has the ability to account for the effect of parking on streets
with an undivided cross section. As shown in Table 2-19,
parallel parking tends to increase accident frequency by
about 80 to 90 percent.
Another variable listed in Table 2-16 that was not evaluated for all conditions is access point density. Specifically, it
was found that access point density did not have a significant
effect on accident frequency in the Residential/Industrial
land use category. This finding does not necessarily mean
that access point density does not have an effect on accident
frequency; rather, it could mean that the effect of access point
density is correlated with other model variables (e.g., daily
traffic demand). In other words, when two variables are correlated and one is already included in the model, the other

TABLE 2-16 Range of evaluation variables for the safety evaluation
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TABLE 2-17 Annual accident frequency for the raised-curb median
treatment (accidents/yr)

variable may not incrementally add a significant amount to
the predictive ability of the model and, hence, it can be
eliminated from the model without any loss in model
performance.
An examination of the accident frequencies listed in
Tables 2-17, 2-18, and 2-19 indicates some interesting

trends. One trend that is consistent among all three
treatments is the increase in accidents with increasing daily
traffic demand and access point density. More important,
it appears that the raised-curb median treatment is associated with the fewest accidents of the three treatment
types.
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TABLE 2-18 Annual accident frequency for the TWLTL treatment
(accidents/yr)

Differences between the TWLTL treatment and undivided
cross section, in terms of accident frequency, are not as distinct and must be discussed in the context of whether parallel parking is provided on the undivided cross section. When
parallel parking is allowed on the undivided cross section,

the undivided cross section is associated with significantly
more accidents than the TWLTL treatment.
When parallel parking is not allowed, the TWLTL generally has about the same accident frequency as the undivided cross section at lower traffic volumes. At the higher
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TABLE 2-19 Annual accident frequency for the undivided cross section (accidents/yr)

volume levels in the Residential or Industrial land use category, the undivided cross section logically tends to be
associated with more accidents than the TWLTL. This
trend is not apparent with the Business or Office category
and may be the result of the more uniform distribution of
access point traffic activity throughout the day (as opposed

to the residential and industrial land uses, in which trips
probably are more concentrated during the morning and
evening peak hours). This lack of concentrated access point
activity is likely to yield shorter periods of inside through
lane blockage and thus fewer accidents, relative to the Residential or Industrial land use.
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Another trend that can be observed in the accident frequencies in these tables is that the Business or Office land use
for the raised-curb and TWLTL treatments is associated with
a higher accident frequency than the Residential or Industrial
land use. This trend is consistent with the higher level of
access point traffic activity generated by the Business or
Office land use. This trend is also true for the undivided cross
section with parallel parking activity and for the lower-tomoderate volume levels of the undivided cross section without parallel parking activity. The trend is not adhered to for
the higher volume levels of the undivided-without-parking
scenario; however, the predicted accident frequencies for
these traffic levels exceed the range of values included in the
accident database and illustrate the problems associated with
extrapolation.
GUIDELINES FOR SELECTING A MIDBLOCK
LEFT-TURN TREATMENT
Approach

This section describes the development of guidelines for
selecting a midblock left-turn treatment for an urban or suburban arterial. The performance measures described in the
preceding sections were used to develop these guidelines
based on a cost-benefit analysis approach. First, the annual
delay and accident measures were converted into road user
costs and then into road user benefits. Next, the road user
benefits for all reasonable pairwise combinations of midblock treatments were tabulated and compared with the estimated reconstruction costs. Finally, the cost-effectiveness of
each treatment pair was used to identify traffic volume, land
use, and access point density combinations in which the
conversion from one treatment to another was clearly costeffective. The graphic representation of these combinations
forms the basis for the guidelines.
Economic Analysis

per person-hour in 1985 dollars. This value was updated to
$15.24 per hour in 1996 dollars by using the consumer price
index and allowing for 1.3 persons per vehicle. An additional
$0.76 per hour was added to account for the cost of fuel consumption during idling. Thus, the total road user cost resulting from delay was estimated as $16.00 per hour. In the context of road user benefit, a delay reduction of 10,000 hours
per year resulting from a conversion from one treatment
type to another translates into a benefit of about $160,000
per year.
Safety Benefits
As also described previously, the safety model was used
to quantify the safety of three midblock left-turn treatments
in terms of annual accident frequency. The conversion of
these accidents into road user costs is described in this section. This conversion is based on the average cost of a traffic
accident. The difference between the accident costs of two
alternative left-turn treatments translates into a road user
benefit if the treatment with the lower cost is implemented.
In other words, the road user benefit is the reduction in accident costs when one treatment is used instead or in place of
another. The average cost of a traffic accident was based on
the distribution of accidents by severity and the average cost
of each severity class (i.e., fatality, injury, and PDO). A document from the Federal Highway Administration (7) indicates that the average costs of a fatal, injury, and PDO accident are $1,700,000, $11,000, and $3,000, respectively, in
1986 dollars. The distribution of accidents by severity was
obtained from Table 4-9 in Chapter 4. Based on these two
sources and the consumer price index, the average accident
cost was estimated as $15,000 in 1996 dollars. Thus, in the
context of road user benefit, an average annual accident
reduction of two accidents resulting from a conversion from
one treatment type to another translates into a road user
benefit of about $30,000 per year.

Operational Benefits

Roadway Reconstruction Costs

As described previously, the operations model was used
to quantify the operational performance of three midblock
left-turn treatments in terms of annual delay. The conversion
of these delays into road user costs is described in this section. This conversion is based on the cost of a delayed
motorist’s time and fuel consumption during idling. The difference between the delay costs of two alternative left-turn
treatments translates into a road user benefit if the treatment
with the lower cost is implemented. In other words, the road
user benefit is the reduction in delay costs when one treatment is used instead or in place of another.
Delay was converted into a road user cost based on an
estimate of the value of a motorist’s time and the cost of fuel.
McFarland and Chui (6) estimated the value of time as $8.03

For an alternative left-turn treatment to be financially feasible, the road user benefits must exceed the cost of reconstruction or conversion. The reconstruction cost considered
in this analysis includes only those cost elements directly
related to the left-turn treatment. When converting from an
undivided cross section, it was assumed that the reconstruction was relatively major in scope and was part of a larger
project involving the entire street. As a result, the incremental cost of converting to a raised-curb median or TWLTL was
estimated as the cost of constructing one new traffic lane.
This incremental cost included the cost of a right-of-way for
an urban area. When converting from a TWLTL to a raisedcurb median or vice versa, it was assumed that the reconstruction was relatively minor in scope and required some
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renovation and resurfacing. The cost for this conversion was
not assumed to include the cost of a new right-of-way.
Estimates of reconstruction costs vary widely from region
to region because of variations in the cost of living, construction materials, and the like, making it difficult to determine an overall average cost of reconstruction. In recognition of this wide variability, it was determined that the
guidelines would be based on the provision of a minimum
cost-benefit ratio of 2.0. In this context, traffic volume and
access point density conditions yielding road user benefits in
excess of this ratio would likely be cost-effective even if
some of the benefits or costs were over- or underestimated
for a specific area. Therefore, when the cost-benefit ratio of
a proposed conversion exceeds 2.0, the alternative left-turn
treatment is recommended in the guidelines.
In a similar manner, conditions yielding a cost-benefit
ratio less than 1.0 are not likely to be cost-effective for any
reasonable over- or underestimate of benefits and costs. The
recommendation in this case would be to stay with the existing left-turn treatment. Conditions yielding benefits that fall
in between the cost-benefit ratio limits of 1.0 and 2.0 would
require a more detailed, site-specific evaluation to determine
the feasibility of upgrading to a different left-turn treatment.
The construction costs used for this analysis are based on
those presented in Table 3-2 of Chapter 3. These costs were
amortized over a 20-year design life using a conservative rate
of return of 4 percent per year. Table 2-20 shows the range
of costs for four typical left-turn treatment conversion combinations.
Guideline Tables

Computations
Prior to the creation of the guidelines, a table of performance indices was created for each midblock left-turn treatment. The performance index is defined as an economic indicator of the road user costs associated with a specific
combination of traffic volume, traffic lanes, access point
density, and land use. This performance index was computed
using the following equation:
PI = 16 D + 15, 000 A

(11)

where:
PI  performance index (i.e., road user cost), $/quartermile/yr
D  annual hours of delay, hr/quarter-mile/yr
A  annual accidents for 65 percent PDO and no parallel
parking, accidents/quarter-mile/yr.
The constants used in Equation 11 represent the road user
costs discussed in the preceding section.
Equation 11 was used with the annual delays reported in
Tables 2-13, 2-14, and 2-15 and the annual accident frequencies reported in Tables 2-17, 2-18, and 2-19 to compute
the performance indices for each midblock left-turn treatment. The performance indices were then subtracted from
one another for the four conversion combinations shown in
Table 2-20 to obtain the corresponding road user benefit.
This benefit would be realized if the midblock left-turn treatment associated with the lower performance index was
implemented instead of the treatment associated with the
higher index.
Because the nature of the operations and safety models
dictated their sensitivity to different traffic, geometric, and
land use variables, it was necessary to consolidate or eliminate some less influential variables in the safety model (i.e.,
parking and PDO percentage) to maintain a reasonable balance between simplicity and accuracy. The accident frequencies used to compute the performance index are representative of a city or region with a PDO percentage of 65
percent and no parallel parking. The PDO percentage was
used as a representative value based on the PDO percentages
reported in Table 4-9 in Chapter 4.
Finally, the road user benefit for a range of lanes, volumes,
densities, land uses, and turn percentages were compared with
the reconstruction cost ranges listed in Table 2-20. The results
were tabulated and examined to identify traffic volume and
geometric conditions in which conversion to another left-turn
treatment was clearly cost-effective. The results of this examination are shown in Tables 2-21 through 2-26 for the range
of conditions considered. The access point density referred to
in these tables relates to active access points (i.e., those with
an entering volume of 10 vph or more).
There are no tables provided for the conversion from a
raised-curb median to a TWLTL because the benefits associ-

TABLE 2-20 Range of reconstruction costs for midblock left-turn treatments (1996 dollars)
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TABLE 2-21 Conversion from an undivided cross section to a raised-curb median (business and
office land use)

ated with the TWLTL were not found to be large enough to
offset the cost of removing the raised-curb median and
installing the TWLTL, regardless of geometric configuration
or traffic demand condition. In general, the TWLTL was
found to offer improved operational performance relative to
the raised-curb median; however, it was also found to be generally associated with a higher number of accidents. It is possible that the improvement in property access resulting from

a conversion to TWLTL may provide the necessary justification for its construction (a tool for quantifying access
impact is described in Chapter 5). However, the benefits
associated with improved access are very difficult to quantify in a cost-benefit context and, as a result, have not been
incorporated in the guidelines.
For the undivided cross section, the guidelines recommend
that the analyst stay with this treatment for the lower volume
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TABLE 2-22 Conversion from an undivided cross section to a raised-curb median (residential
and industrial land use)

conditions. Because the guidelines are based on the accidents
and delays to arterial traffic movements, they do not consider
the delays to left-turn vehicles entering the arterial at
unsignalized access points. It is recognized that the individual delays to these entering left-turn drivers may be high and
that the raised-curb median or TWLTL may offer some relief
through the two-stage crossing maneuver. However, regardless of the number of stages in the crossing maneuver, the
total person-hours of delay to this movement is believed to

be a small fraction of that incurred by the arterial movements.
Hence, it is believed that consideration of the delays to these
entering movements would not significantly alter the guidelines as shown.
Application of Guidelines
When considering a conversion in midblock left-turn
treatment, select the table that corresponds to the existing
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TABLE 2-23 Conversion from an undivided cross section to a TWLTL (business and office
land use)

and alternative treatments. Within this table, locate the
cell that most closely matches the geometric configuration
and traffic demand conditions that will exist for the design
year. If the cell is white, the estimated cost-benefit ratio is
either less than 1.0 or greater than 2.0 and a definitive
recommendation can be made. The nature of this recommendation is specified in the table in the immediate vicinity of the other white cells. The two recommendations

are “Stay with the existing treatment” when the costbenefit ratio is less than 1.0 and “Consider adding the alternative treatment” when the cost-benefit ratio is greater
than 2.0.
If the cell is light gray, the estimated costs are nearly
equal to the benefits and a site-specific examination will
be needed to ascertain the actual cost-effectiveness of
the proposed conversion. The “hatched” cells indicate
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TABLE 2-24 Conversion from an undivided cross section to a TWLTL (residential and
industrial land use)

areas where one or both of the treatments are likely to
experience congestion. In this situation, the road user
benefits are highly variable and strongly dependent on
the duration of congestion. As with the light gray cells, a
site-specific examination is recommended for congested
conditions.
Finally, it should be noted that these guidelines are based
on certain assumptions that may not be representative of

a specific arterial or urban area. In this regard, the guidelines are most applicable to areas where the percentage
of PDO accidents is in the range of 60 to 75 percent, signal spacings are 1,000 ft or more, signals are coordinated,
there is no parallel parking, the arterial has four or six
through lanes, the access points are aligned to form fourleg intersections, and there are no exclusive right-turn
bays. The guidelines can be used outside these ranges but
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TABLE 2-25 Conversion from a TWLTL to a raised-curb median (business and office land use)

become more questionable as the amount of deviation
increases.
In general, average or typical values were used whenever
possible to provide guidelines that are applicable to the most
commonly found conditions. However, if the road user costs
for a specific location are significantly different from those
previously assumed, Tables 2-13, 2-14, and 2-15 (or Equa-

tions 2-3 through 2-10) should be used to compute the operational effects of the existing and proposed left-turn treatments. Similarly, Tables 2-17, 2-18, and 2-19 (or Equations
21, 22, and 23 in Chapter 4) should be used to compute the
safety effects of these left-turn treatments. In any case, the
access impact effect should be assessed using the access
impact model described in Chapter 5.
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TABLE 2-26 Conversion from a TWLTL to a raised-curb median (residential and industrial
land use)
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CHAPTER 3

OPERATIONAL EFFECTS OF MIDBLOCK LEFT-TURN TREATMENTS

This chapter describes the development of a model for predicting the operational effects of midblock left-turn treatments. In this context, a treatment’s operational effects are
defined as the delays to drivers traveling along an arterial
street segment, which may be directly or indirectly caused by
the left-turn treatment. The treatments considered are raisedcurb median, two-way left-turn lane (TWLTL), and undivided cross section. The following sections describe a review
of the literature on the operational effects of these treatments,
a database assembled for calibrating the operations model,
and the formulation of and statistical foundation for this
model.

LITERATURE REVIEW

The literature review and survey of practitioners indicated
that the four most common types of midblock left-turn treatments on urban and suburban arterials are (1) flush median
with TWLTL delineation, (2) raised-curb median with alternating left-turn bays, (3) flush median with alternating leftturn bays, and (4) undivided cross section. These treatments
are shown in Figure 3-1.
Treatments other than those listed here are used by some
agencies; however, the choice depends on geographic location, topography, and agency preference. These other, lessfrequently-used left-turn treatments include flush median
with continuous parallel left-turn lanes, raised-curb median
with acceleration lanes, mountable median with TWLTL
delineation, and median channelization for U-turn or for
right-turn access only.
Several terms are used in the literature to describe a location of unsignalized access to a major street, including driveway, access point, unsignalized intersection approach, and
public street approach. All unsignalized access locations are
defined as “access points.” An access point can be either a
driveway or a public street approach. A driveway is any location on the arterial where the curb along the outside lane is
removed or dropped for 10 ft or more to facilitate vehicular
access to the adjacent property. “Access point density” is
defined as the total number of access points on both sides of
the major-street segment (i.e., a two-way total) divided by the
length of the segment (in miles). Driveway density and public street approach density are defined in a similar manner.

At this point it is useful to clarify the meaning of other
terms found in the literature because they are used in this
report. It is assumed that the major street is functionally classified as an arterial and the minor street is classified as a collector, local street, or driveway. Hence, the major street is
also referred to as an “arterial” in this report. The through
traffic movements on this arterial are referred to as “priority”
movements; all other driveway-related movements are “nonpriority” movements.
The aforementioned definitions are used throughout the
literature dealing with the safety and operational effects of
midblock left-turn treatments; however, they are less rigidly
applied in the operational effects literature. Specifically, a
distinction between access points and driveways is not made
in this literature. Moreover, all driveways are generally assumed to have some minimum traffic volume (i.e., they are
assumed to be “active”). In this sense, it is assumed that a
driveway with negligible volume has negligible effect on
traffic flow. Throughout this chapter, the term “access point”
is used instead of driveway or public street approach; however, any such reference infers that the access point is active
(i.e., it has an entering volume of 10 vph or more).
Operational Effects of Midblock
Left-Turn Treatments

Major Street Through Movement
Speed and Capacity
The 1994 Highway Capacity Manual (HCM) (1) includes
procedures for determining the capacity and level of service
of urban and suburban arterials. These procedures, which are
presented in Chapters 7 and 11, respectively, are sensitive to
the type of left-turn treatment and the density of access
points; however, the degree of sensitivity is not the same. The
procedure in Chapter 11 accounts for treatment type and
access point density in an indirect manner by including these
factors with other general arterial descriptors in a table of
attributes for three basic arterial classifications. This table
identifies applicable free-flow speeds (i.e., speeds at zero
flow) for each arterial class but does not give an indication of
the arterial class’s capacity. The table indicates that a suburban arterial with a low access point density and a divided
cross section has a free-flow speed of 35 to 45 mph, whereas
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(a)

(b)

(c)

(d)

Figure 3-1. Common midblock left-turn treatments: (from top) flush median with twoway left-turn lane (TWLTL) delineation; raised-curb median with alternating left-turn
bays (nontraversable median area); flush median with alternating left-turn bays
(traversable median area); undivided cross section (i.e., no median).
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an urban arterial with high access point density and undivided
cross section has a free-flow speed of 25 mph to 35 mph.
The procedure described in Chapter 7 of the HCM relates
arterial flow rate with free-flow speed to estimate the arterial
running speed, capacity, and level of service. If free-flow
speed is unknown, procedures are provided for estimating it
based on median type, lane width, and access point density.
In general, the effects of each factor are accounted for as
a reduction in speed from the ideal free-flow speed. The
“median type” factor indicates that an undivided cross section
reduces the free-flow speed by 1.6 mph; however, it does not
distinguish between a TWLTL and a raised-curb median. It
should be noted that this procedure is intended for rural and
suburban highways with four or six through lanes, speed limits between 40 and 55 mph, and signal spacing greater than 2
mi. Hence, it is not directly applicable to most urban arterials.
The relationships among arterial flow rate, running speed,
and capacity, as defined in Chapter 7 of the HCM, is based
on the speed-flow curves shown in Figure 3-2. These curves
show the speed-flow relationships for multilane highways
with free-flow speeds between 40 and 60 mph. According to
these curves, the maximum service flow rates for level of service E are 2,200, 2,100, 2,000, and 1,900 pcphpl for free-flow
speeds of 60, 55, 50, and 45 mph, respectively.
The effect of access point density (a one-way total in this
case) is accounted for by reducing the free-flow speed by
0.25 mph per access point per mile. Thus, the free-flow speed
is reduced by 2.5 mph if the density is 10 access points per
mile. The combined speed reductions for the effects of
median type and access point density are listed in Table 3-1.
As mentioned previously, the HCM Chapter 7 procedure
links the capacity of the arterial to its free-flow speed. Thus,
any reduction in free-flow speed correlates with a reduction
in capacity. The magnitude of this reduction is shown in
Table 3-1 in terms of a factor, fc, that would be multiplied by
the maximum service flow rate at level of service E, MSFE,
to compute the arterial capacity c (i.e., c  fc * MSFE). The

Figure 3-2. Speed-flow curves for multilane highways
(1, Chap. 7).

reduction factors in this table are based on an ideal free-flow
speed of 45 mph. In general, the reduction factors suggest
that access point density has a significant effect on capacity,
whereas median type has a relatively small effect.
Major Street Left-Turn and Through
Movement Delay
Traffic Movements. Of the many possible traffic movements
associated with each access point, the two movements most
directly affected by alternative left-turn treatments are those on
the major-street approach to the access point. Specifically,
these are the major-street left-turn and through movements.
The major-street movement most directly affected by treatment type is the left-turn movement. The extent of this effect
is based on the presence of a median left-turn vehicle storage
area and its capacity. The storage area provided by the raisedcurb and TWLTL treatments removes the left-turning vehicles from the through traffic lanes, thereby leaving these lanes
available to serve through traffic without interruption. This
separation of flows increases left-turn capacity and reduces
left-turn delay by increasing the frequency and size of available gaps in the opposing traffic stream, relative to the undivided cross section. Because the raised-curb median always
has less storage space than the TWLTL, differences between
these two treatments also can emerge when left-turn demands
are high enough to precipitate the overflow of the raised-curb
median’s bay storage area.
The other movement directly affected by midblock left-turn
treatment is the major-street through movement. This movement is affected when one or more left-turning vehicles are
queued in the inside through lane (hereafter, this queueing
is referred to as “bay overflow”). Left-turning vehicles will
queue in the inside lane for the raised-curb and TWLTL treatments whenever the left-turn queue exceeds the available
median storage area. Similarly, the equivalent of bay overflow
occurs whenever left-turning vehicles queue in the inside lane
for the undivided treatment (even though there is no physical
storage bay). Through vehicles in the inside lane approaching
a left-turn queue will merge (i.e., change lanes while maintaining speed) into the adjacent through lane, if possible.
However, as volume levels increase, the number of through
vehicles able to merge will decrease. Through vehicles that are
unable to merge are delayed until they are able to change lanes
or until the left-turn queue ahead of them dissipates.
The major-street through movement also is affected by
left- and right-turning vehicle deceleration occurring in the
through traffic lanes. These turning vehicles need not form a
queue or even stop in order to delay the through vehicles. The
delay stems from the deceleration and subsequent acceleration the through vehicles must undergo as they slow to
accommodate the turning vehicle and then return to the arterial running speed.
Two Through Lane Cross Sections. Harwood and St. John
(2) evaluated the effects of the TWLTL treatment on two-lane
highway operations, relative to an undivided cross section.
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TABLE 3-1 Speed and capacity reductions due to left-turn treatment type and access point
density (1, Chap. 7)

Based on a regression analysis of data collected at three sites,
they derived the following equation for predicting the delay
reduction resulting from the use of a TWLTL treatment:
D = −6.87 + 0.058Vo

(1)

where:
D  through vehicle delay reduction per left-turning
vehicle, sec/veh
Vo  opposing flow rate, vph.
This equation indicates that the delay to through vehicles
is reduced by the addition of a TWLTL to a two-lane highway. The amount of reduction ranges from 0.0 sec/veh at an
opposing flow of 120 vph to about 51 sec/veh at 1,000 vph.
Because of the complexity of the arterial–access point
interaction, computer simulation models have been used by
some researchers to study the operational effects of midblock
left-turn treatments. The first reported simulation studies were
conducted by McCoy and Ballard and their colleagues (3–5).
They developed a simulation model, TWLTL-SIM, to evaluate two-lane and four-lane streets with either a TWLTL or an
undivided cross section. More recently, TWLTL-SIM was
used by Harwood (6) to evaluate the operational effects of the
TWLTL treatment on two-lane highways. Based on the simulation results, Harwood (6, Table 6) found that the through
vehicle delay reduction per left-turning vehicle ranged from
13.1 to 19.7 veh/sec for access point densities of 90 to 30
access points per mile, respectively, and with an opposing
flow rate of 400 vph. This range of delays is consistent with
that predicted by Equation 1 for a 400 vph flow rate. Harwood
(6) considered flow rates of 650 vph and higher but found
them to yield overcapacity conditions and excessive delays.
Four Through Lane Cross Sections. In addition to twolane highways, Harwood (6) used TWLTL-SIM to evaluate
the performance of three midblock left-turn treatments on
four-lane arterials. The three treatments considered were the
raised-curb median, TWLTL, and undivided cross section.
Because TWLTL-SIM did not explicitly model U-turn
activity, Harwood (6) evaluated the raised-curb median treat-

ment by quantifying the added delay resulting from U-turns,
relative to the TWLTL treatment. Specifically, the raised-curb
treatment was assumed to have no median openings along the
1,000-ft simulation study segment. As a result, drivers on the
raised-curb segment, who otherwise turned left at the midsegment access points with the undivided or TWLTL treatments,
were assumed to continue to the signalized intersection bounding the study segment and make a U-turn during the left-turn
signal phase. The added delays considered by this approach
were those to the rerouted left-turning vehicles (i.e., added
travel time and delay at the signalized intersection) as well as
those to all other vehicles at the signalized intersection as a
result of increased left-turn volume.
Harwood (6 ) recognized that this method of accounting
for the operational costs of a raised-curb treatment was
conservative because many drivers would likely avoid the
U-turn and approach their destination from an alternative
direction (so that access from the arterial was by means of a
right turn rather than a left turn). Presumably, drivers using
an alternative route would incur less delay than that predicted by Harwood’s U-turn scenario. It should be noted that
Harwood’s results may be even more conservative because
of his assumption that there were no median openings on the
simulated street segment. Many arterials with raised-curb
treatments do include midsegment median openings at
unsignalized public street intersections and high-volume
driveways.
Based on his analysis of operational effects, Harwood (6)
concluded that a TWLTL was operationally more efficient
than a raised-curb median or an undivided cross section over
the range of left-turn and through volumes considered. In
addition, his analysis indicated that raised-curb medians
were operationally superior to undivided cross sections when
the arterial flow rate exceeded 1,000 vph in each direction of
travel; below 1,000 vph, the undivided treatment yielded
lower total delay.
More recently, NETSIM was used by Modur et al. (7) to
determine the effect of left-turn treatment on delay. Specifically, they examined the raised-curb median, TWLTL, and
undivided cross section on a 600-ft four-lane street with
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access points at 200-ft spacings (≈ 50 drives/mi). The arterial was bounded by signalized intersections. A median
opening was provided for each access point; hence, there was
no U-turning activity associated with the raised-curb treatment. Based on their analysis, Modur et al. (7 ) determined
that there was no practical difference among the three medians at low arterial volume levels (i.e., 300 vph). However, at
moderate volumes (i.e., 900 vph), the TWLTL was found to
have 20 percent less delay than the raised-curb median and
50 percent less delay than the undivided cross section.
Modur et al. (7) overcame NETSIM’s inability to explicitly model TWLTL operation by considering only majorstreet left-turn activity in one travel direction. The TWLTL
scenario was modeled as a continuous lane for the length of
each street segment or link between adjacent access points.
As a consequence, the delay differences between the raisedcurb median and TWLTL treatments stem from the TWLTL
scenario having a larger left-turn storage area.
NETSIM also was used by Venigalla et al. (8) to compare
the operational effects of the raised-curb median with those
of the TWLTL. The researchers examined each treatment
type on a 2,640-ft street with access points at 165 ft and at
330 ft. Median openings for the raised-curb treatment were
provided only every 660 ft. They overcame NETSIM’s
inability to model the TWLTL by using numerous unsignalized intersections with short left-turn bays. The raised-curb
treatment was modeled by removing the left-turn volume at
selected access points (equivalent to closing the median) and
manually reassigning it to the next downstream intersection
having a median opening.
Based on their simulation results, Venigalla et al. (8) found
total delay for the TWLTL to be more than 32 percent lower
than that for the raised-curb median. The magnitude of this
delay reduction is much larger than that found by Modur
et al. (7 ). This likely is due to differences in the two
researchers’ approaches to modeling the raised-curb median
(in terms of the frequency of median openings and the need
to reroute left-turning vehicles).
Minor-Street Left-Turn and Through
Movement Delay
Some drivers entering the major street from an access
point use the median area to facilitate a two-stage crossing
maneuver. This maneuver consists of two separate gap
acceptance (or crossing) actions. In the first stage, the driver
assesses gaps in the major-street traffic stream approaching
from the left. Then, after crossing to the median area, the
driver assesses gaps in the major-street traffic stream approaching from the right. By this action, the driver eliminates
the need to find one large, simultaneously occurring gap in
both major-street streams and thereby reduces his or her
crossing time.
Kyte et al. (9) documented the two-stage crossing behavior and its capacity benefits in a recent study of unsignalized

intersection capacity and delay. The researchers also have
developed a deterministic model that predicts the capacity
for this type of maneuver. Based on field data analysis, they
found that the two-stage maneuver increases left-turn capacity and that the increase was slightly larger at streets with a
TWLTL than at streets with a raised-curb median. This latter finding stems from observations of left-turning drivers
using the TWLTL as an acceleration lane for the second
stage of the entry maneuver. The acceleration maneuver typically requires a shorter gap than a stopped entry (as would
be required for the second stage at a raised-curb median).
There is some evidence that the frequency of the two-stage
crossing maneuver, especially when the TWLTL is used as
an acceleration lane, is influenced by regional driver behavior and laws. The experience of the authors is that two-stage
crossing maneuvers are found more commonly in larger
cities where arterial traffic demands are high throughout the
day. These conditions tend to yield high delays that have
caused some drivers to adopt the two-stage maneuver to
reduce this delay. Regarding TWLTL use as an acceleration
lane, Bretherton (10) reports that this maneuver is considered
undesirable in Georgia because it creates “head-on” conflicts
that could lead to accidents. On the other hand, Sparks (11)
reports that Arizona encourages the use of the TWLTL as an
acceleration lane because it yields a large improvement in
efficiency without degrading safety.
Pedestrian Refuge Area
The raised-curb median has an advantage over the
TWLTL and undivided treatments in that it provides an area
of refuge for pedestrians crossing the arterial. The primary
benefit of a refuge area is safety; however, such as area also
can influence operational effects. Specifically, a refuge area
(1) may eliminate (or at least postpone) the need for a signal
at an unsignalized intersection and (2) could reduce the minimum green requirement for the side-street approach at arterial signalized intersections. Both of these effects can reduce
the delay to arterial through traffic.
The TWLTL has an advantage over the raised-curb and
undivided treatments in that it provides an area of refuge for
disabled vehicles. This use of the TWLTL can yield obvious
safety and operational benefits. However, as noted by Parker
(12), this advantage tends not to be as significant in terms
of safety or operational benefits as it might initially seem
because the disabled vehicles often occupy space otherwise
needed to store left-turning vehicles.
Operational Flexibility
The TWLTL and undivided treatments have the advantage
of providing direct left-turn access at all access points along
an arterial. In contrast, the raised-curb treatment may be used
to prohibit left-turn activity at some or all of these access
points. As discussed previously, the prohibited left-turning
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vehicles will incur additional delay if they travel to a downstream intersection, make a U-turn, and return to enter by
means of a right turn.
The TWLTL and undivided treatment also offer more
room for emergency vehicles to maneuver than the raisedcurb median. The raised-curb median may impede emergency vehicle travel time along the arterial by making it
difficult to pass or avoid stopped traffic queues.
The TWLTL treatment also has the operational advantage
of providing an additional through traffic lane for special situations, such as when street maintenance and construction
activities require closure of one of the through lanes, when an
additional lane is needed to serve highly directional traffic
flows associated with the daily peak hour or special events,
and when an exclusive transit or high occupancy vehicle lane
is needed to serve daily peak travel demand periods.
Through Volume Thresholds
The literature includes several reports in which authors
have discussed or identified maximum volume levels that
generally identify conditions in which one left-turn treatment is better than another. For example, Harwood (6 ) suggests that the raised-curb treatment performs better than the
undivided treatment when the through flow rate exceeds
1,000 vph in each arterial travel direction. He also suggests
that the TWLTL treatment operates better than either the
raised-curb or undivided treatments, regardless of traffic
demand. In contrast, Bretherton (10) suggests that the
raised-curb treatment will operate more safely and efficiently than the TWLTL (and presumably the undivided)
treatment when the average daily traffic demand exceeds
24,000 vpd. The Washington State Department of Highways
(14) recommends that TWLTL treatments be used in the
range of 10,000 to 25,000 vpd.
Parker (12) made an extensive review of the literature on
maximum volume levels for specific treatment types. He
concluded that there is no convincing evidence that such volume levels exist or that one treatment is consistently better
than another at a given volume level. Sparks (11) indicates
that the city of Phoenix, Arizona, has reached this same conclusion based on its experience with all three treatment types.
Speed Limit Thresholds
Parker (12) also reviewed the literature on maximum
speed limits for specific treatment types. He noted that some
early investigations indicated that TWLTL treatments were
believed to operate more safely when limited to lower speed
urban arterials. Presumably this limitation would extend to
the undivided cross section, leaving the raised-curb treatment
suitable for higher speed arterials. However, he found that
TWLTL treatments were being operated successfully at
speed limits as high as 55 mph. Based on this finding, Parker

(12) concluded that there was no evidence to suggest that
TWLTL treatments should be limited to low-speed arterials.
Access Point Density Thresholds
Many researchers have found that the density of access
points along an arterial affect traffic operations in the context
of turning vehicles disrupting the smooth flow of through
traffic. The nature and magnitude of delays incurred by
through drivers was discussed previously.
To examine the effect of access point density, Harwood (6)
conducted simulation studies of a street segment at three density levels. He maintained similar through and left-turn volume
conditions for each access-point-density scenario to isolate the
effects of access point density on delay. It should be noted that
the total left-turn volume was the same for the entire study segment; however, this volume was distributed equally among the
access points within each scenario. As a result, the access point
left-turn volume varied with each scenario.
Based on the results of his simulation analysis, Harwood
(6 ) found that the through movement delay was higher
on arterials with lower access point densities. The reason for
this trend was explained by the concentration of more leftturning vehicles at each access point for the lower density
scenarios. Harwood concluded that the TWLTL was most
appropriate for suburban highways with commercial development, access point densities greater than 45 access points
per mile, low to moderate through volumes, high left-turn
volumes, and high rates of left-turn-related accidents. It
should be noted that Bretherton (10) suggested that the
TWLTL is safer than the raised-curb median treatment when
the commercial access point density is less than 60 access
points per mile. Thus, in terms of operations and safety, the
TWLTL may be the better left-turn treatment when access
point density is between 45 and 60 access points per mile.

Other Issues Related to Midblock Left-Turn
Treatments

In addition to the operational differences among midblock
left-turn treatments, there are many differences related to
safety, access, cost, and aesthetics. The safety and access
issues are addressed in Chapters 4 and 5, respectively. The
cost and aesthetic issues are discussed in the remainder of
this section.
Life-Cycle Costs
Initial Construction Costs. The cost of constructing a
TWLTL or raised-curb median typically is viewed as an
incremental cost, beyond that necessary to construct through
traffic lanes (i.e., the cost of an undivided cross section).
Harwood and Glennon (15) computed the construction cost
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of a TWLTL and a raised-curb median under two conditions:
(1) where the existing pavement is wide enough and (2)
where widening and additional rights-of-way are needed.
Their estimate of the cost of installing a TWLTL where
the pavement is wide enough was $8,200 per mile in 1975
dollars ($24,000 in 1996 dollars). Although not explicitly
reported, their data indicate that the raised-curb median
would cost $89,400 per mile more than the TWLTL
($265,000 in 1996 dollars). In contrast, Parker (12) estimated
that the raised-curb median would cost about $100,000 per
mile more than the TWLTL in 1983 dollars ($158,000 in
1996 dollars).
These incremental costs were combined with the urban
highway reconstruction costs reported by Cohen and Reno
(16, Table 4-16) to determine the construction costs for three
midblock left-turn treatments. These costs are reported in
Table 3-2.
Modification Costs. As with construction costs, the costs of
modifying left-turn treatments can vary. As Parker (12) noted,
the raised-curb median is more costly to modify as land use
and access needs change. The modification costs in this case
would be related to opening the median to facilitate full access
to all driveway traffic movements. To avoid the ongoing and
incrementally expensive costs of opening the median one
access point at a time, many agencies have been replacing the
raised-curb median with a TWLTL for the entire length of the
street segment. In a recent survey of 141 state and local agencies, Harwood (13) noted that 60 percent had removed raisedcurb medians and, of these, 74 percent (for a total of 44 percent surveyed) did so for the purpose of TWLTL installation.
Maintenance Costs. The maintenance costs associated
with a left-turn treatment are related to the annual cost of

pavement repair, markings, and snow removal. McCoy et al.
(4) found that these costs are higher for the TWLTL and
raised-curb median treatments than for the undivided cross
section. They reported that the annual maintenance costs for
the TWLTL and raised-curb treatment were approximately
$800 per mile more than the undivided cross section ($1,100
in 1996 dollars). It should be noted that in northern climates,
there may be an annual cost associated with snow removal
for the raised-curb median. Specifically, the raised-curb
median presents an obstacle to snowplow equipment, and
if the median is struck, damage to the equipment and the
median could result.
Aesthetics
The raised-curb median offers the opportunity for an aesthetically pleasing treatment of the median area. In particular, the median area’s appearance can be enhanced by introducing low-growth vegetation, grass, and brick or colored
pavement into the central portion of the median. This
attribute represents an advantage of the raised-curb treatment
over the TWLTL and undivided treatments, provided that the
median landscaping does not pose a traffic hazard or block
sight lines. Trees, bushes, and poles should not be placed in
the median area if they are of sufficient size to be a contributing factor to an accident or its severity.
Summary of Operational Effects and Other
Issues

Findings of the literature review are summarized in Table
3-3. This table indicates the left-turn treatment of any pair of
treatments that yields better operating conditions or has better qualities. Situations in which the differences are negligi-

TABLE 3-2 Construction costs associated with alternative midblock left-turn treatments
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TABLE 3-3 Comparison of operational and other effects of three left-turn treatment types

ble or lack a consensus in the literature are indicated by
“n.d.,” representing “negligible difference.”
VALIDATION OF TWLTL-SIM
SIMULATION MODEL
Model Overview

The TWLTL-SIM computer model was developed by Ballard and McCoy (5) for evaluating the operational effects of
alternative midblock left-turn treatments. It is a microscopic,
stochastic simulation model that can be used to evaluate traffic operations on two-, four-, and six-lane street segments
with a raised-curb median, a TWLTL, or an undivided cross
section. TWLTL-SIM computes several measures of traffic
performance, including average delay and number of stops.
These measures can be computed for a wide variety of arterial traffic movements. This computer model has undergone
a series of revisions since its original inception; the current
version is TWLTL-SIM III.
TWLTL-SIM was used for this research to supplement the
data collected during field studies. In general, field data were
used to calibrate the models that comprise the operations
model and to validate the TWLTL-SIM model. Then
TWLTL-SIM was used to verify the overall operations
model by comparing the predicted delays for a series of
selected arterial geometries and traffic volume combinations.
Calibration and verification activities are described in more
detail later in the chapter.

Model Description

The TWLTL-SIM III model is written in General Purpose
Simulation System Version H (GPSS/H) language (17, 18), a
general purpose computer language designed to model discrete systems. There are five separate programs within the
TWLTL-SIM III model, each of which must be executed in
sequence to complete the evaluation of a street segment. These
programs, listed in the order of execution, are as follows:
1.
2.
3.
4.
5.

Road Program (ROADPGM)
Speed Program (SPEEDPGM)
System Parameter Program (PARMPGM)
Main Simulation Program (MAINPGM)
Statistical Summarization Program (SUMMPGM).

Three of the five TWLTL-SIM programs facilitate the
input of relevant model data, including street geometries,
traffic characteristics, traffic control, and run control parameters. The fourth program combines the input data files
and then simulates the described geometric/traffic scenario.
A fifth program is then used to summarize the output from
the simulation.
TWLTL-SIM output can be animated using the PROOF
Animation System (19). This software generates a plan view
of the street segment geometry, adds the vehicles, and then
moves them along the street from entry to exit point.
A flowchart showing how the five programs interact with
each other and the animation software appears in Figure 3-3.
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gram. The output summarization can be in terms of direction,
node, or movement-specific categories. The output measures
of performance include delays, number of stops, and travel
times. The output data provided by the Summarization Program are listed in Table 3-5.
Two additional output files are used to create the event animation: (1) the Road Layout File created by the Road Program and (2) the Animation Trace File created by the Main
Simulation Program. These files are used by the animation
software to display a re-creation of the sequence of traffic and
signal indication events that took place during the simulation.
Model Enhancements

Since its original development in the mid-1980s, TWLTLSIM has undergone a series of enhancements to improve its
ability to model driver behavior and to allow it to be applied
to a wider range of geometric and traffic control conditions.
Several of these enhancements were added to TWLTL-SIM
for this research project, including the following:

Figure 3-3. TWLTL-SIM III model flowchart.
The Road Program is used to validate the street geometry,
traffic path, and traffic volume data coded in the Road Text
File. This validation includes a check for value consistency
and adherence to range limits. If no errors are found in the
Road Text File, the Road Program creates a Road Parameters
File for use by the Main Simulation Program.
In contrast to the Road Program, the Speed and System
Parameter Programs prompt the analyst, in an interactive
manner, for the necessary input data. The Speed Program
collects relevant traffic characteristics and traffic signal controller settings, checks them for validity, and then creates the
Speed Parameters File. The System Parameter Program primarily gathers the various run control parameters that define
the character of the simulation run and the types of statistics
desired. Following data entry, the System Parameter Program creates the System Control Parameters File. The input
data needed by the Road, Speed, and System Parameter Programs are listed in Table 3-4.
The Main Simulation Program contains the simulation
routines used by TWLTL-SIM III. This program reads the
input data files (i.e., the Road, Speed, and System Control
Parameters Files), simulates traffic flow, and creates the Statistical Output File. The output data in this file are then categorized and aggregated in the Statistical Summarization Pro-

• Addition of the raised-curb median as a midblock leftturn treatment option
• Incorporation of driver impatience (i.e., delay) into the
gap acceptance logic
• Improvement of the lane-change logic
• Improvement of the traffic signal control logic
• An increase in the number of through lanes to include
six-lane cross sections.
The original version of TWLTL-SIM would only allow
through vehicle lane changes. Vehicles traveling in the
through lanes that would ultimately make a left turn at a
downstream location were not allowed to change lanes. As a
consequence, these “restricted” vehicles would often incur
excessive (and unrealistic) delay while waiting behind leftturning vehicles at access points upstream of the restricted
vehicle’s final turn location. This deficiency has been eliminated in TWLTL-SIM III so that any vehicle can change lanes
to go around a stopped left- or right-turning vehicle and then
go back to the lane, if needed, to make a downstream turn.
Hardware Requirements

The TWLTL-SIM program is written in GPSS/H language, which is supported on VAX/VMS and IBM mainframe computers as well as DOS-based personal computers.
When used on a personal computer, the GPSS/H software
requires DOS, Version 3.0 or higher; an 80836 or higher
microprocessor; a math coprocessor; 640K RAM; 100MB of
hard drive storage space; and a VGA monitor.
Simulation run time is determined by the processor speed
and the amount of random access memory. Typical run times
with a 60-MHz Pentium processor and 24MB of RAM are
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TABLE 3-4 TWLTL-SIM III input data

about 2 to 10 min for 1 hr of simulated time. The exact run
time depends primarily on the number of vehicles in the
street system, the length of the street, and the number of
access points. For example, a four-lane street segment 2,000
ft in length, with traffic demands of 1,500 vph in each travel
direction and 20 access points, would require about 10 min
of computer time to simulate 1 hr of traffic activity.

are provided elsewhere in this chapter). This validation
focused on demonstrating TWLTL-SIM’s ability to accurately
predict the delays to the major-street left-turn and through
movements at the three sites. To demonstrate this ability over
a wide range of conditions, each validation site had a different
left-turn treatment and speed limit and a relatively high majorstreet left-turn volume at one access point. Some basic characteristics of each site are provided in Table 3-6.

Model Validation

Measures of Performance
Validation Study Sites
Three of the 32 field study sites were used to validate
TWLTL-SIM (more details on the field data collection effort
TABLE 3-5 TWLTL-SIM III output data

A database of performance measures was established for
the three validation sites using the TWLTL-SIM model and
field study data. The performance measures considered
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TABLE 3-6 Characteristics of the study sites used in the TWLTL-SIM validation

included (1) the average through vehicle travel time and (2)
the average left-turn delay for vehicles turning at the “highvolume” access point.
Though vehicle travel time is defined as the time required
to travel from the stop line at the upstream signalized intersection to the stop line at the downstream signalized intersection as a through movement. Vehicles that turn onto or off
of the major street are not included in the travel time measurement. In addition to segment length, travel time can be
affected by three factors:
1. The delay due to the traffic signal at the downstream
end of the segment
2. The volume of access point activity (i.e., vehicles turning into or out of access points) along the street
segment
3. The volume of traffic (as shown by Figure 3-2).
The through vehicle travel times obtained from the field
data and those predicted by TWLTL-SIM include each of
these effects.
Traffic volume and signal timing data from the field studies were combined with the street-segment geometry (e.g.,
treatment type and length) to develop a TWLTL-SIM input
file for each of the three sites. The simulation runs for each
site included five replications for each analysis period. All
inputs remained the same for each replication; the only
change between runs was in the random number seed. Traffic conditions were simulated for a minimum of 1 hr per
replication to obtain the desired confidence interval for the
sample means.
Two time periods were established for each of the three
validation sites. One period coincided with the noon peak

traffic demand period and the other with the evening peak
period. Within each peak period, the 15-min period with the
highest through traffic demand was analyzed. Thus, for each
15-min analysis period, average traffic volumes, signal phase
durations, and through vehicle travel times were obtained
from the field data. One exception to this approach was the
left-turn delay, which was averaged over a 1-hr peak period
because of the significant random variability in delay data. In
all cases, the peak hours used for the delay average coincided
with the noon and evening peak periods and included the 15min analysis period used to compute the other statistics.
Findings and Conclusions
The statistics describing the performance measures
obtained from the field data and TWLTL-SIM are summarized in Tables 3-7, 3-8, and 3-9. One trend that can be found
when comparing Tables 3-7 and 3-8 is the large difference in
travel time between the northbound and southbound directions during the evening (or PM) peak period for both the
72nd Street and Harlem Avenue sites. Specifically, southbound vehicles at both sites incur significantly more travel
time than northbound vehicles. This difference is due to
the high volume-to-capacity (v/c) ratio on the southbound
approaches during the evening peak period and the corresponding high signal delay.
A statistical comparison of the measured and predicted
travel times in Tables 3-7 and 3-8 suggests that TWLTL-SIM
is able to accurately predict through travel time. In all but two
cases, the difference between the TWLTL-SIM-predicted
and the measured travel times is less than 10 percent. Moreover, the difference is not statistically significant for half of

51
TABLE 3-7 Comparison of field study and TWLTL-SIM data (northbound travel time)

TABLE 3-8 Comparison of field study and TWLTL-SIM data (southbound travel time)

TABLE 3-9 Comparison of field study and TWLTL-SIM data (left-turn delay)
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the cases listed in Tables 3-7 and 3-8. The two cases in which
the travel time error is large were found in the southbound
direction at the Harlem Avenue site. The error is attributable
to the inability of TWLTL-SIM to model shared-lane (i.e.,
left and through vehicles in the same approach lane) operation for signalized intersections.
The data in Table 3-9 suggest that TWLTL-SIM is able to
accurately predict left-turn delay at access points along the
street segment. In general, the error in delay prediction is less
than 5 sec per vehicle. Although the error, as a percentage, is
large in some instances, the magnitude of the error is quite
small relative to the large variability in delay data. The effect
of this variability can be seen in the statistical test shown in
the last column of Table 3-9. Specifically, the high variability has produced relatively small normal variates, indicating
that the observed differences are not statistically significant
relative to the uncertainty we have about the true mean of the
two delay statistics.
DEVELOPMENT OF AN OPERATIONAL
EFFECTS DATABASE
Database Composition

Midblock left-turn treatments affect the performance of
through and turning traffic in a variety of complex ways. In
recognition of this complexity, it was determined that any
quantitative evaluation procedure would require a cohesive
set of models that collectively replicate the interaction of
these through and turning vehicles. The calibration of these
models would require the assembly of a large database with
a wide range of operational data. This section describes the
complex traffic flow problems that stem from through and
turn vehicle interactions, as they are affected by midblock
treatment. It also describes the model framework needed to
evaluate these problems, the data needed for each model, and
the data collection effort and presents an overview of the
database composition.
Traffic Flow Problems Directly Related to
Midblock Left-Turn Treatment
Through Lane Blockage. A flow problem that occurs in
varying degrees in all midblock left-turn treatments is blockage of the inside through lane. This problem occurs when
major-street left-turn demand exceeds the available storage
area and vehicles spill back into the adjacent through lane.
This problem does not generally occur with significant frequency on streets with divided cross sections; however, it
frequently occurs on undivided streets because of their lack
of left-turn storage.
There are two consequences of through lane blockage,
depending on the size of the queue that forms in the through
lane. If the queue spills back into an upstream unsignalized
intersection (formed by an access point and the major street),
an additional impedance to traffic flow at that intersection
and a corresponding reduction in intersection capacity

results. If the queue overflows the bay storage but does not
spill back, a situation in which through drivers in the inside
lane will try to merge with vehicles in the adjacent through
lane is created, providing there is an adequate gap for drivers
to safely do so. If there is no merge opportunity, the through
drivers in the inside lane will be delayed until the queue
ahead dissipates or until they can safely merge.
Three types of data were collected to calibrate the component models needed to quantify the effects of lane blockage:
1. Data to calibrate a model for predicting the frequency
of lane blockage
2. Data to calibrate a merge-capacity model
3. Data to calibrate a model for predicting the flow rate in
each lane during bay overflow.
This last model is important because the lane flow rates
directly relate to the number of vehicles delayed as well as to
the capacity of the merge maneuver.
Through Vehicle Slow-Down Resulting from Turns. This
flow problem essentially is a delay incurred by through drivers as they follow a left- or right-turning vehicle as it enters
the turn bay or lane. This problem is most prevalent when the
turning vehicle is at or near the front of a platoon and the turn
bay is either relatively full or too short to accommodate the
required deceleration distance. Through vehicles that follow
the slowing vehicle are delayed because they also must
decelerate with the turning vehicle and then accelerate back
to the arterial running speed.
Two types of data were collected to calibrate the component models needed to quantify the effect of through lane
slow-down: (1) data describing the bay entry speed and
deceleration rate to calibrate a model for predicting the speed
reduction to through vehicles and (2) data to calibrate a
model for predicting the flow rate in each lane prior to bay
overflow. This model is important for the same reasons as
mentioned for the previous flow problem.
Through Vehicle Slow-Down Resulting from Traffic Volume. This problem is more fundamentally rooted than the
preceding two problems. Specifically, the problem relates to
the reduction in speed caused primarily by increasing traffic
volume (or density). As noted previously, Chapter 7 of the
HCM describes a relationship between volume level and
speed on rural and suburban highways. Recognizing the possible existence of such a relationship on urban arterials,
speed and volume data were collected for this project. This
relationship would be used to predict the added travel time
resulting from traffic volume and any other relevant factors.

Traffic Flow Problems Indirectly Related to
Midblock Left-Turn Treatment
Three flow problems were identified as being indirectly
related to midblock left-turn treatment type. These problems
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relate to the interaction of a bounding signalized intersection
with relatively near access points. They are described in the
next few paragraphs because the magnitude of their effect is
influenced by left-turn treatment type; however, data were
not specifically collected to quantify these problems because
they were beyond the scope of the research project.
Spillback from a Downstream Signalized Intersection.
When the queue from a signalized intersection spills back
into an upstream unsignalized intersection (formed by an
access point and the major street), departures are blocked and
most intersection movements are impeded. The capacity of
the upstream intersection is effectively reduced in proportion
to the period of time in which spillback occurs. This effect
can be significant when the signalized intersection has such
a long cycle length or a high volume that long traffic queues
form each cycle. The magnitude of the impact also is determined by the location of the upstream intersection relative to
the signal.
Reduced Lane Capacity at a Downstream Signalized
Intersection. The capacity of a signalized intersection
approach can be restricted by turning vehicles exiting the
major street at an upstream access point. The magnitude
of the effect depends on whether the movement is a left
or a right turn and whether the turning vehicle slows or
stops in the through lane. At worst, these turning vehicles
block the through lane while the phase is in service and
severely reduce the lane’s traffic capacity. At best, the turning vehicles create large headways in the discharging traffic queue, thereby reducing the saturation flow rate of the
signalized approach. This latter effect has been quantified
by McCoy (20), who found that the magnitude of the reduction was determined by the proximity of the access point to
the signalized intersection and the turn volume at the access
point.
Effect of Upstream Signals on Nonpriority Movement
Capacity. Appendix I in Chapter 10 of the HCM documents
a procedure for estimating the capacity of a nonpriority
movement at an unsignalized intersection in the presence of
upstream signalized intersections. This HCM appendix states
that the traffic platoons created by an upstream signal will
block a nonpriority movement as they pass through the intersection, but leave large gaps afterward. These large gaps tend
to increase the capacity of the nonpriority movements.
Operations Model Framework
Methodologies for evaluating all of the aforementioned
flow problems were developed and combined into a larger
model of arterial traffic flow. The larger model is referred to
as the “operations model”; the models comprising the flow
problem methodologies are referred to as the “component
models.” The formulation of the operations model, its various analysis methodologies, and the associated component
models are discussed in more detail later in this chapter.

Five component models were identified in the section that
described flow problems that are directly related to treatment
type:
1. Probability of left-turn bay overflow
2. Lane flow rate approaching the left-turn point during
downstream blocked/unblocked conditions
3. Through movement speed and volume
4. Bay entry speed and deceleration
5. Lane-change gap acceptance
Data collection activities and the resulting databases were
defined by the data needs of these component models. Each
database is described in a later section on data collection.
Database Elements
The data needed to calibrate the component models were
categorized as (1) basic traffic characteristics, (2) traffic performance measures, (3) signal controller settings, (4) traffic
control features, and (5) geometric data. The elements that
comprise the first two categories are dynamic and were collected continuously during the field study. These elements
are listed in Table 3-10.
The latter three categories represent static data types. With
one exception, these data were measured before the field
study of a particular site. The exception is phase duration at
interchanges operating in a traffic-actuated mode. This variable was measured for each cycle and averaged. Elements of
each of the latter three categories include the following:
• Signal Controller Settings. This category included
the traffic signal control settings and operation of
the midblock segment’s upstream and downstream
signalized intersections. Specifically, this included
the cycle times, coordination offsets, signal phase
sequence, change interval, and phase durations for
each intersection.
• Traffic Control Features. This category included speed
limit, traffic control signs, and pavement markings. This
information was used to describe the general character
of the arterial.
• Geometric Data. This category included geometric
information along the arterial and at each intersection.
Arterial geometric data included cross section, lane
width, grade, lane assignments, and distance between
the centerlines of adjacent access points or signalized
intersections. Intersection geometric data included approach width, curb return radii, and bay lengths.

Study Site Descriptions

A list of desirable characteristics for the field study sites
was prepared using information from the survey of practitioners and the literature. For this research, a study site was
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defined as an urban or suburban arterial street segment
bounded by signalized intersections but having only
unsignalized access points along its length. This segment has
a constant cross section and one type of midblock left-turn
treatment. The following criteria were used to define an
urban or suburban arterial segment:
• Traffic volume of more than 7,000 vpd
• Speed limit between 30 and 50 mph
• Spacing of at least 350 ft between signalized
intersections
• Direct access from abutting properties
• No angle curb parking (parallel parking is acceptable)
• Location in or near a populated area (e.g., 20,000 or
more)
• No more than six through traffic lanes (three each
direction)
• Arterial length of at least 0.75 mi.
The application of these criteria in selecting the study sites
was intended to ensure that low-volume two-lane roadways,
rural highways, expressways, roads through small towns, and
low-speed collector streets were not included in the candidate list of field study sites.

Study Site Characteristics
Segment Types. Based on the results of the survey of practitioners, it was determined that each study site must have
one of the four most commonly used midblock left-turn treatments. These four types are shown in Figure 3-1. Because the
survey indicated that the four- and six-through-lane cross
sections constituted the largest number of lane-miles of
urban arterial, it was determined that most of the study sites
should have four or six through lanes.
Study Types. The field studies were categorized as either
microscopic or macroscopic. In general, the former relates
to the study of a specific access point along a street segment, whereas the latter relates to the study of traffic flow
along the street. The microscopic (or access point) study
procedure examined the major-street left-turn movement at
an access point. In all cases, the left-turn movement studied
had the highest volume of all left-turn movements on the
study segment. This study focused on left-turn gap acceptance, left-turn queue length, and turbulence to through
traffic caused by major-street left-turn movements.
Twenty-two of the 32 field studies conducted used the
microscopic study procedure.
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The macroscopic (or traffic flow) study procedure was
intended to examine the effect of a left-turn treatment on
through movement traffic flow. This examination focused on
the effect of turning movements on through vehicle travel
time and headway distribution. Ten of the 32 field studies
conducted used the macroscopic study procedure. Of these
10 studies, 2 were included in a pilot study and 8 were
included in the subsequent full-scale field study.
Geometric and Traffic Demand Criteria. The selection of
specific study sites was based on the sites’ degree of compliance with the following geometric and traffic demand criteria. Most of these criteria were established as “desired” rather
than “required” attributes in recognition of the difficulty of
finding 32 study sites that satisfied all criteria. The geometric criteria are as follows:
• Functional Class of Major Street—Urban or suburban
arterial (as defined previously)
• Midblock Left-Turn Treatment
– Flush median with two-way left-turn lane (TWLTL)
– Raised-curb median with alternating left-turn bays
(RM)
– Flush median with alternating left-turn bays (FM)
– Undivided cross section (no median, NM)
• Through Lanes in Cross Section—two, four, or six
• Segment Length—600 to 2,600 ft between signalized
intersections
• Other Desirable Attributes
– Average intersection skew angle, 10 deg or less
– Major street horizontal curvature, 2 deg or less
– Major street vertical grade, 3 percent or less
Following are the traffic demand criteria:
• Major Street Peak Left-Turn Volume (highest volume
location)—Microscopic study
– Divided section (TWLTL, RM, FM), 200 vph or more
– Undivided section (NM), 50 vph or more
• Major Street Peak Left-Turn Volume (highest volume
location)—Macroscopic study
– Divided section (TWLTL, RM, FM), 150 vph or more
– Undivided section (NM), 40 vph or more
• Major Street ADT
– Two-lane, 11,000 vpd or more
– Four- or six-lane, 33,000 vpd or more.
It should be noted that the left-turn and through traffic
demands are relatively high. These levels were specifically
set at high values for two reasons. First, it was believed that
high-volume conditions were necessary to distinguish among
alternative midblock left-turn treatments in terms of their
operational performance. Second, higher volumes would
provide a larger number of observations in a given time
period, which was desired from a statistical standpoint.

Study Site Locations
The street segments studied are listed in Table 3-11. As this
table indicates, there were eight macroscopic studies and 22
microscopic studies conducted at 30 unique street segments.
Two additional study sites were included in the pilot study for
the project; however, these sites are not shown because the
pilot study was used primarily to refine the data collection
methods that were ultimately used in the other 30 studies.
With one exception, the street segments listed in Table
3-11 have either four or six through lanes. Street segments
with two through lanes were sought during the site selection
process, but those satisfying the desired criteria generally
were not found.
In general, the field study sites satisfied almost all of the
desired study site criteria. The most challenging criterion to
satisfy was the major-street left-turn traffic volume. Streets
with peak-hour left-turn volumes in excess of 100 vph were
not found as frequently as anticipated. It is believed that the
high daily traffic volumes also desired tended to yield low
left-turn capacity and therefore low left-turn volumes at
many locations. Nevertheless, many sites with relatively
high left-turn volumes were found, and several of these had
high v/c ratios. This latter characteristic typically yielded the
desired degree of left-turn queueing.
Data Collection

Approach
Equipment used to collect field data included video cameras and computer-monitored tape switch sensors placed in
the traffic lanes. In all cases, only one direction of travel was
studied at each site. The tape switch sensors were adhered to
the pavement surface to record the passage time of individual vehicles. These times, which were recorded by a computer that monitored the tape switches, were used to compute
vehicle headway and speed. Video cameras were positioned
so that their collective fields of view included the beginning
and end of the high-volume major-street left-turn location.
Typical camera positions are shown in Figure 3-4 for one
macroscopic study site. The corresponding fields of view
obtained with video cameras are shown in Figure 3-5.
The field studies were conducted in the fall of 1994. It
should be noted that all data were collected during weekday
daytime periods between 7:00 a.m. and 7:00 p.m. The study
period included the hours of peak traffic demand at each
study site. Data were not collected during inclement weather
or during unusual traffic conditions (e.g., a traffic accident).
Left-Turn Bay Overflow Data
The data collected for the bay overflow equation include the characteristics necessary to predict the portion of
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time in which the queue exceeds the storage area. Because
this problem is fundamentally related to left-turn volume
and capacity, data were collected for quantifying both
of these characteristics. Specifically, data collected for
estimating capacity included opposing through movement
flow rate and speed, left-turn queue length, and frequency
and duration of bay overflow. These data were collected
during the peak traffic demand hour at each of 16 study
sites. The 16 sites chosen represent sites that had the
highest left-turn demands and the necessary camera fields
of view.

Lane Flow Rate Data
Lane flow rate data were obtained from the tape switch
sensors and the videotape recordings. The tape switches were
used to count traffic in each lane, whereas the video cameras
were used to determine whether the inside through lane was
blocked at the high-volume left-turn location. Blocking, as it
is defined for this research, was observed to occur primarily
at sites with an undivided cross section. Sites with raisedcurb, TWLTL, or flush median treatments rarely had any
blockage in the inside through lane (i.e., bay overflow). Lane
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Figure 3-5. Typical fields of view for the camera locations
shown in Figure 3-4: (above) Camera 2; (below) Camera 1.

left-turn location. Data collected included the speed and
headway of each through vehicle in the inside through lane.
These data were collected during the peak traffic demand
hour at seven study sites.

Bay Entry Speed and Deceleration Data
Figure 3-4. Typical data
collection equipment locations.
flow rate and blockage status data were collected during the
2-hr peak traffic demand period at each of seven study sites.
Through Movement Speed and Volume Data
Through lane speed and volume data were obtained from
the tape switch sensors located upstream of the high-volume

Data describing the left-turning vehicle’s speed and deceleration just prior to bay entry were obtained from the video
cameras and tape switch sensors located upstream of the bay
entrance (or its equivalent). The data collected for this database included characteristics necessary to predict the speed
and deceleration rate of the left-turning vehicle as it enters the
left-turn bay (or lane). Specific data collected included the
speed and deceleration rate of each left-turning vehicle and
the number of vehicles queued in the left-turn bay. The speed
and deceleration data were collected using the tape switch
sensors, whereas the number of queued vehicles was obtained
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from the videotape recordings. These data were collected during the peak traffic demand hour at seven study sites.

Lane-Change Gap Acceptance Data
Lane-change gap acceptance data were obtained using the
videotape recordings. Video cameras were used to record the
size of the gap accepted by a vehicle changing lanes. Only
lane changes stemming from left-turn-related blockage in the
inside lane were studied. Sites with divided cross sections
rarely had any blockage in the inside through lane and hence
very little lane changing. As a result, data collection focused
on sites with undivided cross sections.
The data collected include a measure of the duration of the
accepted gap and an indication of the speed of the vehicle
accepting the gap. The method of gap measurement was
based on a technique described by Worrall and Bullen (21).
The accepted gap was divided into two parts: (1) the time
between the leading vehicle and the vehicle accepting the
gap and (2) the time between the accepting vehicle and the
following vehicle. In general, one of these two parts was
critical during each lane change, whereas the other was excessively long and inconsequential. These parts were then
combined to determine the critical gap. Data were collected
during the peak traffic demand hour at four study sites. The
four sites chosen represent sites with an undivided cross section and the highest left-turn demands.
Data Reduction

Approach
Data reduction focused on assembling three separate databases. Collectively, these three databases include the data
needed to calibrate the five models identified in Table 3-10.
The three databases are the (1) left-turn queue length database, (2) through lane characteristics database, and (3) lanechange gap acceptance database. The nature and status of the
data reduction effort for each database is discussed in the
following paragraphs.
Left-Turn Queue Length Database
Traffic events recorded on videotape were used to create
a database of traffic characteristics needed to calibrate the
probability of left-turn bay overflow model. The method of
data extraction from the videotape followed that used to
measure delay on intersection approaches, as described in
Appendix III of Chapter 9 of the HCM. The method
described in the HCM was revised slightly to accommodate
the queue dynamics of an unsignalized movement. Specifically, the requirement that the vehicle be completely stopped
(i.e., wheels locked) was relaxed in recognition of the con-

tinual state of motion in many unsignalized queues. This
motion is particularly noticeable in the left-turn movement
from the major street because it has the highest rank of all
nonpriority movements; hence, it has the first opportunity to
accept a gap in the opposing traffic stream.
For this study, the left-turning vehicle was defined as “in
queue” when it arrived at the back of queue (or stop line, if
no queue existed) and its speed was less than 3 ft/sec (fps).
Departure from the queue was defined as the moment the
vehicle accepted a gap and “initiated” the turn maneuver.
Turn initiation was defined as the instant the back axle
crossed the left edge line of the lane from which the turn was
made. It should be noted that this turn-initiation crossing
point was generally about 25 ft downstream of the stop line,
whereas the back-of-queue line varied from the stop line
(when there was no queue) to about 25 to 50 ft upstream of
the rear of the last stopped vehicle.
Data reduction required a videotape that provided a view
of traffic activity in the vicinity of the left-turn bay (or lane).
During video playback, several types of data that could be
used to describe the character of the left-turn queue were
extracted. Specific data collected included the number of leftturning vehicles queued, left-turn volume, and volume of
traffic opposing the left-turn queue. Left-turn queue counts
were obtained at 10-sec intervals, whereas traffic volumes
were measured in 15-min intervals.
Queue length data were extracted from 1 hr of videotape
for each of 16 study sites. The sites collectively included the
raised-curb median, TWLTL, and undivided treatments. The
number of through lanes at the sites ranged from two to six.
This approach yielded queue data for 1,829 left-turning vehicles. These vehicles were opposed by about 18,900 vehicles
(or 1,200 vph per site on average).
Through Lane Characteristics Database
This database contains the traffic characteristics needed
for calibrating three of the models listed in Table 3-10. Collectively, these three equations predict (1) lane flow rates
approaching the left-turn point when the inside through lane
is blocked, (2) through movement speed and headway, and
(3) bay entry speed and deceleration.
Data reduction for this database was the most complicated
and time-consuming of all three databases. The complication
stemmed from the combined use of tape switch and video
data. The tape switch data were the primary source of vehicle characteristic data (e.g., flow rate, headway, speed, and
acceleration). The videotapes were the source of information
on left-turn queue length, turn movement, and blockage of
the inside through lane. The primary focus of the data collection was on traffic behavior in the inside (or median)
through lane; however, traffic flow rates and headways also
were obtained for the other through lanes. In all cases, only
one travel direction was studied at each site.
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The tape switch data files were processed first and then
supplemented with data extracted from the video recordings.
Processing included extraction of vehicle characteristics at
two reference lines. These reference lines were perpendicular to the traffic lanes and located before and after the leftturn bay entry. Specifically, one reference line (i.e., Line B)
was located just before the beginning of the left-turn bay
taper (or its equivalent for the TWLTL based on observation
of left-turn vehicle trajectories). The second reference line
(i.e., Line A) was located at the end of the left-turn bay (or
lane). Computer-monitored tape switch sensors were located
at each reference line to facilitate measurement of the desired
characteristics.
Processing of the tape switch data files focused on a laneby-lane and reference-line-by-reference-line basis. Initially,
the tape switches in each lane at each reference line were
processed to obtain the desired traffic characteristics at that
location. Then, the characteristics measured at both reference
lines in a given lane were combined to create a record of each
vehicle’s characteristics as it proceeded through the study
boundaries (i.e., between Lines A and B) in that lane. Finally,
these lane-specific files were combined to create one file containing the attributes of all vehicles in all traffic lanes during
the study period. The tape switch data files were supplemented with video data to provide additional information
regarding traffic behavior (e.g., queueing) in the vicinity of
the study boundaries.
The combined database has a wide range of data describing the travel characteristics of both left-turning and through
vehicles. The database can be described as “vehicle-specific”
because each line entry represents a vehicle that entered the
study boundary (i.e., crossing Line B). The vehicle’s speed,
headway, and acceleration were recorded as it crossed this
line. The video data provided information about the number
of vehicles in the left-turn bay (or lane) as well as the existence of a blocking queue in the inside lane.
The format of the combined database is shown in Table
3-12. The sample data shown represent the characteristics of
16 vehicles passing through the study boundaries at the 27th
Street site. The first vehicle crossed Line B at 14:24:49.56
(about 25 min after 2:00 p.m.). The vehicle was in Lane 1, its
two axles were spaced 8.8 ft apart, its speed was 53.5 fps, and
it was about 3.25 sec behind the previous vehicle. This vehicle was destined to make a left turn from the bay (which is
currently empty) and had a deceleration rate of 1.2 fpss to
facilitate this turn.
The second vehicle shown in the sample data in Table 312 is a through vehicle; therefore, its speed was measured at
both Line B (i.e., 55.2 fps) and Line A. The vehicle’s speed
at Line A (54.5 fps) was estimated using the difference in
crossing times recorded in Fields F and M (i.e., 0.22 sec) and
the speed trap length recorded in Field N (i.e., 12.0 ft). Similar times are not recorded for the third vehicle because
speeds in Lane 2 (i.e., the curb lane) were not important for
this study. The fields coded with multiple nines (e.g., 99.9)

were intended to be ignored during processing because these
codes were used whenever aberrant data or events precluded
measurement of some characteristics.
The combined database includes measurements for more
than 17,200 vehicles. These vehicles were observed during a
2-hr period in 16 traffic lanes at seven sites. The 2-hr period
included the period of peak left-turn demand at each site. The
sites collectively included the raised-curb median, TWLTL,
and undivided left-turn treatments. In addition, they included
four and six through-lane cross sections.

Lane-Change Gap Acceptance Database
Traffic events recorded on videotape were used to create
the lane-change gap acceptance database. This database was
used to calibrate the model of lane-change capacity. The
theoretical form of this model follows that used to predict
unsignalized movement capacity in Chapter 10 of the HCM.
This capacity equation is based on the distribution of gaps in
the conflicting traffic stream and the number of vehicles that
can safely enter these gaps. Thus, the focus of the data reduction was to determine the size of critical gap needed by a
lane-changing vehicle as a function of its speed.
The reduction procedure required a camera view of the
left-turn location and a short segment of the street in advance
of this location. Sites with undivided cross sections were
selected for study because they had the most frequent occurrence of blockage (resulting from left turns) in the inside
lane. During replay of the videotape, the gap accepted by
each vehicle changing from the inside to the adjacent through
lane was recorded. The vehicle’s speed was defined in terms
of one of three categories: (1) starting from a stop, (2) starting from a slow-moving condition, or (3) changing lanes at
speed.
The gap acceptance database contains data for 277 lane
changes at four sites with undivided cross sections. About
half of the observed vehicles were categorized as “slowmoving” at the start of their lane changes. One-fourth of the
vehicles were categorized as “stopped,” and one-fourth were
categorized as “at speed.” Between 4 and 6 hr of videotape
were reviewed for each site to obtain the desired data.

Database Summary

Approach
This section focuses on the computation of summary statistics for each database and a graphical examination of
trends within the data. Some preliminary comparisons are
made between the component model predictions and observed measures. The details of the model calibration and predictive ability of the calibrated models are discussed later in
this chapter.
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Left-Turn Queue Length Database
The analysis of the left-turn queue length database
focused on the computation of summary queueing statistics
and the distribution of queue length. The summary queue
statistics are shown in Table 3-13. As this table indicates,
there is a wide range in left-turn demand and queue length
at the 16 study sites. The number of left turns observed
ranged from 18 to 394 during the study hour, with an aver-

age of 114 left turns per site. The average queue length
ranged from 0.04 to 1.80 vehicles, with a maximum queue
of 13 observed at one site.
The nature of the data extraction method facilitated
the computation of percent stopping and delay statistics.
As mentioned previously, a stopped or delayed vehicle
was defined as a vehicle in queue or moving up in queue
at a speed of less than 3.0 fps. The percent stopping
ranged from 31 to 86 percent, with an average of 61
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percent. The delay ranged from 2.2 to 23.9 sec per vehicle. This range of delays corresponds to levels of service ranging from A to D, based on Table 10-3 of the
HCM.
The queue length distributions for four of the study sites
are shown in Figure 3-6. Collectively, these sites illustrate

the queue length distribution for left-turn movements with a
low to moderate degree of queueing and a v/c ratio as high as
0.50. The predicted queue length distribution for the 72nd
Street site also is shown in Figure 3-6. This trend line is provided to illustrate the predictive ability of the probability of
bay overflow model.

Figure 3-6. Queue length distribution at selected sites.
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Through Lane Characteristics Database
Analysis of the through lane characteristics database was
divided into three topic areas, which relate to the component
models defined in Table 3-10:
1. Lane flow rate approaching the left-turn point during
downstream blocked/unblocked conditions
2. Through movement speed and volume
3. Bay (or lane) entry speed and deceleration.
Relevant summary statistics of the data corresponding
to each topic area as well as findings from a preliminary analysis of these data are provided in the following paragraphs.
Lane Flow Rates. The analysis of lane flow rates focused
on the distribution of major-street vehicles among the
through lanes approaching an unsignalized intersection (this
intersection is formed by an access point and the major
street). It was theorized that the distribution of vehicles
among the approach lanes would be sensitive to the type of
midblock left-turn treatment, left- and right-turn percentage,
number of through lanes, left-turn capacity, and frequency of
bay overflow.
Sites with undivided cross sections were found to experience “bay overflow” most frequently. This term is applied
figuratively in the sense that every queued left-turning vehicle on an undivided cross section is equivalent to a bay overflow condition. Observations at the sites with this left-turn
treatment indicated that the portion of through vehicles in the
outside lane depended strongly on the frequency and extent

of bay overflow. Through drivers in the inside lane tended to
shift to outside lanes during overflowed (or blocked) conditions to avoid lengthy delays.
Table 3-14 summarizes the vehicle counts for a 2-hr
period at seven sites. The inside through lane was blocked by
left-turning vehicles at only one site—the site with an undivided cross section. Traffic demands were not sufficiently
high to precipitate frequent bay overflow at the other six
sites. Nevertheless, there were sufficient data at the undivided site to quantify the effect of blockage on the distribution of vehicles among the through lanes.
The data in Table 3-14 indicate that the percentage of vehicles in the inside lane does vary with lane status (i.e., blocked
or not blocked). Specifically, during unblocked conditions,
the data indicate that vehicles are almost evenly distributed
among the available lanes. If anything, there is a slight trend
toward more vehicles in the inside lane at the sites with a
divided cross section (i.e., RM, TWLTL, and FM). This
trend suggests that through drivers may prefer the inside lane
at divided sites (perhaps because they want to avoid delays
resulting from right-turning vehicles). In contrast, the data
indicate that many drivers shift to the outside lane during
blocked conditions, presumably to avoid delays resulting
from left-turning vehicles.
The issue of lane flow distribution was more closely examined by segregating the database into flow characteristics for
15-min intervals. The results of this analysis are shown in
Figure 3-7. This figure illustrates the relationship between
the inside lane and left-turn movement percentages during
unblocked and blocked conditions at sites with four through
lanes.

TABLE 3-14 Through lane characteristics database (lane volume summary)
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Figure 3-7. Effect of left-turn percentage and blockage on the
distribution of traffic to the inside through lane.
As the data in Figure 3-7 indicate, the percentage of vehicles
in the inside lane is relatively insensitive to left-turn percentage during unblocked conditions. This trend suggests that drivers distribute themselves evenly among the lanes when there
are no potential disruptions (or delays) resulting from turning
vehicles. In contrast, the data suggest that traffic is unevenly
distributed during blocked conditions. Under these conditions,
through drivers change from the inside lane to the outside lane
to avoid the delay associated with left-turn-related queues.
The lines shown in Figure 3-7 represent the inside lane
percentage predicted using a model developed for this
research. Specifically, this equation predicts the flow rate in
each through lane based on the assumption that drivers want
to minimize their travel time. A description of this model and
an assessment of its predictive ability is provided later in this
chapter.

Through Movement Speed. The through lane characteristics database contains data on the relationship between speed
and headway in the inside through lane at seven sites. These
data were used to examine the relationship between speed
and flow rate during unblocked conditions.
The speed, headway, and flow rate data in the through lane
characteristics database are summarized in Table 3-15. As
this table indicates, a wide range of speeds and flow rates
were found at these sites. In particular, the average speed
ranged from 40.9 to 62.8 fps, with an average of 52.0 fps. The
average flow rate ranged from 474 to 878 vphpl, with an
average of 632 vphpl.
The relationship between speed and flow rate at two sites
is illustrated in Figure 3-8. Data for the Camelback Road site
were collected at a point 450 ft downstream of the traffic signal. The average vehicle at this site tended to have a small

TABLE 3-15 Through lane characteristics database (speed and flow rate summary)
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Figure 3-8. Effect of flow rate on midblock running speed at two
study sites.

acceleration, indicating that it had not reached the desired
running speed by the point of measurement. The data for the
Roosevelt Road site was measured about 1,460 ft downstream of the traffic signal and exhibited no overall trend
toward acceleration by the average vehicle. It should be
noted that the data points shown represent the average of 25
observations. The technique of plotting average values was
used to remove some of the scatter inherent in the individual
observations and thereby facilitate the examination of trends.
The data shown in Figure 3-8 indicate a definite trend
toward reduced speed with increasing volume. This trend is
consistent with that found for multilane highways (as shown
in Figure 3-2), although the speed reduction found in Figure
3-8 data is more significant and generally occurs over the
entire range of flow rates. The data in Figure 3-8 also suggest
that a maximum flow rate of about 2,000 pcphpl is possible
on urban arterials, especially if the distance between traffic
signals is sufficiently long to allow the platoon to reach its
desired running speed.
An examination of speed and flow rate data at the other
study sites indicated that the correlation between speed and
flow rate was not always as strong as that shown in Figure 38. Specifically, sites with higher levels of access point activity were found to have more variability in their speed-flow
data, yielding less clarity in the linear-decreasing trend. This
additional variability is attributed to the turbulence associated with the higher degree of turning activity at these sites.
Bay Entry Speed and Deceleration. One of the methodologies in the operations model predicts the effect of turning
vehicles on major-street through traffic. This effect stems
from the turning vehicle’s speed reduction in the through
lane prior to completing its turn from the through lane or its
entry into the turn bay. In the latter case, the impact can be
significant if the bay is relatively short or frequently filled

with queued vehicles so that some deceleration in the through
lanes is necessary. Quantification of this effect requires information on the basic speed and deceleration behavior of
drivers as they enter the turn bay or lane. These data were
collected at seven of the study sites.
The deceleration behavior of the left-turning drivers at the
seven sites is shown in Table 3-16. As this table indicates,
average deceleration rates ranged from 0.47 to 3.89 fpss at
the study sites. At first glance, this range would seem relatively large; however, it must be paired with the approach
speed and remaining distance available for deceleration for
proper interpretation. The available deceleration distance
was computed as the distance between the point of deceleration measurement (i.e., Line B) and the stopping point. The
stopping point was defined as the end of the bay or the back
of the last queued vehicle, whichever was farther upstream.
Using these definitions, the driver’s deceleration rate at the
bay entry point was statistically and graphically evaluated
relative to speed and distance to queue. The results of this
evaluation are shown in Figure 3-9.
As Figure 3-9 indicates, drivers do not choose a constant
deceleration rate as they enter the left-turn bay or lane.
Rather, they adopt a deceleration rate based primarily on
their bay entry speed and, to a lesser extent, on the remaining distance within which they have to stop. More specifically, Figure 3-9a indicates that drivers adopt a deceleration
rate that varies from 0.5 to 3.5 fpss for speeds of 45 to 60
fps. At speeds below 45 fps, it appears that a value of about
0.5 fpss is acceptable (of course, a higher rate would have
to be adopted subsequent to bay entry to stop the vehicle in
any reasonable remaining distance). It should be noted that
the data points in this figure each represent averages of 10
or more observations. This technique of plotting average
values was used to remove some variability in the data and
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TABLE 3-16 Through lane characteristics database (left-turn vehicle deceleration summary)

(a)

(b)

Figure 3-9. Effect of speed and deceleration distance on
deceleration rate: (a) effect of bay entry speed on deceleration rate;
(b) effect of available deceleration distance on deceleration rate.
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thereby to facilitate the graphical examination of underlying trends.
Figure 3-9b indicates that drivers also modify their deceleration rate based on the remaining stopping distance.
Specifically, drivers accept higher deceleration rates when
they have shorter distances. There is considerably more variation in the relationship between distance and deceleration than
between speed and deceleration. This additional variability
suggests that distance is not as dominant, nor as uniformly
applied, a criterion as is speed in selecting a deceleration rate.
Lane-Change Gap Acceptance Database
The analysis of the lane-change database focused on determining the magnitude of the critical gap needed by a lanechanging driver. In this context, the driver evaluates headways in the adjacent through traffic lane, factors in the
relative speed between his or her vehicle and those in the
adjacent lane, and determines the adequacy of each headway
in terms of a safe lane change. The impetus for this lane
change is the presence of a left-turning vehicle blocking the
inside lane.
As mentioned previously, the method of gap measurement
was based on a technique described by Worrall and Bullen
(21). Specifically, the accepted gap was divided into two
parts: (1) the time between the leading vehicle and the vehicle accepting the gap and (2) the time between the accepting
vehicle and the following vehicle. In general, one of these
two times is critical during each lane change, whereas the
other is excessively long and inconsequential. These critical
times can then be combined to determine the critical gap.
This type of study differs from the traditional gap acceptance study because it is impossible to determine which gaps
a driver rejects. The determination of critical gap can be
based only on the size of the accepted gaps. Many accepted
gaps can be quite large as a result of random headways in the

traffic stream; therefore, critical gap must be established as a
minimum value at which headways below this value would
be acceptable to relatively few drivers. Worrall and Bullen
(21) suggested the use of the fifth percentile value. Traditional gap acceptance studies that define critical gap as the
value that is rejected by as many drivers as accept it tend to
yield values that equate to about the 15th percentile of
accepted values.
The combined distribution of accepted gaps measured at
four study sites is shown in Figure 3-10. Separate distributions are shown for the lead, lag, and headway values that
were accepted by drivers. In all cases, these distributions
contain many small values and a few large values because of
occasional large headways occurring in the traffic stream.
The small values are fairly stable because they are dictated
by driver behavior as opposed to random traffic flows.
The data in Figure 3-10 combine all observed data, regardless of the speed of the lane-changing vehicle at the start of
the lane change. As a second part of this analysis, distributions were developed for each of the three speed ranges:
“stopped,” “slowed,” or “at running speed.” The results of
this analysis are shown in Table 3-17.
As the data in Table 3-17 indicate, lead times tend to be
shorter than lag times, suggesting that merging drivers want
more time between themselves and the vehicle behind. The
data also indicate that drivers merging from the stopped condition tend to require the largest time interval, whereas those
merging at a slowed speed condition require the shortest
time. Moreover, it appears that the lead value increases with
speed, whereas the lag value decreases with increasing
speed. Both these trends appear reasonable in the context of
drivers’ desire to provide more of a buffer distance between
their vehicles and the one in front of them at higher speeds
and between their vehicles and the one behind when their
speeds are low. These trends are consistent with drivers’ perceptions of the greatest risk at the respective speeds. In com-

Figure 3-10. Distribution of accepted headways at four sites.
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TABLE 3-17 Lane change gap acceptance database summary

bination, these trends tend to offset one another. In fact, the
combined lead/lag values are very similar for the slowed and
at running speed conditions.
It should be noted that the combined lead and lag times in
Table 3-17 are always shorter than the headway values. This
trend results because most of the accepted headways had
either a lead time or lag time, but not both, that was critically
short. Thus, the combined lead and lag times would be a
more conservative estimate of the critical gap than the headway value because it represents the sum of both critical gap
portions.
OVERVIEW OF OPERATIONS MODEL

The operations model was developed to demonstrate how
two HCM analysis procedures (i.e., those in Chapters 9 and
10) could be used to evaluate the operational effects of alternative midblock left-turn treatments. Several models were
developed for this research to supplement and extend the
HCM procedures so that they could be used to evaluate the
interaction of several access points along an urban arterial.
Unfortunately, at the conclusion of operations model development, it was found to be too complex for manual applications. As a result, the operations model was implemented as
a software program. The model was calibrated using the field
data, and its predictive capability was verified by comparing
it with other traffic models. The calibrated operations model
was used to evaluate the numerous analysis scenarios that
formed the basis for the midblock treatment selection guidelines described in Chapter 2.
Model Description

The operations model is based on the HCM procedures for
analyzing unsignalized and signalized intersections. As such,
the model can be defined as a deterministic, macroscopic
model. It focuses on assessing the operation of nonpriority
movements at unsignalized intersections along an arterial

and the impact of these movements on the travel time of the
arterial through movement. The arterial segment is assumed
to be bounded by signalized intersections and to have any
reasonable number of access points along its length. In the
context of the HCM procedures, each of these access points
is assumed to form an unsignalized intersection with the
major street.
The delay to any nonpriority traffic movement is strongly
influenced by the distance between the subject intersection
and an adjacent unsignalized or signalized intersection. When
this distance is short, relative to the length of queue that forms
at the adjacent intersection, a complex series of interactions
can occur that can directly or indirectly increase the delay to
the movements at the subject intersection. Moreover, these
interactions can be particularly disruptive when the adjacent
intersection is signalized. The queues formed at signalized
intersections can be lengthy and can block an upstream intersection for a sustained length of time. The operations model
includes several supplemental models that account for the
effect of access point spacing on arterial operations.
In addition to the distance between access points, the operations model is sensitive to several important geometric and
traffic characteristics that can lead to disruption and delay to
arterial traffic movements. Specifically, the model is sensitive to left-turn treatment type, intersection signal timing,
traffic volumes at each access point, frequency of left-turn
bay (or lane) overflow, and platoons formed by upstream signals. The left-turn treatments considered were the raisedcurb median, TWLTL, and undivided cross section. The primary model outputs were the major-street left-turn delay and
through movement travel speed.
The general framework of the operations model is shown
in Figure 3-11. As this figure indicates, the evaluation
process consists of two analysis iterations. The first iteration
is performed as if the intersections are isolated; the second
iteration uses the queue information from the first iteration to
account for the effects of left-turn bay overflow and queue
spillback from the downstream unsignalized or signalized
intersection.
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Figure 3-11. Framework of the operations model.

The operations model is based on three main modules,
their associated models, and a series of component models.
These modules and models follow.
Signalized Intersection Module
• Through capacity model
• Through delay model
• Queue length model.
Unsignalized Intersection Module
• Left-turn capacity model
• Left-turn delay model
• Queue length model.
Major Street Through Lane Module
• Through merge/lane-change capacity model
• Through merge/lane-change delay model
• Through slow-down delay model.

Component Models
1. Probability of left-turn bay overflow
2. Lane flow rate approaching the left-turn point for
downstream blocked/unblocked conditions
3. Through movement speed and volume
4. Bay entry speed and deceleration
5. Lane-change gap acceptance
6. Probability of outbound signalized intersection approach lane blocked
7. Probability of spillback from downstream intersection
(signalized or unsignalized)
8. Signalized intersection approach lane capacity during
upstream blocked conditions
9. Left-turn lane allocation (for the TWLTL)
10. Traffic platoon dispersion.
The capacity and delay models listed for the signalized and
unsignalized modules are based on the models recommended
in Chapters 9 and 10, respectively, of the HCM. The remaining models were developed for this project and are described
in the following paragraphs.
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Models Associated with Main Modules
Queue Length Model. The prediction of average queue
length was based on a fundamental relationship developed by
Little (22) for queueing systems. This relationship states that
the average queue length is equal to the product of the average delay and the arrival flow rate. The delay used in this
product is that obtained from the delay equations provided in
Chapters 9 and 10 of the HCM. This approach to queue
length estimation (i.e., extending the delay estimate from the
HCM) was considered preferable to deriving a queue length
equation because it provides continuity with the wellfounded HCM delay equations and because the predicted
queues will have the same time-dependent sensitivity as the
HCM equations.
Through Merge/Lane-Change Capacity Model. This
model predicts the lane-change capacity available to through
drivers in the inside lane. The lane-change maneuver that is
modeled is that by a through driver who is traveling in the
inside lane and is caught in a stopped queue associated with
left-turn bay overflow (or blockage, in the case of an undivided cross section). The capacity of this maneuver is based
on the distribution of available gaps in the through lane adjacent to the inside lane. This distribution is based on the flow
rate in the adjacent lane when the inside lane is blocked (this
flow rate is typically higher during blocked than unblocked
conditions). The lane flow rate model (i.e., Component
Model 2 in the previous list) is used to estimate this flow rate.
Through Merge/Lane-Change Delay Model. This model is
an extension of the HCM delay equation for unsignalized
traffic movements. It combines an estimate of the portion of
the approaching traffic flow that will change lanes with the
estimated lane-change capacity to predict the delay to lanechanging vehicles. The portion of traffic changing lanes is
estimated using one of the component models (i.e., Component Model 2). The delay actually incurred is the lesser of the
delay required to change lanes and the delay incurred as a
vehicle waits in the left-turn-related queue.
Through Slow-Down Delay Model. This model predicts
the delay incurred by through vehicles caused by the slowing
(or stopping) of a turning vehicle. The model is applied to
both the left-turn and right-turn movements from the major
street. It incorporates probabilistic methods to estimate the
number of through vehicles following each turning vehicle.
An expected value formulation combines event probabilities
to predict the incremental impact of the slowing (or stopping)
“wave” on each following through vehicle. The sum of these
incremental impacts represents the added travel time, or
delay, to the through vehicles. This model is sensitive to the
turning speed of the right-turning vehicle and the bay-entry
speed of the left-turning vehicle (the latter parameter is
obtained from Component Model 4). The model also
requires an estimate of the lane flow rates approaching the

turning point during unblocked conditions (i.e., Component
Model 2).
Component Models
Probability of Left-Turn Bay Overflow. This model is
based on a queueing theory formulation of the queue length
distribution. The model relates the left-turn volume and
capacity to the length of left-turn storage area to predict the
probability of left-turn bay overflow. In the special case of an
undivided cross section (where storage area is nonexistent),
the model predicts the probability of a left-turning vehicle
being queued.
Lane Flow Rate Approaching Left-Turn Point. This model
predicts the flow rate in each through lane approaching the
left-turn point. The model is based on the assumption that
drivers choose their lanes based on a desire to minimize their
travel time. In this equation, the minimum travel time is presumed to be achieved when the demand-to-saturation flow
ratio of each lane is as low as possible. This condition is satisfied when the ratios for each lane are equal. This approach
is similar to that used in Chapter 9 of the HCM (i.e., Equation 9-18) for computing the portion of left-turning vehicles
in the inside lane of a shared-lane intersection approach.
However, the equation developed for this research is derived
to account for both the blocked and unblocked condition of
the inside through lane as well as the percentage of rightturning vehicles.
Through Movement Speed and Volume. This model predicts the running speed of through traffic as affected by arterial volume level. The predicted running speed does not
include delays caused by turning vehicles (as defined in the
previous section) or those caused by the signalized intersections that bound the arterial segment.
Bay Entry Speed and Deceleration. This model predicts
the bay entry speed and average “equivalent” constant deceleration rate needed by the through slow-down delay model.
These characteristics are estimated using kinematic equations of motion combined with the bay length and average
left-turn queue length.
Lane-Change Gap Acceptance. This model is a parametric representation of the shortest intervehicle gap accepted by
the majority of drivers making a lane change. Traditional
techniques of estimating the critical gap of drivers at
unsignalized intersections are not applicable to the lanechange maneuver because of the impossibility of knowing
when a driver rejects a gap. The measurement process also is
complicated by the frequent occurrence of very large gaps as
a result of randomness in the traffic stream. To overcome
these measurement problems, the accepted headways have
been subdivided into a lead and a lag time (one of which may
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be critical). The combination of the critical lead and lag times
is assumed to represent the critical lane-change gap.
Probability of Downstream Signalized Intersection
Approach Lane Blocked. This model predicts the probability
that the inside through lane of the downstream signalized
intersection approach will be blocked by left-turn activity at
an upstream unsignalized intersection.The equation is sensitive to the distance between the unsignalized intersection and
the downstream signal and to the major-street left-turn volume at the unsignalized intersection. The predicted probability is used to estimate the effective number of through lanes
available on the signalized intersection approach and its
resulting queue length.
Probability of Spillback from Downstream Intersection.
This model predicts the probability of an upstream unsignalized intersection being blocked by the spillback from a
downstream intersection. This spillback effectively impedes
the flow of the nonpriority movements at the subject intersection and results in a reduction in their movement capacity. The predicted probability effectively represents the union
of spillback probabilities for all intersections downstream of
the subject intersection (including the downstream signalized
intersection).
Signalized Intersection Approach Lane Capacity During
Upstream Blocked Conditions. This model predicts the
capacity of the outbound through movement at the bounding
signalized intersections. As discussed previously, the inside
through lane on a signalized intersection approach can be
blocked by left-turning vehicles at an upstream unsignalized
intersection. This model computes the effective saturation
flow rate for the signalized through movement based on the
portion of time the inside lane is blocked. The model is
applicable to signalized approaches with exclusive left-turn
lanes or shared through and left-turn lanes. In the latter case,
an equation was developed for estimating approach lane flow
rates. This equation is based on Equation 9-18 of the HCM;
however, it was modified for application to situations involving upstream lane blockage.
Left-Turn Lane Allocation. This model predicts the portion
of the TWLTL that is available to each of the two majorstreet left-turn movements that share it. Specifically, these
are the left-turn movements that occur at adjacent unsignalized intersections and whose queues extend backward
toward one another, effectively competing for use of the
same storage space. This model allocates available storage
space based on the queue lengths of the respective left-turn
movements. One interesting attribute of this model is that the
sum of the effective storage space predicted for each movement typically exceeds total storage space. This characteristic results from the shared use of available space.
Traffic Platoon Dispersion. This model predicts the portion of time the major-street traffic stream is platooned as it
passes through an unsignalized intersection. In this context,

a platooned vehicle is defined as a vehicle having a headway
shorter than the critical gap acceptable to a major-street leftturning driver. Hence, the model predicts the time required
for the platoon to pass through the intersection relative to the
upstream signal cycle time. During this portion of time, leftturn capacity is assumed to be negligible. Subsequent to this
time, left-turn capacity is computed using the left-turn capacity model and a lesser flow rate reflecting the flow of secondary (i.e., nonplatooned) movements.
Component Model Calibration

This section describes the formulation and calibration of
5 of the 10 component models that support the various
modules that comprise the operations model. The models
described in this section are as follows:
1.
2.
3.
4.
5.

Probability of left-turn bay overflow model
Lane flow rate model
Through movement speed model
Bay entry speed and deceleration model
Lane-change gap acceptance parameter.

The remaining five component models were developed for
the operations model but were not calibrated with field data.
These models were excluded from the data collection effort
primarily because of the high cost of assembling a database
for each model. In many instances, the corresponding flow
problems tended to occur infrequently at some sites or frequently at a very small percentage of widely scattered sites.
When these sites were identified, they tended not to satisfy
the desired site criteria or offered no option for a combined
study of other flow problems. The five component models for
which calibration data were collected were deemed to represent a reasonable balance between model priorities, database
assembly cost, and available project resources.
Probability of Left-Turn Bay Overflow Model
Model Development. A major-street left-turn movement
that overflows its allocated storage space causes significant
disruption to through traffic in the adjacent lanes. Therefore,
an equation for predicting the frequency of overflow is essential to the evaluation of midblock left-turn treatments. In a
probabilistic context, the frequency of overflow equates to
the probability that the left-turn queue exceeds the given storage space. Hence, the equation developed to quantify this
probability is based on a mathematical representation of the
queue length distribution.
Analysis of the queue length distributions observed at the
field study sites indicated an exponential trend of increasing
probability with an increasing number of vehicles. The distribution found at four of the study sites was shown previously in Figure 3-6. The probability that there are fewer than
N vehicles in queue can be read directly from the y-axis of
this figure. Or, in the context of a bay with N storage positions, the probability of bay overflow is equal to the probability that there are N  1 or more vehicles. This probability
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can be computed by subtracting the probability associated
with N  1 (on the y-axis) from 1.0. For example, the Harlem
Avenue site has zero storage positions as a result of its undivided cross section (i.e., N  0); thus, the probability of bay
overflow equals the probability that there are one or more
vehicles or 0.16 ( 1.0 – 0.84).
The probability of bay overflow model developed for this
research is based on the queue length distribution equation
traditionally applied to queueing systems with exponential
arrival and service times.The queue length distribution
describes the probability of a queue being less than a prescribed number of vehicles. For the purposes of this research,
the probability of bay overflow is defined as the probability
of a queue exceeding available bay storage N. Based on these
definitions, the queue length distribution is as follows:
v 
P(n < N ) = 1 −  l 
 cl 

N

(2)

where:
P(n  N)  probability of a queue length less than N;
n  observed queue length at any instant in time;
vl  left-turn flow rate, vph;
cl  left-turn capacity, vph; and
N  number of vehicles that can be stored in an
exclusive turn lane without overflow.
The probability of bay overflow Pov ( P(n ≥ N  1)) is
derived from Equation 2 as follows:
 vl 
Pov =  
 cl 

N +1

(3)

The capacity required by Equations 2 and 3 was predicted
using a capacity model similar to that recommended in Chapter 10 of the HCM. This capacity model was modified to
account for the effects of traffic platoons formed by upstream
signalized intersections.
Model Calibration. The data collected during the field study
were used to calibrate the queue length distribution model in
Equation 2. The queue length distributions for the study sites
were used for this purpose. The capacity for each site was estimated using the observed opposing through traffic volumes in
combination with the modified left-turn capacity model.
The fit of the proposed model to the distribution of the
queue lengths at the study sites is shown in Figure 3-12. This
figure compares the predicted and measured queue length
probabilities. As the data in this figure indicate, the model
predictions are in good agreement with the observed probabilities over a wide range of values. Based on the quality of
this fit, no empirical calibration constants were deemed necessary for Equation 2 or 3.
Sensitivity Analysis. Equation 3 can be used to examine the
effect of bay storage length and left-turn v/c ratio on the
probability of bay overflow. This relationship is shown in
Figure 3-13. As this figure indicates, the probability of overflow increases with increasing v/c ratio; it also increases with
a decreasing number of available queue storage positions.
Lane Flow Rate Model
Model Development. The delay to major-street through
vehicles caused by turning activity is highly dependent on the

Figure 3-12. Comparison of predicted and measured queue length
probabilities.
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Figure 3-13. Predicted effect of volume-to-capacity ratio and bay
storage length on the probability of bay overflow.
distribution of through vehicles among the available lanes in
advance of the access point. The nature and extent of this
delay is determined by whether a turn bay or lane is provided
and whether the queue of turning vehicles overflows the
available storage area and the speed the turning vehicle slows
to prior to entering the bay.
Consider the case where no left-turn bay is provided (or
a bay is provided but is filled). Prior to the arrival of a
blocking left-turning vehicle, lane flow rates tend to be
somewhat balanced as drivers attempt to minimize their
travel time through the unsignalized intersection. An exact
balance may not be possible because some through drivers
will choose to avoid the threat of delay caused by turning
vehicles by concentrating in any exclusive through lanes
that may be available.
Just after the arrival of a blocking left-turning vehicle, the
following through vehicles will attempt to merge into an
adjacent through lane. Many through drivers will be able to
complete this merge without stopping; drivers who stop will
have to wait until the turning vehicle departs or until it is safe
to merge into the adjacent lane. The capacity of the stopped
merge maneuver depends on the flow rate in the adjacent
traffic lane while the turning vehicle is present or is blocking
the inside through lane. The effect of left-turn activity and
blockage on the distribution of vehicles among the through
lanes was shown previously in Figure 3-7.
Consider now the case where there are turn bays of adequate storage capacity to prevent overflow. In this case,
delays are possible to following through traffic if the deceleration distance in the storage bay is not sufficient for the
driver to slow completely within the bay. The extreme of this
situation is a right-turn movement that has no bay at all. In
this situation, the right-turning driver will slow to the turning
speed entirely in the through lane. When there is the potential for this type of delay, through drivers more frequently

may choose to position themselves in the nonturning lanes on
the intersection approach to avoid possible delays caused by
turning vehicles.
The modeling approach used to replicate the distribution
of through drivers among traffic lanes is based on the hypothesis that through drivers will choose the traffic lane that
minimizes their travel time. One mathematical representation of this hypothesis is the equalization of the demand-tosaturation flow ratios among alternative traffic lanes. In this
context, turning vehicles are represented as “equivalent”
through vehicles when computing the saturation flow rate of
the shared through lane. This representation was adopted in
the development of Equation 9-18 of the HCM for computing the portion of left-turning vehicles in the inside lane of a
shared-lane intersection approach. It is also applicable to
traffic flow on an unsignalized intersection approach and can
be formulated as follows:
n

vi
=
si

∑v

i

i =1
n

∑

( 4)

si

i =1

where:
vi  flow rate in lane i (i  1, 2, ..., n; i  1 for the inside
or median lane), vphpl;
si  saturation flow rate in lane i, vphpl; and
n  number of through lanes on the subject lane (n ≥ 2).
The proportion of left-turning vehicles in the inside
through lane (i.e., Lane 1) can be quantified as follows:
PL =

PLT

∑v
v1

i

(5)
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where:
PL  proportion of left-turning vehicles in the inside lane
flow (Lane 1); and
PLT  proportion of left-turning vehicles in the approach
flow.
Similarly, the proportion of right turns in the outside
through lane (i.e., Lane n) can be quantified as follows:
PR =

PRT

∑v

i

(6)

vn

where:
PR  proportion of right-turning vehicles in the outside
lane flow (Lane n); and
PRT  proportion of right-turning vehicles in the approach
flow.
Combining Equations 4 and 5 yields the desired relationship for predicting the proportion of left-turning vehicles in the inside lane under “equilibrium” conditions (i.e.,
v1 /s1 v2 /s2  . . . vn /sn):
PL = PLT

∑s

i

s1

(7)

Using a similar approach, the proportion of right turns in the
right-turn lane can be computed as follows:
PR = PRT

∑s

i

sn

(8)

For a mixture of through and turning vehicles, the effective
saturation flow rate of the inside lane, outside lane, and
middle lane can be computed using the following three
equations:
s0 (1 + PL It )
s1 =
1 + PL ( EL − 1) + ( PL EL It )
sn =

s0
1 + PR ( ER − 1)

s m = s0 ( n − 2 )

( 9)

(10)
(11)

where:
s1  saturation flow rate for the inside lane, vphpl;
sn  saturation flow rate for the outside lane, vphpl;
sm  saturation flow rate for all middle lanes (if any), vph;
s0  saturation flow rate for a through stream (e.g., 1,800
vphpl);
It  indicator variable (1.0 when left-turning vehicles
block the through lane; 0.0 otherwise);
EL  through vehicle equivalent for a left-turning vehicle
( s0 /cl );

cl  left-turn capacity, vph; and
ER  through vehicle equivalent for a right-turning
vehicle.
Equation 10 is a variation of Equation 9-13 in the HCM. It
yields the effective saturation flow rate of a mixed (i.e.,
through and right-turn) traffic lane using a proportion-based
weighting of the headways of the two vehicle types. Equation 9 is a slight variation of Equation 10. It represents a more
general version in which the effect of a left turn blocking the
through lane can be considered (i.e., It  1.0) as well as the
more common case of no left turn blocking the through lane
(i.e., It  0.0). As mentioned previously, the “blocking” case
predicts the lane flow rate given that a blockage exists. The
“nonblocking” case requires no preconditions.
Equations 7 through 11 can be combined to yield equations for predicting the proportion of left- and right-turning
vehicles in each lane (i.e., PL and PR ). The simultaneous
solution of these equations yields the following equations for
predicting PL and PR :
PL =

−b +

b 2 − 4 ac
≤ 1.0
2a

(12)

with
a = RIt

(13)

b = R − PLT [ It + (n − 1)( EL [1 + It ] − 1)]

(14)

c = − PLT n

(15)

R = 1 + PRT ( ER − 1)

(16)

and

s1
+ n −1
s0
RR = PRT
≤ 1.0
s

1 − PRT  1 + n − 2 ( ER − 1)
 s0


(17)

Equations 12 and 17 can be used to estimate the proportion of through vehicles in each lane. These equations then
can be combined with Equations 5 and 6 to estimate the
through flow rate in each lane under equilibrium conditions
during blocked and unblocked states.
The left- and right-turn equivalency factors (i.e., EL and
ER) can be computed as the ratio of the headway of the
respective turn movement with that of the through movement. For the right-turn movement, the right-turn headway
includes the time required to turn that exceeds the travel time
if the right-turning vehicle had not turned. This incremental
time headway can be computed as follows:
hR = h0 +

(ur − ut )2
2 dur

(18)
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where:
hR  right-turn headway, sec;
h0  minimum discharge headway for through vehicles
( 3,600/s0 ), sec;
ur  midblock running speed, fps;
ut  speed of turning vehicle (e.g., 15 fps); and
d  average turn vehicle deceleration rate, fpss.
The right-turn equivalency factor ER can be computed by
dividing Equation 18 by h0 yielding
ER = 1 +

(ur − ut )2
IR
2 dur h0

(19)

where:
IR  indicator variable (1.0 if there is no right-turn bay;
0.0 if there is a bay).
The equation above includes an indicator variable to account
for the effect of a right-turn bay. This variable yields an
equivalency factor of 1.0 when the deceleration occurs in a
right-turn bay.
The left-turn equivalency factor EL is based on a similar
ratio of left-turn and through headways. However, the leftturn headway is sensitive to both the deceleration in the
through lane and the capacity of the left-turn movement.
The additional time resulting from deceleration is estimated
using a similar approach as that used in Equation 18. Thus,
the left-turn equivalency factor EL is computed as follows:
EL =

(u − ut )2
hL
+ r
IL
h0
2 dur h0

(20)

where:
hL  left-turn headway ( 3,600/cl ), sec;
cl  left-turn capacity, vph; and
IL  indicator variable (1.0 if there is no left-turn bay or if
a blockage/bay overflow condition exists; 0.0 otherwise).
Model Calibration. The calibration effort for the lane flow
rate model consisted of a comparison of the predicted and
measured proportions of left- and right-turning vehicles in
their respective inside and outside lanes. For this calibration,
the deceleration component of the left- and right-turn equivalency factors (i.e., the part multiplied by the indicator variable) was treated as the empirical adjustment constant. A
range of alternative values were iteratively applied to obtain
the single value that yielded the best overall agreement.
The quality of fit of the model to the measured lane flow
rate data was quite good, as evidenced by the R2 values of
0.90 and 0.98 that were obtained for the left- and right-turn
proportions, respectively. The predictive ability of the lane
flow rate model can be observed in Figure 3-14.

The empirical adjustment constant that yielded the best fit
was 1.2. Substitution of this value in Equation 19 yields an
ER of 2.2 ( 1  1.2). This value is consistent with a vehicle
decelerating from a running speed of 56 fps at an equivalent
constant rate of 6.3 fpss (where the saturation flow rate is
1,800 vphpl and the turn speed is 15 fps).
Sensitivity Analysis. The calibrated lane flow rate model
can be used to examine the relationship between the left-turn
percentage and provision of a turn bay on the proportion of
through vehicles in the inside through lane. The results of this
examination are shown in Figure 3-15. This figure was developed using a left-turn equivalency EL of 6.0, 10 percent right
turns, and two through lanes (i.e., n  2).
As Figure 3-15 indicates, the percentage of vehicles in the
inside lane is evenly balanced with the outside lane when
there is negligible left-turn demand, regardless of whether a
bay is provided or blockage occurs. In addition, the percentage is evenly balanced over the full range of left-turn percentages when there is bay storage for the left-turn movements (e.g., a TWLTL).
If a left-turn storage area is not available (i.e., at an undivided cross section), the percentage of vehicles in the inside
lane decreases with increasing left-turn percentages. When
blockage occurs (i.e., the left-turn bay overflows or a left turn
arrives on an undivided street), the percentage of vehicles in
the inside lane decreases even more rapidly.
Through Movement Speed Model
Model Development. The relationship between speed and
flow rate is well-documented and typically follows the trend
shown in Figure 3-2 for uninterrupted flow facilities. The
speed and flow data collected for this project were used to
determine the nature and extent of any such relationship
between speed and flow rate on urban arterials. The relationship that was found was shown previously in Figure 3-8 for
two study sites. Further examination of data from several
other sites indicates similar trends.
In general, a trend toward decreasing speed with increasing flow rate was found at all sites. The free-flow speed (i.e.,
speed at zero flow) for all sites with divided cross sections
ranges between 60 and 70 fps. There is some evidence that
the differences in speed within this range can be explained
by the length of the street segment studied (as measured
between the bounding signalized intersections); however,
there also appears to be some correlation between free-flow
speed and speed limit. The free-flow speed for the site with
the undivided cross section is about 42 fps.
A maximum flow rate of approximately 2,000 pcphpl was
found at three of the sites; the other sites had much lower
flow rates. These high flow rates generally were found in the
platoons created by the upstream signals. It is likely that this
value is representative of capacity flow; however, because
breakdown (or forced-flow) conditions were never observed
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Figure 3-14. Comparison of predicted and measured left- and
right-turn percentages: (above) comparison of right-turn
percentages; (below) comparison of left-turn percentages.

Figure 3-15. Predicted effect of left-turn percentage and blockage
on the distribution of traffic to the inside through lane.
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at these sites, it is possible that higher flow rates were
achievable.
With one exception, the speed and flow rates observed
were well-defined and followed a linear-decreasing trend.
All sites that followed this linear-decreasing trend have
divided cross sections. An exception to this trend was
observed at the site with an undivided cross section. At this
site, the data were varied and did not clearly follow a linear
trend. It is believed that frequent midblock turning activity
(especially left turns from the major street) disrupted traffic
flow and created the observed wide variability in speeds and
flow rates.
Based on this examination and some preliminary analysis
of the effect of distance and speed limit, the following model
was developed using the data from the sites with divided
cross sections:
ur = u f + b2 v

(21)

with
u f = b0 + b1 I D

(22)

where:
ur  midblock running speed, fps;
uf  midblock free-flow speed, fps;
ID  indicator variable (1.0 for segment lengths in excess
of 1⁄ 2 mi; 0.0 otherwise); and
v  arterial lane flow rate, pcphpl.
The effect of both segment length and speed limit were considered in the development of this model. However, only one
factor could be used because segment length and speed limit
were strongly correlated. An examination of their individual
performances indicated that distance yielded a stronger relationship than did speed limit. It also should be noted that the
speed and flow rate data used to calibrate Equation 22 were
collected for passenger cars only. Hence, the flow rate for
mixed passenger car and truck streams should be converted
to that for an equivalent passenger-car-only stream before
using Equation 22.
Model Calibration. Before calibration, the data collected
for this model were aggregated into groups of 25 observations each. This aggregation was performed to overcome the
variability in the speed and flow rate of individual vehicles.
It does not bias the resultant model calibration parameters;
however, it does yield higher R2 values as a result of reduced
variability. As urban arterial traffic flows are “pulsed” as a
result of upstream signals, there is little justification for
aggregating the observations by common time intervals (as
is often done for flows on uninterrupted facilities). Rather, it
was reasoned that the flows should be grouped in accordance
with a common flow characteristic such as speed. Thus, the

technique used was to first sort the data by speed, aggregate
them into contiguous groups of 25 observations, and compute the average speed for the group and its average flow
rate. The average group flow rate was computed as the reciprocal of the group’s average headway.
The quality of fit of the calibrated through movement
speed model is indicated in Table 3-18. The statistics
reported in this table demonstrate the ability of the calibrated
equation to predict the average speed for a given average
flow rate; the R2 and root mean square error reflect the precision of this average speed estimate (relative to the observation of 25 vehicles). The quality of fit to the averaged data
also is shown in Figure 3-16.
Sensitivity Analysis. The calibrated equation can be used
to predict midblock running speed as a function of flow rate
and street segment length. Figure 3-17 illustrates these relationships and indicates that midblock speed decreases with
increasing flow rate. The rate of decrease is the same for both
short (i.e., less than 2,600 ft) and long street segments. However, the short street segments have a free-flow speed of 42
mph (62.4 fps), whereas the long segments have a free-flow
speed of 48 mph (70 fps). These trends were found to be
weakly correlated with speed limit; however, the range of
speed limits in the database was relatively narrow (i.e., 35 to
45 mph), which made it difficult to establish a significant and
meaningful trend.

Bay Entry Speed and Deceleration Model
Model Development. As discussed previously with regard
to the lane flow rate model, turn vehicles decelerating in a
through lane can delay following through drivers. The
amount of delay is determined by the speed at which turning
vehicles exit the through lane. When no turn bay is provided,
the exit speed is about 15 fps. When a bay is provided, the
exit speed can range from zero (e.g., when the turn bay overflows) to the running speed of through traffic (e.g., when the
bay is relatively long), in which case there is no delay to following vehicles.
The exit (or bay entry) speed can be computed using Equation 23, which follows. This equation is based on an assumed
constant deceleration rate during the bay entry maneuver.
uexit =

2 dLavail ≤ ur

(23)

with
Lavail = Ls − N q Lv ≥ 0.0

(24)

where:
uexit  speed of turning vehicle when entering the bay
(i.e., exiting the through lane), fps;
ur  midblock running speed, fps;
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TABLE 3-18 Calibrated through movement speed model

Lavail  length of bay available for deceleration, ft;
Ls  length of turn bay, ft;
Nq  average queue length for the subject turn movement, veh;
Lv  average storage length occupied by a queued vehicle (e.g., 25 ft/veh), ft/veh; and
d  average turning vehicle deceleration rate, fpss.
The bay entry maneuver described in Equations 23 and 24
was studied for the left-turn movement for this research

(although it is recognized that the manuever is also applicable to right-turn movements). Specifically, data were
collected to determine the average left-turning vehicle
deceleration rate d and exit speed uexit. These data were
obtained from a short speed trap placed in the inside through
traffic lane immediately before the bay entry location. Examination of the deceleration data indicated that left-turning
drivers did not adopt a constant deceleration rate, as assumed for Equation 23. Rather, their deceleration rates varied with speed; higher speeds were associated with higher

Figure 3-16. Comparison of predicted and measured midblock speeds.
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Figure 3-17. Predicted effect of flow rate and segment length on
midblock running speed.

deceleration rates. This examination also indicated that
driver deceleration decreased with increasing available deceleration distance. These effects were shown previously in
Figure 3-9.
Based on an examination of the data, it was determined
that the deceleration rate varies with speed and distance to
the stopping point. The trend shown in Figure 3-9a suggests
that the following relationship exists between deceleration
rate and speed:
u

d (u) = dmin e b

(25)

0

where:
d(u)  instantaneous deceleration rate relative to speed u,
fpss;
dmin  minimum deceleration rate, fpss;
u  speed, fps; and
b0 calibration constant.
The relationship in Equation 25 can be integrated over distance with respect to speed (i.e., ∫∂x  ∫u/d (u) ∂u) to obtain
the following equation for predicting the deceleration distance X:
X =

b02
dmin

u
u
−
 − b  u2

b
e
+
1
−
e



 b0

2

1

0

0

 u1

+ 1 

 b0


(26)

where:
X  distance needed to decelerate from speed u1 to speed
u2, sec;
u1  initial speed, fps; and
u2  final speed, fps.

A similar integration, using a constant deceleration rate,
yields the following equation for predicting deceleration
distance:
X =

u12 − u22
2 deq

(27)

Equations 26 and 27 can be combined to determine the equivalent constant deceleration rate that would yield the same
deceleration distance as the more realistic speed-varying
deceleration relationship in Equation 26. This equivalent
constant deceleration rate deq is as follows:
d 
deq =  min2 
 2 b0 

(u12 − u22 )
e

u
− 2
b0

u1

−
 u2

u

+ 1 − e b  1 + 1

 b0

 b0


(28)

0

In application, the deceleration rate predicted by Equation 28
would be used in Equation 23 to predict the bay entry speed.
Model Calibration. The equation calibration activity
focused on the calibration of Equation 28 to the left-turn
speed and deceleration data. This database includes the speed
of the left-turning vehicles at a point immediately before bay
entry and the number of vehicles queued in the left-turn bay
at the time of entry (i.e., u1 and Nq, respectively). Equation 24
was used to estimate the available deceleration distance Lavail.
Equation 27 was then used with the speed and distance information to predict the constant deceleration rate necessary to
ensure a safe stop in the turn bay. Finally, this “computed”
constant deceleration rate was calibrated to Equation 28
using nonlinear statistical analysis procedures. Specifically,
the nonlinear regression procedure (NLIN) in SAS (23) was
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used to perform this calibration. The final speed u2 was estimated as 0.0 fps.
The results of the calibration process are provided in Table
3-19. As the statistics in this table indicate, the calibrated
deceleration equation is able to predict the equivalent constant deceleration rate with reasonable accuracy. The quality
of fit also is shown in Figure 3-18.
Sensitivity Analysis. The calibrated bay entry deceleration
model can be used to examine the effect of initial and final
speed on equivalent constant deceleration rate. This effect is
shown in Figure 3-19. As the trend lines in this figure indicate, the constant (or overall average) deceleration rate is
higher when the initial speed is higher. The deceleration
rates tend to be higher than those shown in Figure 3-9a
because the model predicts the average rate necessary to
come to a stop. In contrast, the decelerations shown in
Figure 3-9a represent the decelerations measured at the
point of bay entry; further examination of these data indicated that drivers adopted higher deceleration rates after
they entered the bay.
The trend shown in Figure 3-19 also indicates that the
equivalent constant deceleration rate is higher when the final
speed is higher, for the same initial speed. This trend stems
from a driver’s desire to have an initially high deceleration
rate at high speed and then to decrease this rate as speed
drops (as shown in Figure 3-9a). Thus, a driver decelerating
from a high speed to a slightly lower speed may vary his or
her deceleration from 4.0 to 3.0 fpss (for an average of 3.5
fpss), whereas a driver decelerating from a high speed to a

stop may vary his or her deceleration from 4.0 to 0.5 fpss
(for an average of 2.25 fpss).
Lane-Change Gap Acceptance Parameter
Analysis of the lane-change gap acceptance database
focused on determining the magnitude of critical gap needed
by a driver stopped in a left-turn-related queue in the inside
lane. In attempting to change lanes, this driver evaluates
headways in the adjacent through traffic lane and determines
the adequacy of each headway in terms of a safe lane change.
The impetus for this lane change is a reduction in the through
driver’s delay. This driver also will weigh the likely delay he
or she will incur if he or she chooses to wait for the left-turn
queue ahead to dissipate when deciding whether to make a
lane change.
From the standpoint of estimating lane-change capacity
during blocked conditions, the stopped condition represents
the most appropriate situation to consider because the
through driver incurs the most delay once he or she is caught
in the left-turn queue. Based on the data in Table 3-17 and
the argument that the 15th percentile value is representative
of the median driver, the critical gap for a lane-change
maneuver was determined to be 3.7 sec.
Operations Model Verification

This section describes the verification of the operations
model using output from two microscopic computer simula-

TABLE 3-19 Calibrated bay entry deceleration model
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Figure 3-18. Comparison of predicted and computed constant deceleration
rates.
tion models: TWLTL-SIM III and NETSIM (Version 5.0)
(24). These two models and the operations model have in common the ability to replicate traffic flow conditions on
an urban street with both signalized and unsignalized intersections. Moreover, each model is able to evaluate (to varying
degrees of realism) the effects of three midblock left-turn treatments: the raised-curb median, TWLTL, and undivided cross
section. The verification process entailed using each model to
simulate street segments with a range of traffic demands and
treatment types; the output of the operations model was then
compared with the output of the other two models.

Verification Process
The verification process was intended to demonstrate the
ability of the operations model to predict traffic flow performance measures that are consistent in magnitude and trend
with those of other, more thoroughly tested and validated
traffic models. This process also was intended to demonstrate
the robustness of the operations model to predict performance measures for a wide range of geometric and traffic
conditions—a wider range than could be reasonably obtained
from field study.

Figure 3-19. Predicted effect of initial and final speed on equivalent
constant deceleration rate.
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Performance Measures. The performance of a traffic
movement can be quantified by its average delay, travel time,
travel speed, and probability of stopping. NETSIM,
TWLTL-SIM, and the operations model all report variations
of the first three performance measures (at this time, the operations model does not predict the probability of stopping). Of
the performance measures common to all three models, delay
was selected as the most appropriate measure to verify
because the HCM recognizes it as the measure of effectiveness for defining level of service at an intersection.
The operations model uses Equation 10-11 in the HCM (1,
Chapter 10) to predict delay to nonpriority movements. The
HCM states that this equation, which has its basis in queueing theory, predicts average total delay per vehicle. In this
regard, the HCM defines total delay as the total elapsed time
from when a vehicle stops at the back of the queue until the
vehicle departs from the stop line. This delay also is (perhaps
more correctly) referred to by many researchers as queueing
delay because it includes the time the vehicle is in the queue,
either stopped or slowly moving toward the stop line. The
same researchers reserve the term “total delay” (some use
“approach delay”) for queueing delay and all other delay
components (e.g., deceleration time and intersection negotiation time) associated with a nonpriority movement at an
intersection. Nevertheless, the operations model is stated in
this report to predict total delay to be consistent with the
HCM; however, it must be remembered that the model is
actually predicting queueing delay.
TWLTL-SIM tracks the travel paths of individual vehicles
and uses associated travel time information to compute what
is called “stopped delay” per vehicle. In contrast to queueing
delay, stopped delay typically is defined to include only the
time the vehicle is actually stopped in a queue. However, the
nature of TWLTL-SIM’s simulation modeling and statistics
computation approach is such that its stopped delay is actually near that of the aforementioned queueing delay. Hence,
the delay reported by TWLTL-SIM is generally comparable
with that obtained from the operations model.
NETSIM also tracks the travel times of individual vehicles
and uses this information to compute delay. However, NETSIM reports three different types of delay: stopped delay,
queue delay, and total delay. NETSIM’s stopped delay represents the time the vehicle is stopped in a queue. Queue
delay is not clearly defined in the NETSIM documentation or
in the literature; hence, it does not represent a reliable statistic for the verification process. NETSIM’s total delay
includes all components of a vehicle’s actual travel time that
exceed its potential travel time at free-flow speed. This total
delay differs from the operation model’s total delay because
it includes the added travel time caused by the volume of the
traffic stream and by the deceleration and acceleration associated with joining a queue. However, based on this assessment, it was determined that NETSIM’s total delay would be
the best measure to use in the verification, although it is recognized that NETSIM’s total delay is always larger than that
predicted by the operations model.

Total Delay. As mentioned in the preceding paragraph,
there are two key differences between NETSIM’s and the
operations model’s total delay. The first difference relates to
NETSIM’s use of free-flow speed to compute total delay.
NETSIM computes travel time based on free-flow speed and
subtracts this time from the actual travel time to compute
total delay. As a result, NETSIM’s total delay includes the
added travel time caused by traffic volume. In contrast, the
operations model does not include this added travel time in
computing total delay. A comparison of the running and freeflow speeds predicted by Equations 21 and 22, respectively,
indicates that this added time ranges from 0.0 to 5.0 sec for
a 0.25-mi street segment with flow rates ranging from 0.0 to
1,000 vphpl.
The second difference in delay results from NETSIM’s
inclusion of the added travel time associated with joining a
queue. Only a small portion of this added time is included
indirectly in the operations model delay estimate through the
critical gap parameter. In general, the added time associated
with joining a queue has been estimated by Olszewski (25)
to be about 8 to 10 sec per vehicle. Of course, it must be recognized that the major-street left-turn movement does not
always stop. Based on these factors, it is reasoned that the
total delay reported by NETSIM is an additional 1 to 3 sec
higher per left-turning vehicle than the operations model.
This amount will vary depending on the number of leftturning vehicles stopping.
In summary, NETSIM’s total delay is always higher than
that predicted by the operations model (and Equation 10-11 of
the HCM) because of differences in travel time and in deceleration and acceleration time. It is believed that NETSIM
reports major-street left-turn movement delays that are 1 to 8
sec higher per vehicle than the operations model, the exact
amount depending on volume level and percent stopping.
Traffic Movements. The two traffic movements most
directly affected by midblock left-turn treatments are those
on the major-street approach to the access point. Of these, the
movement that is most directly affected is the left turn from
the major street. This movement’s performance is affected by
the presence or lack of a median storage area. The storage
area provided by the raised-curb and TWLTL treatments
removes the left-turning vehicles from the through traffic
stream, leaving the through traffic lanes available to serve
through traffic without interruption. This separation of flows
increases left-turn capacity and reduces left-turn delay by
increasing the frequency and size of available gaps in the
opposing traffic stream, relative to the undivided cross section. Because the raised-curb treatment always has less storage space than the TWLTL, differences between these two
treatments also can emerge when left-turn demands are high
enough to precipitate the overflow of the raised-curb
median’s bay storage area.
The other movement directly affected by midblock leftturn treatment is the major-street through movement. This
movement is affected when one or more left-turning vehicles

82

are queued in the inside through lane (i.e., bay overflow). The
major-street through movement also is affected by turning
vehicle deceleration in the through traffic lane. Through
vehicle delay caused by turning vehicle deceleration occurs
when through vehicles are slowed by vehicles in front of
them preparing to turn left or right.
Analysis Scenarios
Three types of scenarios were devised for the verification
process. One focuses on traffic operations on a typical street
segment with a series of closely spaced access points. The
other two were dictated by NETSIM’s inability to model
closely spaced access points (this limitation will be described
in a later section).
Common Scenario Attributes. All three scenarios model a
quarter-mile segment of urban arterial. This study segment
has signalized intersections at each of its ends, with identical
phase sequences and timing. A minimum delay offset
between the through phases at each intersection was determined using a time-space diagram. The signalization details
are provided in Table 3-20.
At all study segments, vehicles enter at a signalized intersection as a through, protected left-turn or right-turn movement; the distribution of the entry volume to these movements is listed in Table 3-20. All traffic that exits the study
segment at the downstream signal does so as a through movement. Median openings are provided at each access point.
Three traffic movements were not included in the study
scenarios: the U-turn, access point left-turn, and access point
through movement. This approach was taken because these
movements typically were found to be of very low volume at
the 32 field study sites. On average, the access point left-turn
movement was found to be about one-tenth of the volume of
the major-street left-turn movement. The U-turn and access

point through movements were rarely, if ever, observed during the 6-hr study of each site.
The exclusion of these movements reduced the number
of simulation runs and simplified data analysis. It is not
believed to have biased the results because the low volume
of these movements resulted in them having no impact on the
performance of the major-street left-turn and through movements. On the other hand, it is recognized that these minor
movements do incur considerable delay (the likely reason
they have low volumes) that may be affected by midblock
left-turn treatment type. However, the total vehicle-hours
of delay to these movements is believed to represent a
small fraction of that incurred by the major-street movements
studied.
The scenarios also are similar in that vehicles exiting the
study segment at an access point (by turning left or right) are
replaced by vehicles turning right into the study segment at
that same access point. In this manner, the same arterial volume level is maintained throughout the study segment. For
example, if it is specified that 10 vph turn left and 5 vph turn
right off the major street at an access point, then 15 vph (5 
10) were determined to turn right onto the major street at that
access point to maintain a balance in the arterial traffic volume.
The three scenarios do differ in traffic volume, left-turn
percentage, and access point density. These differences are
described in more detail in the next three sections.
Type 1 Scenario. The Type 1 scenario includes three
access point densities (30, 60, and 90 access points per mile),
three left-turn treatment types, and two through lane combinations (four and six). This scenario resulted in a total of 18
geometric configurations. Figure 3-20 presents the access
point configuration used for the “90 Access Points Per Mile”
study segment. The study segments for the 30 and 60 access
points per mile configurations were similar to the segment
shown in Figure 3-20, except that the access points had
330-ft and 165-ft spacings, respectively.

TABLE 3-20 Characteristics of the signalized intersections bounding the study segment

Figure 3-20. Type 1 scenario study segment with 90 access points per mile.
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The access points were located for this scenario using
three criteria, which required that the access points be
(1) evenly spaced, (2) no closer than 330 ft to the nearest signalized intersection approach, and (3) located directly across
from one another. The actual number of access points for
each access point density was adjusted to be in compliance
with these three criteria. At 60 and 90 access points per mile,
the second criteria required that the first upstream access
point encountered in either travel direction be a T intersection in which no left-turn movements are allowed; only right
turns off of and onto the major street are permitted.
In the raised-curb median geometry, the median is always
divided evenly into two left-turn bays—one for each of the
bounding access points. The bay lengths were specified as
being 30, 30, and 90 ft for the 90, 60, and 30 access points
per mile configurations, respectively. An overlapped bay
taper was used in all cases; its length varied from 20 to
120 ft.
Short bays were provided for the raised-curb median treatment, instead of closing some of the median openings, to
facilitate the comparison of the three treatment types—given
the same level of activity at each access point. It is believed
that this approach more directly answers the question of differences in operational effects of alternative midblock leftturn treatments. Some researchers (6,8) have attempted to
answer this question by conservatively assuming that the
median openings would be closed at some or all of the access
points and that displaced drivers would make U-turns at
downstream intersections. However, these researchers also
recognized the difficulties associated with their approach in
terms of quantifying the true U-turn volume increase (if any)
and the true increase in delay caused by median closure.
For all segments with a raised-curb median, it was
assumed that median openings exist at all active access
points. An active access point is defined as having an entering volume of 10 vph or more. This assumption is fairly consistent with the median openings found at the field study
sites. Moreover, in addition to directly answering the question noted previously, this approach eliminated the criticism
of associating an overly conservative estimate of delay with
the raised-curb median treatment as a result of an assumed
U-turn scenario. It was recognized early that it is impossible
to accurately account for the effects of an unopen median on
driver route choice without considering the surrounding
street network. On the other hand, it can be argued that the
modeling assumption noted above yields a delay to drivers
accessing the adjacent property that is nearly equal to the
delay actually incurred, regardless of whether they turn left
(as modeled) or take an alternative route.
The geometric configurations associated with this scenario
were modeled using TWLTL-SIM. In contrast to NETSIM,
TWLTL-SIM was developed specifically for modeling arterial street segments that have many closely spaced unsignalized intersections and any of the three midblock left-turn
treatments.

A wide range of left-turn, through, and right-turn volumes
were evaluated for each of the 18 geometric configurations.
The major-street left- and right-turn volumes at each access
point were determined from the specified turn movement
percentages and the access point density. Table 3-21 lists the
volume variations and geometric configurations that comprise the Type 1 scenario.
Type 2 Scenario. The Type 2 scenario was created for two
purposes. One purpose was to provide a means for isolating
and examining the effect of left-turn bay overflow on through
vehicle delay. To effect this purpose, this scenario’s geometry and traffic demands were established so that bay overflow
would occur frequently, with varying duration. In this regard,
the only left-turn treatment considered for this scenario was
the undivided cross section because this treatment precipitates frequent bay overflow.
A second purpose of the Type 2 scenario was to facilitate
verification of left-turn delay using the NETSIM model.
Satisfying this second purpose required that the access
point spacing be large enough to prevent NETSIM’s shortsegment modeling limitations from significantly affecting
the accuracy of the findings (this topic will be addressed in
more detail in a later section). It should be noted that the
TWLTL-SIM model also was used in this analysis to facilitate a three-way model verification.
As shown in Figure 3-21, the Type 2 scenario includes two
access points on a quarter-mile study segment bounded by
signalized intersections. For each travel direction, vehicles
turn left off of the major street only at the downstream access
point. Likewise, vehicles turn right onto the major street only
at this same access point. There are no right turns off of the
major street at either access point. Table 3-22 lists the volume variations and geometric configurations that comprise
the Type 2 scenario.
Type 3 Scenario. The purpose of the Type 3 scenario was
to provide a means of isolating and examining the effect of
major-street right-turn movements on through vehicle delay.
Thus, this scenario did not require any major-street left-turn
volumes nor did it require an examination of various midblock left-turn treatments.
The NETSIM model was used for the analysis of the Type
3 scenario. It is believed that NETSIM’s car-following model
is slightly more robust than that used in TWLTL-SIM; hence,
it was reasoned that the through vehicle delays (caused by
right-turn deceleration) reported by NETSIM would be more
accurate than those reported by TWLTL-SIM.
The Type 3 scenario geometry is almost identical to that
of the Type 2 scenario. The only difference is that the majorstreet left turns at the downstream access points were
replaced with major-street right turns.
Table 3-23 lists the volume variations and geometric configurations that comprise the Type 3 scenario. Six-lane scenarios were not modeled because it was thought that the extra
lane would reduce the number of through vehicles in the out-
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TABLE 3-21 Volume variations and geometric configurations for the Type 1 scenario

side lane and thereby minimize the turn vehicle delay effect
being studied. Therefore, the database assembled for this scenario focuses only on four-lane configurations.

zσ
n =  
 e

2

(29)

where:
Analysis Results
Simulation Runs. A statistical analysis was conducted to
determine the minimum total simulation time needed to
ensure reasonable precision in the simulation results. This
time was then partitioned into a desired number of replications (i.e., runs) and run durations.
The minimum total simulation time for each volume and
geometric condition considered was based on the need for a
minimum number of independent observations. In this context, an observation is defined as one vehicle with the potential to incur delay as a result of traffic events of interest. As
a result of the symmetry of the traffic volumes and geometric conditions for each scenario, twice as many observations
were obtained per replication. In other words, each movement of interest in one travel direction had an identical twin
in the other travel direction. As a consequence, the number
of replications for each combination was effectively reduced
by one-half.
The minimum total simulation time was determined
using a traditional statistical approach. Specifically, it was
assumed that the desired precision in the average delay estimate could be obtained by running the simulation long
enough to obtain a minimum number of delayed vehicle
observations. The following sample size equation was
developed based on an assumed normal distribution of
vehicle delays:

n  number of observations (vehicles potentially incurring the delay of interest), veh/drive;
z  standard normal variate corresponding to a desired
level of confidence;
σ  standard deviation of delay, sec/veh;
e  difference between the average and true mean delay
( x̄ – µ), sec/veh;
x–  average delay, sec/veh; and
µ  true mean delay, sec/veh.
It was assumed that the standard deviation of delay was
equal to the true mean delay (i.e., σ  µ) and that the difference between the average delay and the true mean delay
could be expressed as a percentage Pe of the true mean (i.e.,
e  Pe * µ/100). Using a 95 percent confidence level (i.e.,
z  2.0), Equation 29 can be rewritten as follows:
 200 
n = 

 Pe 

2

(30)

where:
Pe  acceptable error in mean delay estimate (expressed as
a percentage of the mean error).
Based on a maximum acceptable error Pe of 20 percent,
Equation 30 predicts a minimum sample size of 100 vehicles
per access point per simulation run. Using this required minimum sample size, the simulation durations were derived

86

Figure 3-21. Type 2 scenario study segment.
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TABLE 3-22 Volume variations and geometric configurations for the Type 2 scenario

based on the number of turns per access point that occur per
hour in each scenario. This computation varied according to
the scenario type and simulation model used. The results of
this analysis are summarized in Table 3-24.
Simulation Model Limitations and Their Implications. Application of the TWLTL-SIM and NETSIM simulation models during the verification process revealed that each model had
some limitations that could reduce the accuracy of its output.
As a result of these limitations, some of the delays predicted by
TWLTL-SIM and NETSIM differed from those predicted by
the operations model. These limitations are addressed in the
following paragraphs to provide the background necessary to
discuss the results of the verification process.

Both TWLTL-SIM and NETSIM exhibited limitations
in their ability to model driver behavior at or on the
approach to an unsignalized intersection. Six behavioral
problems were identified that relate to improper or illogical
decisions being made for individual vehicles via the simulation logic:
1. A left-turning driver who stops in the through lane
adjacent to the lane from which the turn is made
because his or her entry into the turn lane is blocked by
a left-turn-related queue. The driver waits in the adjacent through lane until the queue dissipates, regardless
of the delays he or she causes to following drivers in
this adjacent lane.

TABLE 3-23 Volume variations and geometric configurations for the Type 3 scenario
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TABLE 3-24 Simulation replication and duration by model and scenario

2. A through driver who makes lane-choice decisions
based only on traffic conditions in his or her immediate vicinity (rather than looking farther downstream),
thereby waiting until the last minute to avoid left-turnrelated delays by means of a lane change. This wait typically reduces the chance of a successful lane change
and results in an unrealistically large number of
through vehicles being caught in the left-turn queue.
3. A left- or right-turning driver who does not know that
he or she will be turning until entering the “link” (i.e.,
arterial street segment between intersections) from
which the turn is to be made. As a result, the driver does
not position himself or herself in the appropriate inside
or outside lane in advance of this link, resulting in an
unrealistic distribution of traffic among the majorstreet traffic lanes.
4. A left- or right-turning driver who makes his or her turn
maneuver at an unrealistically high speed. This behavior is related to Problem 3. Because the driver does not
know that he or she will be making a turn until entering the link, it may be impossible for him or her to slow
to the turn speed if the link is not long enough to allow
for a realistic rate of deceleration. As a result, the delay
to following through drivers is lower than would otherwise be realized in real-world traffic flows.
5. A left-turning driver who accepts a gap that is shorter
than his or her minimum acceptable gap. This behavior
stems from the simulated driver’s inability to see
beyond the length of the opposing link. To illustrate
this point, consider a driver who is assigned a minimum
acceptable gap of 6.0 sec. If the opposing link is only
4.0 sec long (in terms of link travel time), the driver
will only be able to see gaps of 4.0 sec or less. Gaps
greater than 4.0 sec (represented by an empty opposing
link) will be evaluated as infinitely long gaps by the
driver. Thus, if a gap of 4.1 sec occurs in the opposing
stream, the left-turning driver will incorrectly accept
this gap. The consequence of this modeling limitation
is an unrealistically high left-turn capacity when the
opposing link is short.
6. A left-turning driver who waits in the major street as
long as it takes to make the turn, regardless of the
length of delay he or she experiences. In the real world,

drivers will modify their behavior (e.g., accept a shorter
gap) or their desire to turn to limit the delay they incur
to reasonable values. This behavior results in longer
average delays being reported than would actually
occur.
TWLTL-SIM exhibited the first two behavioral problems
only, whereas NETSIM exhibited all six. The first two problems reflect inherent limitations in the analytic modeling of
traffic flow, and overcoming these would require significant
enhancements to the car-following and lane-changing logic
in the respective programs. In general, the problems tend to
result in unrealistically high through delays when link
lengths are short or arterial volume levels are high. Volume
and geometric combinations that produced this unrealistic
behavior were identified using the animation features of each
simulation model. These combinations were not included in
the verification process. Review of the NETSIM animation
output revealed that the first behavioral problem noted previously was very likely to occur when the product of the
left-turn flow rate (in vph) and opposing flow rate per lane
(in vphpl) exceeded 75,000.
The third through fifth behavioral problems stem from
NETSIM’s link-based decision-making process. NETSIM
makes decisions for each driver based only on information
available on the link on which the driver is traveling. One
known exception to this generalization is for left-turn
movements. In this case, left-turning drivers assess the adequacy of gaps based on traffic information on the opposing
link. However, the point remains the same: NETSIM drivers can only “see” one link at time. The limitation of this
“link myopia” surfaces when the length of the link is relatively short so that an inadequate amount of information is
available to the driver. The consequences are that the simulated drivers make incorrect decisions based on imperfect
information, as described in the aforementioned behavioral
problems.
The sixth behavioral problem relates to NETSIM’s modeling approach to the driver gap acceptance process. To its
credit, NETSIM recognizes that the population of drivers is
not homogenous in that they collectively have a range of
minimum acceptable gaps. In this regard, NETSIM assigns a
minimum gap to each driver in a random manner. On the
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other hand, NETSIM models these drivers as being “consistent” by requiring them to search for this gap regardless of
how long they have been delayed. Kyte et al. (9) have found
that drivers reduce their acceptable gap based on the length
of time they have been delayed. In fact, there is some evidence that they will abort the maneuver or force their way
into the street if their delay becomes excessive.
A kinematic analysis was conducted to determine the minimum link length needed for NETSIM to overcome the fourth
and fifth behavioral problems. Based on a description of the
NETSIM deceleration process provided by Wong (26), it
appears that NETSIM decelerates turning vehicles at a rate of
1.0 fpss until their speed has dropped 10 percent. Thereafter,
the vehicle decelerates with a rate of 7.0 fpss until it reaches
the target turning speed of 13 fps. Based on this description,
the respective distances required to decelerate to the right-turn
speed are shown in Table 3-25. The total deceleration distance
is shown in Column 5. The minimum link lengths needed to
provide a left-turning driver with a complete view of gaps in
the opposing stream are listed in Column 6. These lengths are
based on the running speed combined with an assumed maximum viewable gap of 6.0 sec. The larger distance required by
either of these two turn movements represents the minimum
link length necessary to overcome the aforementioned behavioral problems.
Table 3-25 was used in the development of the Type 2 and
Type 3 scenarios. The fastest running speed assigned to
either scenario was 40 mph; hence, the minimum link length
needed for the right-turn maneuver was determined to be
about 500 ft. Similarly, the minimum opposing link length
needed for the left-turn maneuver was determined to be 350
ft. As shown in Figure 3-21, the actual lengths used for these
scenarios were 540 and 390 ft for the approach and opposing
links, respectively, at each access point.
Delays to Major Street Left-Turning Vehicles. As stated
previously, the objective of this component of the verifica-

tion process was to demonstrate the ability of the operations
model to predict the average delay to the major-street leftturn movement, relative to the delay predicted by both
TWLTL-SIM and NETSIM. The comparison with TWLTLSIM is discussed in the context of the Type 1 scenario; the
comparison with NETSIM is discussed in the context of
the Type 2 scenario.
For the Type 1 scenario, the average left-turn delay for
each traffic volume variation and geometric configuration
listed in Table 3-21 were computed using both TWLTL-SIM
and the operations model. Figure 3-22 compares the left-turn
delay predicted by the operations model with that predicted
by TWLTL-SIM for this scenario. As the data in this figure
indicate, the delays predicted by the operations model are
very similar to those predicted by TWLTL-SIM.
For the Type 2 scenario, the average left-turn delay for
each traffic volume variation and geometric configuration
listed in Table 3-22 were computed using both NETSIM and
the operations model. Figure 3-23 compares the left-turn
delay predicted by the operations model with that predicted
by NETSIM for the Type 2 scenario. The delays shown represent the values obtained at the single access point where
left turns are made, and the straight line represents the line of
perfect agreement. As expected, the “total” delays predicted
by NETSIM exceed those predicted by the operations model.
This trend is a result of the differences in the delay definitions
used by each model, as previously discussed.
In addition to differences in delay definitions, a portion of
the NETSIM left-turn delay that exceeds the delay predicted
by the operations model is likely the result of differences in
how each model replicates left-turning driver behavior. As
discussed previously, NETSIM drivers do not modify their
behavior or desire to turn, regardless of the length of their
delay. In contrast, this behavior was indirectly accounted for
in the operations model by introducing a minimum, nonzero
left-turn capacity. Because the reciprocal of capacity represents the average service time for a nonpriority movement,

TABLE 3-25 Minimum link lengths for NETSIM
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Figure 3-22. Comparison of left-turn delay predicted by the
operations model and TWLTL-SIM.
the minimum capacity is argued to represent the maximum
time the average driver will wait for service. In a sense, it
somewhat crudely accounts for driver reduction of their minimum acceptable gap with increasing delay and their tendency to abort the turn or force their way across the priority
stream when delay becomes excessive. The maximum service time used in the operations model for the left-turn movement is 22 sec (i.e., a minimum capacity of 164 vph).
NETSIM’s total delay definition and modeling approach
makes a direct comparison of delays between NETSIM and
the operations model impossible. However, the data in Figure
3-23 do indicate that there is general agreement in delay trend
and that NETSIM delay is consistently about 20 percent
higher than the delay of the operations model. This increase
is consistent with the differences in delay definition, as dis-

cussed in a preceding section. In general, the trends shown in
Figures 3-22 and 3-23 suggest that the operations model is
able to replicate the effects of opposing volume, left-turn percentage, and access point density on left-turn delay.
Delays to Major Street Through Vehicles Caused by LeftTurn Bay Overflow. As stated previously, the objective of
this component of the verification process was to demonstrate the ability of the operations model to predict the average delay to major-street through movement caused by leftturn bay overflow. The volume variations and geometric
configurations shown in Table 3-22 for the Type 2 scenario
were used as the basis for this verification.
Figure 3-24 compares the through vehicle delay caused by
left-turn bay overflow predicted by the operations model

Figure 3-23. Comparison of left-turn delay predicted by the
operations model and NETSIM.

91

Figure 3-24. Comparison of through delay (due to bay overflow)
predicted by the operations model and TWLTL-SIM.
with the delay predicted by TWLTL-SIM for the Type 2 scenario. The data in this figure suggest that the operations
model tends to predict lower through vehicle delays than
TWLTL-SIM, particularly for the six-lane geometry.
The difference between the delays predicted by the operations model and those predicted by TWLTL-SIM can be
explained by the driver behavior modeling limitations discussed previously. Specifically, TWLTL-SIM drivers do not
make lane-choice decisions based on traffic conditions several hundred feet downstream. Instead, they are constrained
to react when they are within a few seconds’ travel time to
the back of a queue. As a result, they are more likely to get
caught behind left-turn queues and incur larger delays than
would real-world drivers. This limitation becomes more evident at higher volume levels; as a result, TWLTL-SIM delay
probably exceeds the true delay by an amount that increases
with volume level. The operations model does not share this
behavioral limitation because it includes a calibrated lane
flow rate model. Thus, this comparison suggests that the
delays predicted by the operations model are much closer to
the delays that are actually incurred.
The effect of TWLTL-SIM’s inability to model lanechoice decisions is especially evident in the six-lane geometry. In this situation, the operations model distributes most of
the through traffic into the outer two lanes, reflecting driver
desire to avoid even the possibility of bay overflow. In contrast, TWLTL-SIM’s drivers do not have this predisposition
and unrealistically choose the inside lane as often as they
choose either of the other two lanes.
Despite this limitation of TWLTL-SIM, the trends shown in
Figure 3-24 suggest that the operations model is able to predict through vehicle delays caused by bay overflow. The disagreement between the two model predictions is likely a result
of TWLTL-SIM’s inability to accurately model driver lanechoice decisions well in advance of a bay overflow condition.

Figure 3-25 compares the through vehicle delay caused by
left-turn bay overflow predicted by the operations model
with that predicted by NETSIM for the Type 2 scenario. As
the data in this figure indicate, the operations model tends to
predict lower through vehicle delay than NETSIM, particularly for the six-lane geometry. This trend is similar to that
found in the TWLTL-SIM results noted in the preceding
paragraph, although it is lower in magnitude.
As discussed previously, both NETSIM and TWLTL-SIM
drivers do not look relatively far downstream in an attempt
to avoid congestion. However, NETSIM drivers appear to
look a little farther than TWLTL-SIM drivers because they
have a tendency not to get caught in queue as often. As a
result, the delays to the average through driver predicted by
NETSIM are higher than those likely incurred by real-world
drivers (but have less error than those predicted by TWLTLSIM). Based on this analysis, it appears reasonable to conclude that the operations model is able to replicate the effects
of approach volume and left-turn percentage on through
vehicle delay and that it does not share the behavioral limitations exhibited by TWLTL-SIM and NETSIM.
Delays to Major Street Through Vehicles Caused by Turning Vehicle Deceleration. As stated previously, the objective
of this component of the verification process was to demonstrate the ability of the operations model to predict the average delay to the major-street through movement caused by a
right-turn maneuver, relative to that predicted by NETSIM.
The volume variations and geometric configurations shown
in Table 3-23 for the Type 3 scenario were used as the basis
for this verification.
Figure 3-26 compares the through vehicle delay caused by
turning vehicle deceleration predicted by the operations
model with that predicted by NETSIM for the Type 3 scenario. As the data in this figure indicate, the operations model
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Figure 3-25. Comparison of through delay (due to bay overflow)
predicted by the operations model and NETSIM.

is generally able to predict the delay to through vehicles as
predicted by NETSIM.
As the data in Figure 3-26 indicate, there is a slight tendency for the operations model to predict lower delays than
NETSIM at the higher delay values. However, the reason for
this discrepancy stems from the NETSIM driver’s inability
to look sufficiently far downstream to avoid congestion, as
previously discussed. In general, this behavioral limitation
tends to increase the NETSIM-predicted through delays
slightly beyond the delays that would be incurred by realworld drivers. The operations model has accounted for this
behavior; hence, it does not share this limitation. Thus, the
data shown in Figure 3-26 suggest that the operations model
is able to replicate the effects of approach volume and right-

turn percentage on through vehicle delay and that it does not
share the behavioral limitations exhibited by NETSIM.

Conclusions
In verifying the operations model, several limitations were
found in the two comparator models: TWLTL-SIM and
NETSIM. These limitations relate to deficiencies in the ability of these models to accurately replicate driver behavior on
urban arterials with closely spaced access points. Of the two
models, TWLTL-SIM has fewer limitations than NETSIM.
These behavioral limitations tend to result in TWLTLSIM and NETSIM predicting through and left-turn move-

Figure 3-26. Comparison of through delay (due to right-turn
deceleration) predicted by the operations model and NETSIM.

93

ment delays that are believed to be higher than those that
would be incurred by real-world drivers. It was determined
that some of the behavioral limitations of TWLTL-SIM and
NETSIM could be overcome by adherence to specified minimum link lengths and elimination of certain high-volume
scenarios. Through the use of these techniques, it was concluded that these two models could still be used to verify the
predictive ability of the operations model.
Three measures of effectiveness predicted by the operations model were verified with the TWLTL-SIM and
NETSIM models: major-street left-turn delay, major-street
through delay caused by left-turn bay overflow, and majorstreet through delay caused by right-turn deceleration. The
results of these verifications indicated that the operations
model produces delays with the same sensitivities to traffic
demand and geometry as TWLTL-SIM and NETSIM.
Although differences did exist between the delays predicted by the operations model and both TWLTL-SIM and
NETSIM, the trends in these differences could be explained
by differences in delay definition, various TWLTL-SIM and
NETSIM modeling limitations, or both. Based on this verification, it was concluded that the operations model is able to
predict delays to major-street vehicles caused by various
midblock left-turn treatments with an accuracy that equals or
exceeds that of TWLTL-SIM or NETSIM.
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CHAPTER 4

SAFETY EFFECTS OF MIDBLOCK LEFT-TURN TREATMENTS

This chapter describes the development of a model for predicting the safety of alternative midblock left-turn treatments. In this context, a treatment’s safety is defined as the
expected annual number of accidents that would occur on a
street segment with a specific treatment type. The midblock
left-turn treatments considered are raised-curb median, flush
median delineated as a two-way left-turn lane (TWLTL), and
undivided cross section (i.e., no median). The following sections describe a review of the literature on treatment safety,
the details of a database assembled for calibrating a safety
model, and the formulation of and statistical foundation for
this model.

1. Before-and-after analysis of accident data
2. Comparative (or cross-section) analysis of accident
data
3. Observation and analysis of traffic conflict data.
The first two approaches are more direct in their evaluation of safety, whereas the last approach is based on an
assumed correlation between traffic conflicts and safety.
Because the latter approach represents an indirect method of
safety assessment, findings from studies of this type are generally difficult to interpret and apply. Consequently, the
majority of research on left-turn treatment safety focuses on
either the first or second approach.

LITERATURE REVIEW

Before-and-After Approach

Several terms are used in the literature to describe a location of unsignalized access to a major street:

In a before-and-after study, the effect of a treatment is
assessed by comparing the accident frequency before and
after the treatment’s installation. An inherent assumption
with the before-and-after study is that there is little or no
change in the geometry or traffic characteristics of the roadway, other than the left-turn treatment. Thus, a change in
accident frequency or type can be reasonably attributed to the
new left-turn treatment. This type of study is sometimes supplemented with a control site to account for natural changes
in traffic demand and accident trend during the study period.
The primary disadvantage of the before-and-after approach is that it typically includes some degree of regressionto-the-mean (RTTM). Hauer and Lovell (1) have shown that
the bias from this effect can be quite high if the sites for treatment are not selected randomly. In general, data with RTTM
artifacts will exhibit a strong tendency toward significant
accident reduction in the “after” period; however, this reduction will be a consequence of the natural tendency of accident
frequency to gravitate back to the true mean. Because most
agencies select high-accident sites for treatment (i.e., nonrandom selection), the bias from agency-selected projects
can be quite significant.
The literature review identified eight before-and-after
studies of midblock left-turn treatments. The results of an
additional study were obtained during the survey of practitioners. Of the nine studies, seven represent changes from an
undivided cross section to a TWLTL. The findings reported

• Access points—All unsignalized access locations. An
access point can be either a driveway or a public street
approach.
• Driveway—Any location on the arterial where the curb
along the outside lane is removed (or dropped) for 10 ft
or more to facilitate vehicular access to the adjacent
property.
• Access point density—Total number of access points on
both sides of the major-street segment (i.e., a two-way
total) divided by the length of the segment (in miles).
Driveway density and public street approach density are
defined in a similar manner.
At this point it is useful to clarify the meaning of other
terms found in the literature, because they are used in this
report. It is assumed that a major street is classified as an arterial and a minor street is classified as a collector, local street,
or driveway. Hence, the major street is also referred to as the
“arterial” in this report. The through traffic movements on
this arterial are referred to as “priority” movements; all other
driveway-related movements are “nonpriority” movements.
The review of the literature dealing with safety assessment
of various midblock left-turn treatments revealed three different assessment approaches:
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in these studies are shown in Table 4-1. All reduction percentages were reported to be statistically significant.
There are three trends suggested by the accident reduction
percentages shown in this table. First, the conversion from
undivided cross section to flush center lane (with either paintdelineated bays or a TWLTL) reduces all accidents by about
one-third. Second, the conversion from TWLTL to raisedcurb median also reduces all accidents by about one-third.
Third, the percentages suggest that midblock accidents are
reduced by nearly 50 percent after conversion from undivided cross section to flush center lane. Midblock accidents
are accidents that occur on the major street but are not related
to an intersection. In this context, an intersection is defined
as the junction of the major street with any public street; this
intersection can be signalized or unsignalized.
One conclusion that might be reached from these trends is
that raised-curb median treatments are the safest. This conclusion was reached by Parsonson et al. (2). The conclusion
has merit because the raised-curb median has the most positive delineation of all midblock treatments. The raised curb
ensures that left-turn maneuvers will occur at specific locations and that the turns from the major street are protected by
the exclusive bay design.
The magnitude of accident reduction must be interpreted
cautiously. It is entirely likely that there are some RTTM artifacts in the data. These artifacts could easily account for as
much as 15 percent of the reduction percentage, depending
on the number of years of accident data available and the
number of accidents that occurred.
TABLE 4-1 Before-and-after study findings

Several factors discourage the generalization of accident
reduction potential based on these types of studies. First,
RTTM artifacts vary among the studies. Second, the types of
accidents considered are not consistent between studies
(three categories are shown in Table 4-1). Finally, differences in accident reporting threshold among cities and states
may bias the count of some accident types.
Despite the aforementioned factors, Glennon et al. (3)
have generalized the accident reduction potential of the
TWLTL relative to the undivided cross section. Based on a
review of previous studies, Glennon et al. determined that the
TWLTL is effective in reducing accidents by 35 percent.
This finding is consistent with that noted previously for Table
4-1. An extensive review of the literature and nationwide survey of TWLTL experience by Nemeth (4) revealed a similar
finding. In addition, Nemeth found that the frequency of
head-on collisions in TWLTLs was negligible.

Comparative Approach

In a comparative evaluation, accident histories for a cross
section of sites with a given midblock left-turn treatment are
statistically examined and compared with the histories of
other sites with a different treatment. Differences between
sites, such as traffic demand, speed, and segment length, are
accounted for using regression-based procedures.
Several researchers have investigated the safety effects of
both raised-curb medians and TWLTLs using the compara-
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tive approach. The most comprehensive model was developed by Harwood (5), who conducted a comparative analysis of 420 highway segments, each segment having one of the
following combinations of left-turn treatments and number
of through lanes:
•
•
•
•

Two-lane with an undivided cross section
Two-lane with a TWLTL
Four-lane with an undivided cross section
Four-lane with a divided cross section (i.e., raised-curb
median)
• Four-lane with a TWLTL.
Based on a statistical analysis of the accident data for
unsignalized and midblock locations, Harwood (5) developed a model for predicting the accident rate for the five
treatment combinations studied. This model is presented in
Table 4-2.
The accident rates listed in Table 4-2 indicate that the twolane TWLTL design is safer than the two-lane undivided
design and that the four-lane TWLTL design is safer than the
four-lane undivided design. These trends are consistent with
those shown in Table 4-1.
There are, however, several counterintuitive findings suggested by Table 4-2. First, it suggests that the four-lane undivided design is safer than the raised-curb median treatment in
residential areas. It also suggests that there is a negligible difference between the two treatment types in commercial areas.
Intuition suggests that a raised-curb median would be associated with fewer accidents than the undivided cross section.
Second, the data in Table 4-2 suggest that the TWLTL has
a lower accident rate than a raised-curb median. A study by
Squires and Parsonson (6) of 82 street segments indicated
that raised-curb median segments have lower accident rates
TABLE 4-2 Harwood safety model (5)

than TWLTL segments. A similar conclusion was reached by
Hartman and Szplett (7) in a comparison of raised-curb
median and TWLTL segments. The accident data assembled
by Chatterjee et al. (8) and by Parker (9) also indicate that
raised-curb median segments have lower accident rates than
TWLTL segments.
Third, the data in Table 4-2 suggest that an increased truck
percentage results in safer operation. Intuition would suggest
that more accidents would occur as the proportion of trucks
increases. Harwood (5) acknowledges this paradox and
explains that it is likely the result of correlations between
truck percentage and other model variables.
Other models for predicting the safety of specific midblock left-turn treatments also have been developed. To simplify their presentation and comparison, the following generalized model form is used.
A = B0 ADT B Len B (linear terms)
1

2

(1)

with
linear terms = C0 + C1 ADT + C2 Pop + C3 Drv
+ C4 Sig + C5Unsig + C6 Strt
+ C7 Trk + C8 Ltvol + C9 Dev

(2)

where:
A  annual accident frequency;
ADT  average daily traffic;
Len  street segment length, in miles;
Pop  area population;
Drv  driveway density, in driveways/mile;
Sig  signalized intersection density, in signals/mile;
Unsig  unsignalized intersection approach density, in
approaches/mile;
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Strt  public street approach density, in approaches/
mile;
Trk  truck percentage;
Ltvol  average daily left-turn volume per driveway, in
vpd/driveway;
Dev  development type (1 if commercial, 0 if residential); and
Bi,Ci  regression coefficients.
The general model combines linear and nonlinear regression terms. Linear terms consist of any environmental or geometric factors that may be correlated with accident frequency. The advantage of the general form is that it allows
any combination of linear and nonlinear factors to be considered. In fact, by setting one or more of the Bi coefficients
to 0 or 1, the general form defaults to an equivalent model for
predicting accident rates (e.g., accidents/mile and accidents/million vehicle miles (mvm)).
The comparison of alternative models is shown in Tables
4-3, 4-4, and 4-5. The models described in these tables apply

to arterials with raised-curb medians, TWLTLs, and undivided cross sections. As suggested by the B1 parameter coefficients, most models were developed to predict accidents/mile; the others predict accidents/million vehicle
miles. Some authors developed equations for two-, four-, and
six-lane cross sections; however, only models for four-lane
sections are shown. With one exception, the equations predict all accidents occurring on the segment (including those
occurring at signalized intersections). The exception is the
equation developed by Harwood (5). Harwood only developed accident rates for predicting accident frequency at midblock and at unsignalized intersection locations.
Several observations can be made by examining the parameter coefficients in Tables 4-3, 4-4, and 4-5. First, there
is agreement that accident frequency increases with traffic
demand. Second, all researchers considered driveway density but most found its effect to be insignificant. Those that
found a significant effect do not appear to agree on whether
accidents increase or decrease with an increasing number of

TABLE 4-3 TWLTL safety models using the general model form
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TABLE 4-4 Raised-curb median safety models using the general model form

driveways. Third, there is general agreement that accident
frequency increases with increasing signal density.
Finally, most researchers considered some measure of the
number of public street approaches and its effect on accident frequency. About one-half found that the effect was
insignificant, whereas the remainder could not agree on the
effect (increase or decrease). It is possible that correlations
among driveway density, signal density, and public street
approaches are obscuring the true relationship between
cause and effect.
A safety model also has been developed by Bowman and
Vecellio (10). This model predicts all accidents occurring
along the segment, including signalized intersections. This
model was not included in the preceding tables because it
did not follow the general model form. The model form used
by Bowman and Vecellio to predict all accidents is shown
in Equations 3 and 4; the model coefficients are shown in
Table 4-6.
A = B0 ADT B Len B e ( linear terms )
1

2

(3)

with
linear terms = C0 + C1Thr + C2 Off + C3 Bus
+ C4 Area + C5 Med + C6Unsig
+ C7 Drv + C8 Cross + C9 Spd

( 4)

where:
A  annual accident frequency;
ADT  average daily traffic;
Len  street segment length, in miles;
Thr  accident reporting threshold, in dollars;
Off  land use (1 if office, 0 if other);
Bus  land use (1 if business, 0 if other);
Area  area type (1 if CBD, 0 if suburban);
Med  median width, in feet;
Unsig  unsignalized intersection approach density, in
approaches/mile;
Drv  driveway density, in driveways/mile;
Cross  median crossover density, in crossovers/mile;
Spd  speed limit, in mph; and
Bi,Ci  regression coefficients.
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TABLE 4-5 Undivided cross section safety models using the general model form

Three items can be noted when examining Table 4-6. One
item is the reduction in accidents with increasing accident
reporting threshold. This factor was included in the model
because the data were obtained from three cities in three different states. The significance of this trend suggests that
models developed with data from different cities or states
may not be totally comparable if the accident reporting
threshold is different. This conclusion was reached by Parker
(9) after comparing his equation with that of Walton and
Machemehl (11).
A second item worthy of note is the apparent omission of
signalized intersection density. Bowman and Vecellio (10)
explained that signal density was considered but was not
found to be statistically significant. They explained that signal density is likely correlated with other model variables
and, therefore, the effect of signals is accounted for by these
variables.
A third item worth noting in the examination of Table 4-6
is the trend toward fewer accidents with increasing speed.
Bowman and Vecellio explained this counterintuitive trend
by noting that higher speeds usually occur in areas with
lighter development intensity and a corresponding low level
of vehicle interaction. It should be noted that speed limit also
was considered by Harwood (5) and Walton and Machemehl
(11) but was not found to be statistically significant.

The models described in Tables 4-3 through 4-6 were used
to compare the expected accident frequency for each of the
left-turn treatment types. The large number of variable combinations prevented an exhaustive analysis; however, a typical combination of variable values was established and used
to compute the accident frequency predicted by each model
for a range of daily traffic demands. The typical arterial was
assumed to have the following attributes:
•
•
•
•

Population:
Driveway density:
Signal density:
Unsignalized intersection
approach density:
• Truck percentage:
• Development type:
• Through lanes:

100,000
50/mi
2/mi
8/mi
5
Commercial
4 (2 each direction)

Additional assumptions required by the Bowman and
Vecellio safety model are as follows:
• Accident reporting threshold: $250
• Median width:
16 ft
• Speed limit:
40 mph
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TABLE 4-6 Bowman and Vecellio safety model (10)

The public street approach density was computed as 12/mi
(i.e., two approaches/signalized intersection plus the eight
unsignalized intersection approaches). This value represents
the critical density recommended by Parker (9). Specifically,
Parker found that TWLTL treatments are generally safer than
raised-curb median treatments if there are fewer than 12
public street approaches; the reverse is true if there are more
than 12.
To facilitate the comparison of the Harwood safety model
(which predicts only midblock and unsignalized accidents)
with the other models, an adjustment factor, the ratio of total
accidents to midblock accidents plus unsignalized accidents,
was developed. Sufficient data were provided by Harwood
(5) to make this computation; the resulting adjustment factor
was 1.38. Thus, total accidents were computed by first using
the Harwood safety model to estimate the midblock accidents plus unsignalized accidents and multiplying this value
by 1.38.
The accident frequency predicted by each model for the
typical arterial is listed in Table 4-7 for a range of arterial
traffic demands. The average and standard deviation of these
frequencies for the group of models also are listed in Table
4-7 by traffic demand and left-turn treatment type. The effect
of traffic demand on the average accident frequency for each
treatment type is shown in Figure 4-1.

Two researchers have two models listed in Tables 4-3,
4-4, and 4-5; however, only one model from each source was
used in this comparison to avoid bias in the computed average. In particular, the “accidents/mile” model from Squires
and Parsonson (6) was used because it had a better R2 than
his “accidents/MVM” model. The model described by Parker
(12) was used because it is based on an expanded database
that included data from his first model.
Examination of the data in Table 4-7 indicates several
trends worth noting. First, the undivided treatment has the
highest accident frequency over the range of traffic demands.
These data support the 30 to 35 percent accident reduction
found in the before-and-after studies discussed previously
(for the conversion from undivided cross section to either
raised-curb median or TWLTL). The TWLTL and raisedcurb median tend to have about the same accident frequency,
with the raised-curb median having a slightly lower frequency for moderate to high volumes.
It must be remembered that the predicted accident frequencies are based on a series of assumed arterial attributes;
other attributes could change the magnitude of the observed
relationships. In addition, there is considerable variability
among the predicted values; thus, the magnitude of the difference between TWLTL and raised-curb median is probably not statistically nor practically significant.
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TABLE 4-7 Safety model comparison

A second item worth noting in the examination of Table
4-7 is that some models tend to consistently predict to the
extreme. In particular, the Parker (12) safety model often
yields the lowest accident frequency. On the other hand, the
Bowman and Vecellio (10) safety model often yields the
highest accident frequency. Differences, particularly consistent differences, among models might be explained by differences in accident reporting threshold in the underlying
accident database.

Pedestrian Accidents

Bowman and Vecellio (10) examined the frequency of
pedestrian-vehicle accidents on arterials with different mid-

block left-turn treatments. Their database included 1,012
pedestrian-vehicle accidents. They found that pedestrian
accidents were more frequent in central business districts
(CBDs) than in suburban areas. About 7 percent of all accidents on CBD streets involved pedestrians, whereas only 2
percent of all accidents on suburban streets involved pedestrians.
Bowman and Vecellio converted the pedestrian-vehicle
accident counts to accident rates by dividing by 1 million
vehicle miles. These rates indicate that raised-curb medians
have about 0.2 pedestrian accidents per mvm (pa/mvm) on
CBD streets and 0.06 pa/mvm on suburban streets. Streets
with TWLTLs were found to have about twice the number of
pedestrian accidents; however, the difference was not statistically significant.

Figure 4-1. Predicted average accident frequency comparison.
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Streets with undivided cross sections were found to have
even higher pedestrian accident rates, particularly for CBD
streets. The rate was found to be 0.87 pa/mvm for CBD
streets and 0.14 pa/mvm for suburban streets. The difference
between undivided and TWLTL treatments on CBD streets
was statistically significant; however, the difference between
these two treatments on suburban streets was not significant.
These rates suggest that raised-curb medians are safer for
pedestrians than undivided cross sections. They also suggest
that raised-curb medians are safer for pedestrians than
TWLTLs, although the differences are not as distinct (nor
statistically significant). It should be noted that Parker (9)
conducted a study of pedestrian accidents and found that
raised-curb medians are associated with about one-half as
many pedestrian accidents as TWLTLs.
Accident Severity

Several studies have examined the effect of left-turn treatment on accident severity. Harwood (5) found that midblock
fatal and injury accidents combined accounted for 38.4, 33.7,
and 33.7 percent of all accidents on four-lane streets with
undivided, raised-curb median, and TWLTL treatments,
respectively. Hoffman (13) found that conversion from an
undivided cross section to a TWLTL resulted in a 41 percent
reduction in casualties. For a similar conversion, Thakkar
(14) found that the total fatal and injury accident rate (including both midblock and intersection) decreased by 26 percent.
On the other hand, Bowman and Vecellio (10) found that
TWLTLs were associated with a slightly higher midblock
injury accident rate than undivided cross sections; although
the difference was not statistically significant. They also
found that the raised-curb median had a significantly lower
injury accident rate (about 30 percent lower) than either the
TWLTL or undivided cross section.
The findings of these studies are somewhat contradictory
and difficult to compare because of the wide variety of severity measures used by the researchers. It is likely that the contradictions may be due to a combination of (1) high variability in accident data, (2) small number of observations (injury
accidents may account for only 30 to 40 percent of all accidents), (3) inconsistency between studies in the types of accidents included in the database, and (4) differences in analysis approach (e.g., Harwood and Bowman and Vecellio used
the comparative approach whereas Hoffman and Thakkar
used the before-and-after approach).

cross section. This database was assembled from the accident
records of the city of Phoenix, Arizona, and the city of
Omaha, Nebraska. It contains data on 189 street segments
that total 78.6 mi in length.
Database Composition

Study Segment Attributes
A list of desirable characteristics for the study segments
was prepared using information from the survey of practitioners and a review of the literature. For the purpose of this
research, a study segment was defined as an urban or suburban arterial street segment bounded by signalized intersections but having only unsignalized access points along its
length. This segment has a constant cross section and one
type of midblock left-turn treatment. The following criteria
were used to define an urban or suburban arterial segment, as
related to the study objectives:
• Traffic volume more than 7,000 vpd
• Speed limit between 30 and 50 mph
• Spacing of at least 350 ft between signalized intersections
• Direct access from abutting properties
• No angle curb parking (parallel parking is acceptable)
• Located in or near a populated area (e.g., 20,000 or
more)
• No more than six through traffic lanes (three each direction)
• Arterial length of at least 0.75 mi.
The application of these criteria in selecting the study sites
was intended to ensure that low-volume two-lane roadways,
rural highways, expressways, roads through small towns, and
low-speed collector streets were not included in the candidate list of field study sites.
The arterials selected for inclusion in the database have
one of the following three midblock left-turn lane treatment
types: raised-curb median, TWLTL, or undivided cross section. These three treatment types were selected for two reasons. First, they represent the most distinctly different midblock left-turn treatment types (many types represent only
slight variations from the three types considered). Second,
these treatments are the most frequently used in practice.
This reason is very important because it relates to the availability of street segments in sufficient number to provide
some statistical reliability in the calibrated model.

DEVELOPMENT OF A SAFETY DATABASE

The development of a safety model required the assembly
of a database containing geometric, traffic, and accident data
for typical urban and suburban arterials. The arterials
included in the database have one of three midblock left-turn
treatment types: raised-curb median, TWLTL, and undivided

Database Elements
The types of data needed for the safety model database
include the geometric characteristics, traffic characteristics,
and accident history of each study site. These data were col-
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lected from agency accident records, traffic counts, aerial
photography, and data obtained during site visits. A list of
data elements and their sources is presented in Table 4-8.
The elements included in the database were selected for a
variety of reasons. In most cases, the elements found to be
helpful in previous models are included. A distinction between
CBD and suburban streets (i.e., area type) is not included
because it is likely to be positively correlated with speed limit.
Bowman and Vecellio (10) considered both factors and found
each to be significant, but were unable to put both factors in
their models at the same time because of the factors’ correlation. It is anticipated that speed limit will provide the necessary distinction between suburban and CBD areas.

Data Collection Approach

Traffic and accident data were obtained from the cities of
Phoenix and Omaha. Accident data were obtained for 1991,

TABLE 4-8 Safety database elements

1992, and 1993. Staff from each city helped identify the
study segments and provided annual average daily traffic
estimates that were representative of the three study years.
The selected study segments were videotaped in both directions while researchers drove their lengths. These videotapes
provided important land use, traffic, and geometric information. Finally, portions of each segment were surveyed to
obtain measurements of selected cross section components.
One element that was proposed for inclusion in the safety
database was the accident-cost-reporting threshold. Bowman
and Vecellio (10) and Parker (9) have found that the number
of accidents reported is related to the damage cost threshold
at which the law requires that an accident be reported. Specifically, accident frequency has been found to be lower in areas
with higher reporting thresholds. This element is often essential when comparing accident frequencies between cities in
different states. The drawback with using it is that it is not
generally known or adhered to by the motoring public nor is
it followed by police (15). This drawback typically leads to
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varying degrees of underreporting among cities and states.
Consequently, correlations between reporting threshold and
accident frequency are likely to be unstable and difficult to
quantify on a regionwide basis. Because of this uncertainty,
the accident reporting threshold was dropped from further
consideration in the development of the safety model.
A surrogate measure, therefore, was used to account for
differences in reporting levels among cities and states. This
surrogate was defined as the percentage of all accidents that
are described as property-damage-only (PDO) in the city of
interest. This measure is related to the reporting threshold
because PDO accidents typically are in question and generally go unreported. One advantage of using this measure is
that it is a very tangible measure of the true behavior of drivers in a specific city or state in terms of their propensity to
report an accident. As a result, it can be used to compare
cities with different reporting thresholds or different degrees
of underreporting. Another benefit of this measure is that it
is represented as a statistic of the accident database instead
of a value printed in some legal statute that is likely to be
invoked to widely varying degrees. The PDO percentage typically varies from 60 to 75 percent for most cities and states
based on the data reported by Bowman and Vecellio (10) and
Harwood (5). Lower values would reflect regions with higher
reporting thresholds, a larger number of unreported accidents, or both.
Database Summary

Summary statistics describing the safety database are provided in Tables 4-9 and 4-10. The arterial mileage for each

city and treatment type was maintained at approximately
equal values to avoid bias in the statistical analysis.
The midsignal accident frequency represents the total
number of accidents actually occurring on the arterial segments. Accidents occurring at the signalized intersections
that bound these segments are not included in the database.
These accidents tend to have their own causes (e.g., change
interval timing) that are not related to the midblock left-turn
treatment. Hence, their inclusion in the database would only
obfuscate the search for factors related to midsignal accident
frequency. The term “midsignal” is used in Table 4-9 instead
of “midblock” because it better conveys the fact that accidents occurring at midblock locations and at unsignalized
public street intersections (major-street approaches only) are
included in the midsignal accident frequency.
Whether an accident was associated with one of the
bounding signalized intersections was determined from the
accident report. Both the Omaha and Phoenix accident databases include a field that identifies the accident as “intersection-related.” Discussions with the engineers responsible for
maintaining the accident database in the two cities indicated
that this field was coded by technicians per the engineer’s
instructions. These instructions were to (1) consider the accident report information (including time of day, accident type,
path-to-collision sketch, distance from the intersection, and
driver/officer comments), (2) combine this with other information about the intersection and its queueing potential, and
(3) make a subjective determination about the intersection
relationship of the accident.
The use of the “intersection-related” field is intuitively
more defensible for identifying intersection accidents than

TABLE 4-9 Safety database summary—total mileage and accidents
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TABLE 4-10 Safety database summary—range of individual database elements

simply using only the “distance from the intersection” field,
as is often done by researchers. A check of the Phoenix
dataset, which has both the “distance” and “intersectionrelated” fields, indicated that 98 percent of all intersectionrelated accidents occurred within 100 ft of the intersection.
This strong correlation indicates why distance is often used
alone; nevertheless, the intersection-related field is considered preferable.
To facilitate the examination of accident cause and effect
in the context of a statistical analysis of street geometry and
traffic demand, accidents caused by extraordinary or special
circumstances were excluded from the safety database.
Specifically, accidents in which the driver was under the
influence of drugs or alcohol were excluded, as were accidents occurring on ice- or snow-covered streets.
A more detailed summary of the safety database is provided in Tables 4-11 and 4-12. Table 4-11 presents statistics
for six selected segment attributes; each statistic is categorized by treatment type and location. In general, the ranges
of each attribute are quite wide and overlap among the three
treatment types. The segments with the raised-curb median
treatment tend to have the highest ADT, and those with the
undivided treatment have the lowest ADT. Segments with
the raised-curb treatment tend to have the lowest driveway
and public street approach densities, whereas those with the
undivided treatment tend to have the highest densities. Speed
limit and segment length have about the same range of values for all treatments.
Table 4-12 summarizes the total number and length of
arterial segments included in the safety database. As mentioned previously, control over site selection was exercised
to ensure a general equality in both number and length
among the three treatment types and two cities.
The land use categories included in this database refer to
the facilities generating vehicle-related trips into and out of

the land adjacent to the study segment. The four categories
are residential, office, business, and industrial. Residential
indicates land use that varies from single-family dwellings
to apartment complexes. Weekday trips from this land use
category occur most frequently during the morning and
evening peak traffic hours. Office refers to land use in which
weekday trips are made primarily by professional employees (and associated staff) arriving in the morning and leaving in the evening. The office land use category also incorporates customer trips occurring throughout the day, but at
a lower rate than that of employee trips during the morning
and evening. Business land use is associated with trips made
primarily by customers on a stop-by-and-shop basis; these
trips occur throughout the business day. Industrial refers to
land use in which nonprofessional employees constitute the
largest number of trips, primarily taking place during shift
changes in the morning and late afternoon. In situations in
which land use varies along the segment, the segment’s land
use was categorized based on the most dominant land use
(measured in terms of trip activity observed during the field
survey).
Parallel parking was found only on segments with an
undivided cross section. This distinction between the undivided and the TWLTL or raised-curb segments was not
intended; however, this is a characteristic of the two cities
chosen for the study.
DEVELOPMENT OF A SAFETY MODEL

This section describes the development and calibration of
the safety model. The findings presented are the result of a
formal statistical analysis of the safety database described in
the preceding section. This section includes the development
of the safety model, the statistical approach used to calibrate
the model, an examination of the accident rates for the treat-
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TABLE 4-11 Safety database summary—statistics for selected elements

ment types, a description of the calibrated safety model, and
a sensitivity analysis of selected model variables.

developed procedures for automating the GLIM technique
using the SAS statistical analysis software (19).

Evaluation Methodology Framework

Terminology

The generalized linear modeling (GLIM) technique,
described by McCullagh and Nelder (16), was used to determine the model coefficients and the statistical quality of
fit to the safety data. The GLIM technique uses maximumlikelihood principles to model the distribution of residual
errors. This distribution is typically neither normal nor of
constant variance, as is assumed when using traditional leastsquares regression. As a result, the GLIM regression technique is able to yield unbiased parameter coefficients having
the smallest standard error possible. This technique has been
applied to accident data by several researchers, including
Hauer et al. (17), Bowman and Vecellio (10), and Bonneson
and McCoy (18). In fact, Bonneson and McCoy (18) have

The safety, m, of an arterial segment is defined as its mean
accident frequency. This quantity can be estimated by taking
the average of the m’s (i.e., E(m)) for a large number of similar segments, each having identical traffic demands. In this
context, similar segments have one or more geometric and
traffic control characteristics in common. The estimate of m
becomes more stable as the segments become more similar
(i.e., as the number of characteristics that they must have in
common increases).
In the past few years, Hauer et al. (17) and others have
convincingly argued that the distribution of accident counts
for a group of similar sites (e.g., intersections and street segments) can be described by the family of compound Poisson
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TABLE 4-12 Safety database summary—number and length of segments

distributions. In this context, there are two different sources
of variability underlying the count distribution. One source
of variability stems from the differences in the m’s among the
similar sites. The other source stems from the randomness in
accident frequency at any given site, which is traditionally
described as Poisson.
Despite being similar, each segment in the group has its
own regional characteristics and driver population, which
gives it its own unique mean accident frequency, mi. Thus,
the distribution of m’s within the group of similar sites can
be described by a probability density function with mean
E(m) and variance V(m). Hauer et al. (17) have shown this
distribution to be adequately described by the gamma density
function.
Abbess et al. (20) have shown that if accident occurrence
at a particular segment is Poisson distributed, the distribution
of accidents around the E(m) of a group of segments can be
described by the negative binomial distribution. The variance
of this distribution is as follows:

V ( x ) = E( m) +

E( m) 2
k

(5)

where x is the observed accident count of a given segment
with an expected accident count of E(m). Recognizing that
the variance of the Poisson distribution is E(m), it is apparent that the variance of the negative binomial distribution
exceeds that of the Poisson by the amount E(m)2/k. Hauer et
al. (17) have shown that this latter quantity is equivalent to
the variance of the mean accident frequency for the group of
similar segments, V(m). Hauer also has shown that the parameter k can be estimated by fitting Equation 5 to V(x) and
E(m) estimates for the group of similar segments. The V(x) is
estimated as the squared difference between the accident
count and the corresponding E(m) for each segment in the
group.
The analysis tool used to estimate the model coefficients
was the nonlinear regression procedure (NLIN) in the SAS
software (19). This procedure is general enough to be mod-
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ified to accommodate error structures that are not normally
distributed. It also can be modified to yield maximumlikelihood model coefficients. With these modifications, the
NLIN procedure can be used as a generalized linear modeling tool. In fact, an example application of NLIN to generalized linear modeling is described in the SAS documentation (19, Chap. 29). It should be noted that the SAS code
described in this documentation was modified (due to
some errors in printing) and enhanced to include the negative binomial and gamma distributions.
Link Function
The generalized linear modeling approach relates a linear
predictive equation to the expected value of an observation
via a link function. This link function equates the linear predictive relationship to a nonlinear, and perhaps bounded,
dependent variable. There is one link function that is theoretically related to the error structure of the data, based on its
underlying distribution. This link function is sometimes
referred to as the “natural” (or canonical) link. As noted by
McCullagh and Nelder (16); however, the use of the natural
link function is not a requirement. The natural link functions
for the Poisson and negative binomial distributions are as
follows:
Poisson :

η = ln[ E( m)]

(6)

Neg. Bin. :

 E( m) 
η = ln 
 k + E( m) 

( 7)

where the linear predictive equation is
η = b0 + b1 x1 + b2 x 2 + . . . + bn x n

(8)

To obtain a model form that directly predicts the desired
expected value, it was necessary to take the inverse of the
link function (i.e., E(m)  f 1()), equate it to the right side
of Equation 8, and solve for E(m). For the Poisson link function, the resulting model form follows:
E( m) = e (ln( n ) + b

0

+ b1 x1 + b2 x 2 + . . . + bn x n )

( 9)

where n is termed the “offset” variable with an implied coefficient of 1.0. For accident data analysis, the offset variable
is equivalent to the number of years underlying the observed
count (in this study, n  3 years for all observations).
A similar calculation to obtain the linear predictive model
form for the negative binomial link function does not yield
as simple a form as the aforementioned form. In fact, it is not
algebraicly possible to obtain the model in its intended form
using the natural link for the negative binomial structure.
Because of this loss of generality, and recognizing that it is
not a requirement to use the natural link, the Poisson link was
used for all analyses in this study.

Quality of Fit
Several statistics are available for assessing model fit and
the significance of model coefficients. One measure of model
fit provided by NLIN is the generalized Pearson χ2 statistic.
This statistic is calculated as follows:

[ x − Eˆ (m)]

2

χ2 =

∑

Vˆ ( x )

(10)

where V̂(x) is estimated from Equation 5 by substituting Ê(m)
for E(m). This statistic is available from NLIN as the
“weighted sum of squares” for the residual. McCullagh and
Nelder (16) indicate that this statistic follows the χ2 distribution with n – p – 1 degrees of freedom, where n is the number of observations and p is the number of model parameters.
This statistic is asymptotic to the χ2 distribution for larger
sample sizes and exact for normally distributed error structures. As noted by McCullagh and Nelder, this statistic is not
well defined in terms of minimum sample size when applied
to non-normal distributions; therefore, it probably should not
be used as an absolute measure of model significance.
Another, more subjective, measure of model fit can be
obtained from a graphical plot of the prediction ratio versus
the estimate of the expected accident frequency (i.e., Ê(m)).
In this context, the prediction ratio is defined as the normalized residual (i.e., the difference between the predicted and
observed accident frequencies divided by the standard devi–––
ation, √V(x)). This type of plot yields a visual assessment of
the predictive capability of the model over the full range of
Ê(m). A well-fitting model would have the prediction ratios
symmetrically centered around zero over the range of Ê(m).
The significance of the parameter coefficients (with
respect to the hypothesis that they equal zero) is also helpful
in assessing the relevance of model factors. In this regard,
NLIN provides the standard error and 95 percent confidence
interval for each coefficient. Because the Pearson χ2 statistic
(i.e., Equation 10) has some limitations, the significance of
the individual parameter coefficients may represent a more
realistic measure of model fit.
A third measure of fit is the dispersion parameter σd. This
parameter was noted by McCullagh and Nelder (16) to be a
useful statistic for assessing the amount of variation in the
observed data. This statistic can be calculated by dividing
Equation 10 by the quantity n – p. It is also available from
NLIN as the “weighted mean square” for the residual. A dispersion parameter near 1.0 indicates that the assumed error
structure is approximately equivalent to that found in the
data. For example, if a Poisson error structure is assumed
(i.e., V(x)  E(m)) and the dispersion parameter is 1.68, this
would indicate that the data have greater dispersion than is
explained by the Poisson distribution. In this situation, the
negative binomial distribution might be considered because
it has a larger variance than the Poisson (see Equation 5).
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Finally, the coefficient of determination R2 can be used to
assess the quality of model fit. This statistic is commonly
used for normally distributed residuals; hence, it loses some
of its meaning when applied to non-normal residuals. Nevertheless, Kvalseth (21) has investigated the use of R2 to evaluate model forms calibrated with data having non-normal
error structures and concluded that R2 can still be a useful tool
if computed with the following equations:
R2 = 1 −

SSE
SST

(11)

with
SSE =

n

∑ (y

p, i

− yo, i )

2

(12)

i

n

SST =

∑ (y

o, i

− ym )

2

(13)

i

where:
yo,i  observed dependent value for a given set of independent variables, i;
yp,i  predicted dependent value for the same set of independent variables, i; and
ym  mean of all n observed dependent values.
When applied to accident prediction models, the quantity
obtained from Equation 11 is not a true R2 value because the
residuals are not necessarily independent, normally distributed variates with constant variance. Nevertheless, it can be
loosely compared to traditional R2 values with similar interpretation.
Analysis Procedure
Coefficient estimation for the proposed model was a multistep process. First, the data were analyzed using a Poisson
error structure. Second, NLIN was used to fit Equation 5 to
the squared residuals from the first analysis. This second step
yielded an estimate of the k parameter and a measure of its
statistical significance.
The need for a third analysis step was based on an assessment of the dispersion parameter and the k parameter significance. If the dispersion parameter was more than 1.0 and the
k parameter was statistically significant, a third analysis step
was conducted using the negative binomial error structure
with k from the second step as an initial estimate of the shape
parameter.
Finally, during the fourth step, the k parameter was
increased (or decreased) incrementally and the analysis was
repeated in an iterative manner until the dispersion parameter σd converged to 1.0. This procedure is consistent with
that described by Hauer et al. (17).

Database Review and Analysis

Preliminary Review of Accident Rates
As a practical first step in the analysis of the safety data,
the accident rates were computed for each segment.
Although the preceding discussion asserts that the relationship between accident frequency and segment length or traffic demand is not linear, it is close enough so that computed
rates can still provide some insight into accident cause and
effect.
Accident rates for the three left-turn treatment types are
shown in Table 4-13. These rates have units of annual
midsignal accidents per million vehicle-miles (a/mvm). As
noted previously, only accidents occurring on the arterial
segment were included in the database; accidents on cross
street approaches were not included.
The accident rates reported in Table 4-13 should be interpreted with caution for two reasons. First, as previously discussed, the relationship between accident frequency and
exposure often is not linear. Second, differences in rates
within and among the various categories may be partly
explained by differences in other, unspecified elements. For
example, the undivided/office rate is more than four times
that of the undivided/residential rate; however, much of this
difference can be explained by the fact that parking was most
frequently found on segments with office land uses. As a
consequence, a portion of the difference between land uses
associated with the undivided treatment may be explained by
differences in parking activity.
Bearing in mind the aforementioned cautions, several
trends can be observed from the rates shown in Table 4-13.
For example, it appears that the raised-curb median treatment
has the lowest rate (2.1 a/mvm), the TWLTL has a slightly
higher rate (3.3 a/mvm), and the undivided treatment has the
highest rate (3.8 a/mvm). This trend is consistent with the
findings of most research on the relative safety of the three
treatment types.
The accident rates for the three treatment types were compared with those reported by Harwood (5) and Bowman and
Vecellio (10,22). In the case of Harwood’s rates, some interpolation is necessary because his unsignalized intersection
rates include all approaches, whereas those used in the safety
database include only the two approaches on the arterial segment. A compromise rate was computed from Harwood’s
rates to facilitate comparison with those shown in Table
4-13. The compromise rate was computed as the sum of the
midblock and one-half of the unsignalized intersection rates
(which he did report separately). These rates are compared in
Table 4-14.
In general, the rates from the safety database are in the
range of those found by Harwood (5) and Bowman and
Vecellio (10,22). Specifically, the raised-curb median rates
in the safety database are lower than those reported by Harwood and higher than those reported by Bowman and Vecel-
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TABLE 4-13 Accident frequency and rates categorized by location, land use, and lanes

lio. The TWLTL and undivided rates for the safety database
tend to be a little higher than those found by either of the
other researchers but not by a significant amount, given the
variability in the associated data. Certainly, there is no clear
trend indicating that one treatment type is safer than the others among all three sources. This disparity likely stems from
some combination of (1) the nonlinear relationship between
accident frequency and exposure measures and (2) differences (other than traffic demand and length) among the segments included in the database.

Analysis of Database Element Effects
A two-stage statistical analysis approach was followed in
developing the safety model. The first stage involved the use

of analysis of variance (ANOVA) techniques to determine
which database elements had a significant effect on accident
frequency. The second analysis stage involved the calibration of the safety model using the GLIM approach described
previously.
The analysis tool used for the ANOVA was the general linear modeling (GLM) procedure provided in the SAS software
(19). This procedure is well suited to the analysis of the
effects of quantitative (e.g., driveway density) and categorical (e.g., land use) factors on annual accident frequency. It is
also well suited to datasets that are incomplete (i.e., not all elements of the effects of all categories have observations) and
unbalanced (i.e., sample size is different among categories).
During the first analysis stage, the accident data were
transformed using the Box-Cox (23) transformation algorithm before being submitted to GLM. This algorithm was
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TABLE 4-14 Accident rate comparison (segment accident rate in annual midsignal accidents
per million vehicle miles; excludes all accidents on cross street intersection approaches)

used to find the transform function that most effectively stabilized the variance of the residual error. Stabilization permitted the use of the GLM ANOVA technique, which is
based on least squares principles, by forcing the transformed
residuals to be normally distributed and of constant variance.
As a result of this first-stage analysis, several database elements were found to have a significant effect on midsignal
accident frequency: left-turn treatment type, daily traffic
demand, segment length, land use, parallel parking, driveway density, public street approach density, and the percentage of PDO accidents. The analysis of land use indicated
that there were two groups with similar accident trends:
business/office and residential/industrial. Hence, each pair
was represented by one variable in the safety model.
The existence of parallel parking was found to have a very
significant effect on accident frequency; more accidents were
associated with street segments that have parallel parking.
Segments were identified as having parking if a large portion
(e.g., 75 percent or more) of their street frontage was allocated to parallel parking; those with less parking were identified as having no parking. This dichotomous discriptor of
parking (i.e., parking: yes or no) was found to be acceptable
for the segments included in the study because only 3 of the
189 segments in the safety database fell into the gray area
between 0 and 75 percent parking. Because each of these
three segments had only about 10 percent parking, it was reasoned that they could be coded as having no parking with no
loss in model accuracy.
None of the segments with the TWLTL or raised-curb
median treatment was found to have parallel parking. This
omission in the database was not intentional; every attempt
was made to include a range of factors for each treatment
type. However, TWLTL and raised-curb segments with
parking were fairly rare in the two cities included in the database. Because most of the reports found in the literature
review did not address the effect of parking, the omission of

TWLTL and raised-curb segments with parking was not
believed to be a significant deficiency in the database at the
time of its construction.
Both driveway and unsignalized public street approach
densities were found to have a significant effect on accident
frequency on segments whose land use was categorized as
business or office. In general, there were more accidents on
streets with higher driveway or street densities. On the other
hand, driveway and street density was not significantly correlated with the accident frequency of segments with residential or industrial land uses. The separate effects of driveway density and street density were not found to be
significantly different from one another and, as a result, they
were combined in the safety model. The relationship
between combined driveway and public street approach density is shown in Figure 4-2.
The data in Figure 4-2 were derived from the safety database by aggregation of segments with similar driveway-plusstreet densities. This aggregation was performed to minimize
the variability in accident rates in the individual segments,
thereby permitting the general trend to be seen more clearly.
For this aggregation, the individual segments were ranked in
order of their combined driveway-plus-street density and
segregated into sequential groups of seven or eight segments.
The average driveway-plus-street densities and associated
accident rates for these groups are shown in Figure 4-2.
Data for the undivided cross section treatment are not presented in Figure 4-2 because the effect of parking was so significant that the data were quite varied among groups. This
variability made interpretation of driveway density trends
difficult to visualize. It also should be noted that the data in
Figure 4-2 suggest that the effect of driveway and street density is larger for the TWLTL treatment than for the raisedcurb treatment (i.e., TWLTL has a steeper slope); however,
the differences in slope were not found to be statistically significant.
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Figure 4-2. Effect of combined driveway and public street approach
density on accident frequency in business and office areas.

The PDO accident percentage represents the ratio of PDO
accidents to all reported accidents. As such, it is a direct measure of the accident cost reporting threshold and the degree
of driver compliance with accident reporting requirements in
a given area. Areas with higher reporting thresholds or a
larger number of unreported accidents are associated with
lower PDO percentages.
The PDO percentage was found to be correlated with accident frequency. Specifically, streets in cities with a higher
PDO percentage were found to have more accidents than
similar streets in cities with a lower PDO percentage. This
finding does not mean that more accidents occur in areas with
higher PDO percentages; rather, it means that more accidents
are being reported in these areas. The inclusion of PDO percentage in an accident prediction model facilitates the comparison of the relative safety of arterial streets in different
cities and states through the use of a common normalizing
factor.
Model Calibration

The findings from the first stage analysis were used to
develop the safety model. The log link function was used to
relate the vector of linear terms to the expected accident frequency. The specific terms included in this vector were categorized as exposure measures and explanatory factors. The
exposure measures included average daily traffic and street
segment length. The explanatory factors included driveway
density, street density, midblock left-turn treatment, and land
use category. The resulting model has the following form:
ln( A) = B1 ln( ADT ) + B2 ln( Len) + (linear terms)

(14)

The formulation above indicates that the natural log of the
exposure measures was used rather than their original units.

This transformation was performed because several
researchers (e.g., 10,17,18) have shown that the relationship
between accident frequency and exposure is nonlinear.
Equation 14 can be rewritten into a more useful form as
follows:
A = ADT B Len B e ( linear terms )
1

2

(15)

with
linear terms = C0 + C1 x1 + C2 x 2 + . . . + Cn x n

(16)

where:
A  annual accident frequency at midsignal (i.e., midblock and unsignalized) locations;
ADT  average daily traffic demand;
Len  street segment length;
xi  selected traffic and geometric characteristics; and
Bi,Ci  regression coefficients.
The model building process started with individual models for each treatment type. However, after these initial calibrations, it was noted that several regression coefficients
were similar in magnitude among treatment types. This similarity allowed the models to be combined, although indicator variables were still used to maintain a distinction between
nonsimilar coefficients. This combination technique was
considered desirable because it allowed the maximum number of observations to be used to calibrate the similar coefficients (this characteristic generally yields a lower standard
error in the coefficient estimate). The resulting form of the
combined model follows:
A = ADT ( B + B I
0

1 U Ir/i

)

Len B e ( linear terms )
2

(17)
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with
linear terms = Co + Ctype + C1 ( DD + SD) Ib/o
+ C2 PDO + C3 I Park IU

(18)

Ctype = Ca I R Ib/o + Cb IT Ib/o + Cc I R Ir/i
+ Cd IT Ir/i + Ce IU Ir/i

(19)

where:
A  annual midsignal accident frequency for the subject segment, in accident/segment/year;
ADT  average daily traffic demand, in vpd;
Len  street segment length, in feet;
DD  driveway density (two-way total), in driveways/
mile;
SD  unsignalized public street approach density (twoway total), in approaches/mile;
PDO  property damage accidents as a percent of total
accidents;
IR  indicator variable for the raised-curb median
treatment (1.0 if raised-curb; 0.0 otherwise);
IT  indicator variable for the TWLTL treatment (1.0
if TWLTL; 0.0 otherwise);
IU  indicator variable for the undivided treatment (1.0
if undivided; 0.0 otherwise);
Ir/i  indicator variable for residential or industrial land
uses (1.0 if residential or industrial; 0.0 otherwise);
Ib/o  indicator variable for business or office land uses
(1.0 if business or office; 0.0 otherwise);
IPark  indicator variable for parallel parking along the
roadside (1.0 if allowed; 0.0 otherwise);
Ctype  intercept C0 modifier to account for the effects of
left-turn treatment and land use; and
Bi,Ci  regression coefficients.
The statistics relating to the calibrated accident prediction
model are shown in Table 4-15. The calibrated coefficient
values would be used with Equations 17, 18, and 19 to predict the annual accident frequency for a given street segment.
A k parameter of 4.5 was found to yield the desired dispersion parameter of 1.0. The Pearson χ2 statistic for the model
is 179.2, and the degrees of freedom are 176 ( n – p – 1 
189 – 12 – 1). Because this statistic is less than χ20.05, 176 
208.0, the hypothesis that the model fits the data cannot be
rejected. The R2 for the model is 0.69. Because this value is
quite large for accident data, it was reasoned that the model
yields a very good fit to the data.
With a few exceptions, the coefficients in this model are
significant at a 95 percent level of confidence. Three variables are not statistically significant; these are identified by
underlines in Table 4-15. Despite their statistical insignificance, these three variables were kept in the model because
they represented best estimates of the coefficient values and
because they related to two of the three left-turn treatments.
The variance of the predicted accident frequency can be
estimated using Equation 5, where the predicted accident fre-

quency, A ( Ê(m)), is substituted for E(m) and k is set equal
to 1.5 ( 4.5/3). The k parameter is divided by 3.0 (corresponding to the 3 years of accident data used) to obtain the
variance of the predicted annual accident frequency.
The fit of the model to the data also can be assessed using
the prediction ratios plotted against the predicted accident
frequency. The prediction ratio, PRi ,for street segment i represents its residual error standardized (i.e., divided) by the
square root of its predicted variance (i.e., Equation 5). This
ratio can be computed as follows:
PRi =

y p , i − yo , i
V ( x)

(20)

The prediction ratios for the three left-turn treatment types
are presented in Figures 4-3, 4-4, and 4-5.
As Figures 4-3, 4-4, and 4-5 indicate, the fit of the calibrated model to the data is quite good. The standardized
residuals are centered around zero, indicating no bias in the
predicted quantity. In fact, the average error was computed
to be less than ±0.02 accidents per year for all of the left-turn
treatment types. The figures also indicate that the errors are
distributed normally about zero for the entire range of predicted values. This trend was the desired result; it is a consequence of the specification of the negative binomial error
structure in the SAS NLIN procedure. The standard deviation of the standardized residuals is between 0.93 and 1.02
for the three left-turn treatment types. Again, this trend was
the desired result; it is a consequence of adjusting the k parameter until the dispersion parameter equals 1.0.
The regression model can be rewritten to yield the following treatment-specific forms:
AR = ADT 0.910 Len 0.852
× e ( −15.162 − 0.296 I − 0.596 I
b/o

AT = ADT 0.910 Len 0.852
× e ( −15.162 + 0.018 I + 0.093 I
b/o

r/i + 0.00478 ( DD + SD ) Ib/o + 0.0255 PDO )

r/i + 0.00478 ( DD + SD ) Ib/o + 0.0255 PDO )

AU = ADT ( 0.910 +1.021 I ) Len 0.852
× e ( −15.162 −10.504 I + 0.570 I + 0.00478( DD + SD ) I

(21)

(22)

r/i

r/i

Park

b/o + 0.0255 PDO )

(23)

Sensitivity Analysis

The predictive capability of the calibrated safety model is
demonstrated in Figures 4-6 and 4-7 for a range of daily traffic demands. Figure 4-6 demonstrates the relationship
between accident frequency and demand for the three treatment types in areas designated as business or office. Figure
4-7 demonstrates the relationship between the treatments in
areas designated as residential or industrial. Typical values
were selected for each model variable based on the information in Tables 4-11 and 4-12. The selected values are shown
in the appropriate figures. The length of each plotted line represents the range of data available to calibrate that line. It
should be noted that the model only predicts accident fre-
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TABLE 4-15 Calibrated safety model statistics

quency for TWLTL and raised-curb segments that do not
have parallel parking.
Both figures indicate that annual accidents increase with
daily traffic demand. In general, segments with the undivided
treatment, particularly those with parallel parking, tend to
have the most accidents. Segments with a TWLTL treatment
have fewer accidents, and segments with the raised-curb
median treatment have the fewest accidents. The trends illustrated in Figure 4-6 suggest that the safety difference
between the undivided-without-parking and TWLTL (also
without parking) treatments may be negligible in business or
office areas over the range of traffic demands. Because none
of the TWLTL and raised-curb segments had parking, it was
not possible to estimate the effect of parking on accident frequency for these left-turn treatment types. The overlap

among curves in Figure 4-7 suggests that the safety difference between the undivided-without-parking and the raisedcurb or TWLTL (both without parking) treatments may be
negligible in residential or industrial areas when the average
daily traffic demand is less than 20,000 to 25,000 vpd.
Conclusions

The following conclusions have been formulated based on
the findings from safety model development. First, the analysis of the accident data indicates that average daily traffic
demand, driveway density, unsignalized public street
approach density, left-turn treatment type, and adjacent land
use are significantly correlated with accident frequency. In
general, accidents are more frequent on street segments with

Figure 4-3. Prediction ratio versus accident frequency for the
raised-curb median treatment.

Figure 4-4. Prediction ratio versus accident frequency for the
TWLTL treatment.

Figure 4-5. Prediction ratio versus accident frequency for the
undivided cross section.

116

Figure 4-6. Effect of traffic demand on accident frequency in
business and office areas.
higher traffic demands, driveway densities, or public street
densities. Accidents are also more frequent when the land use
is business or office as opposed to residential or industrial.
Second, the analysis indicates that the undivided cross section has a significantly higher accident frequency than the
TWLTL and raised-curb median treatments when parallel
parking is allowed on the undivided street. When there is no
parking allowed on either street, the difference between the
undivided and TWLTL treatments is generally small and is
negligible for average daily traffic demands of less than
25,000 vpd. In general, the raised-curb median treatment
appears to be associated with fewer accidents than the undivided cross section and TWLTL, especially for average daily
traffic demands exceeding 20,000 vpd.

Third, regression methods based on maximum-likelihood
techniques and a negative binomial distribution of the residuals are necessary to accurately calibrate accident prediction
models. The use of these methods has revealed that the relationship between accident frequency and exposure (e.g.,
average daily traffic demand or segment length) is nonlinear.
This finding indicates that the use of accident rates (and models that predict accident rates) may not yield accurate estimates of accident frequency, especially if the range in the
database is exceeded.
Fourth, a new variable was introduced for accident model
calibration. This variable represents the ratio of PDO accidents to all reported accidents for an urban area. As such, it
is a direct measure of the accident cost reporting threshold

Figure 4-7. Effect of traffic demand on accident frequency in
residential and industrial areas.
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and the degree of driver compliance with accident reporting
requirements in a given area. Areas with higher reporting
thresholds or a larger number of unreported accidents are
associated with lower PDO percentages. The inclusion of
PDO percentages in an accident prediction model facilitates
the comparison of the relative safety of arterial streets in different cities and states through the use of a common normalizing factor.

12.

13.

14.

REFERENCES
1. Hauer, E., and J. Lovell. New Directions for Learning About
the Safety Effect of Measures. In Transportation Research
Record 1068, TRB, National Research Council, Washington,
D.C., 1986, pp. 96–102.
2. Parsonson, P.S., M.G. Waters, and J.S. Fincher. Effect on
Safety of Replacing an Arterial Two-Way Left-Turn Lane with
a Raised Median. Paper submitted for the Access Management
Conference, sponsored by the Transportation Research Board,
Vail, CO, August 1993.
3. Glennon, J.C., J.J. Valenta, B.A. Thorson, and J.A. Azzeh.
Technical Guidelines for the Control of Direct Access to Arterial Highways—Vol. I: General Framework for Implementing
Access Control Techniques and Vol. II: Detailed Description of
Access Control Techniques. Report FHWA-RD-76-86/87.
FHWA, U.S. Department of Transportation, Washington, D.C.,
1975.
4. Nemeth, Z.A. Two-Way Left-Turn Lanes: State-of-the-Art
Overview and Implementation Guide. In Transportation
Research Record 681, TRB, National Research Council, Washington, D.C., 1978, pp. 62–69.
5. Harwood, D.W. NCHRP Report 282: Multilane Design Alternatives for Improving Suburban Highways. TRB, National
Research Council, Washington, D.C., 1986.
6. Squires, C.A., and P.S. Parsonson. Accident Comparison of
Raised Median and Two-Way Left-Turn Lane Median Treatments. In Transportation Research Record 1239, TRB,
National Research Council, Washington, D.C., 1989, pp.
30–40.
7. Hartman, J.P., and D.B. Szplett. Median Design Alternative:
Raised Median vs. Two-Way Left-Turn Lane. ITE Compendium of Technical Papers, Institute of Transportation Engineers, Washington, D.C., 1989, pp. 59–62.
8. Chatterjee, A., R.A. Margiotta, M. Venigalla, and D. Mukherjee. Guidelines for Selecting Roadway Cross Sections in
Developing Urban/Suburban Areas—Final Report. Tennessee
Department of Transportation, Nashville, TN, February 1991.
9. Parker, M.R. Design Guidelines for Raised and Traversable
Medians in Urban Areas. VHTRC 84-R17. Virginia Highway
and Transportation Research Council, Charlottesville, VA,
1983.
10. Bowman, B.L., and R.L. Vecellio. Investigation of the Impact
of Medians on Road Users—Draft Final Report. Report
FHWA-RD-93-130. FHWA, U.S. Department of Transportation, Washington, D.C., 1994.
11. Walton, C.M., and R.B. Machemehl. Accident and Operational
Guidelines for Continuous Two-Way Left-Turn Medians. In

15.

16.
17.

18.

19.
20.

21.

22.

23.

24.

25.
26.

27.

28.

Transportation Research Record 737, TRB, National Research
Council, Washington, D.C., 1979, pp. 43–54.
Parker, M.R. Simplified Guidelines for Selecting an Urban
Median Treatment—Engineer’s Guide. Virginia Department of
Transportation, Richmond, VA, 1991.
Hoffman, M.R. Two-Way, Left-Turn Lanes Work! Traffic
Engineering, Institute of Transportation Engineers, Washington, D.C., August 1974, pp. 24–27.
Thakkar, J.S. Study of the Effect of Two-Way Left-Turn Lanes
on Traffic Accidents. In Transportation Research Record 960,
TRB, National Research Council, Washington, D.C., 1983, pp.
27–33.
O’Day, J. NCHRP Synthesis 192: Accident Data Quality—A
Synthesis of Highway Practice. TRB, National Research Council, Washington, D.C., 1993.
McCullagh, P., and J.A Nelder. Generalized Linear Models.
Chapman and Hall, New York, NY, 1983.
Hauer, E., J.C. Ng, and J. Lovell. Estimation of Safety at Signalized Intersections. In Transportation Research Record
1185, TRB, National Research Council, Washington, D.C.,
1988, pp. 48–61.
Bonneson, J.A., and P.T. McCoy. Estimation of Safety at TwoWay Stop-Controlled Intersections on Rural Highways. In
Transportation Research Record 1401, TRB, National
Research Council, Washington, D.C., 1993, pp. 83–89.
SAS/STAT User’s Guide, Version 6, 4th ed. SAS Institute, Inc.,
Cary, NC, 1990.
Abbess, C., D. Jarrett, and C.C. Wright. Accidents at BlackSpots: Estimating the Effectiveness of Remedial Treatment,
with Special Reference to the “Regression-to-the-Mean”
Effect. Traffic Engineering and Control, Vol. 22, No. 10, October 1981, pp. 535–542.
Kvalseth, T.O. Cautionary Note About R 2. The American Statistician, Vol. 39, No. 4 (Part 1), American Statistical Association, November 1985, pp. 279–285.
Bowman, B.L., and R.L. Vecellio. Effect of Urban and Suburban Median Types on Both Vehicular and Pedestrian Safety. In
Transportation Research Record 1445, TRB, National
Research Council, Washington, D.C., 1994, pp. 169–179.
Box, G.E., and D.R. Cox. An Analysis of Transformations.
Journal of the Royal Statistical Society, B, Vol. 26, 1964, pp.
211–243.
Thomas, R.C. Continuous Left Turn Channelization and Accidents. Traffic Engineering, Vol. 37, No. 3, Institute of Transportation Engineers, Washington, D.C., December 1966, pp.
37–40.
Kastner, B.C. Personal correspondence. Minnesota Department
of Transportation, Oakdale, MN, June 1994.
Harwood, D.W. NCHRP Report 330: Effective Utilization of
Street Width on Urban Arterials. TRB, National Research
Council, Washington, D.C., 1990.
Burritt, B.E., and E.E. Coppola. Accident Reductions Associated with Continuous Two-Way Left Turn Channelization. Arizona Department of Transportation, Phoenix, AZ, July 1978.
McCoy, P.T., and J.L. Ballard. Cost-Effectiveness Evaluation
of Two-Way Left-Turn Lanes on Urban Four-Lane Roadways.
Report NE-DOR-R87-1. Nebraska Department of Roads, Lincoln, NE, 1986.

118

CHAPTER 5

ACCESS IMPACTS OF MIDBLOCK LEFT-TURN TREATMENTS

This chapter describes the development of a model for predicting the access impacts of alternative midblock left-turn
treatments. In this context, a treatment’s impact is defined
by its enhancement or degradation of accessibility to properties adjacent to the arterial. The degree of impact is based
on the perceptions of people most directly affected by the
treatment—the owners and managers of businesses on the
adjacent property. The following sections describe a review
of the literature on access impacts, the development of an
access impact database from a survey of business owners,
and the formulation of an access impact model.
LITERATURE REVIEW

Harwood (1,2) conducted two major studies of the effects
of alternative midblock left-turn treatments, focusing primarily on the operational and safety effects. He also recognized the need to consider the effects of various left-turn
treatments on access to adjacent properties.
In a 1991 study, Long and Helms (3) examined the impact
of median changes on two arterials in Fort Lauderdale,
Florida. The existing left-turn access was maintained on one
arterial, whereas left-turn access was reduced by approximately 50 percent on the other arterial. Results of a survey of
adjacent property owners and business managers indicated
that the business community was not severely affected by the
modification or restriction of left-turn access.
Koepke and Levinson (4) conducted case studies in the
Atlanta, Georgia, and Denver, Colorado, areas as part of a
recent study on access impacts. These studies indicated that
restricting left-turn access along highly traveled urban arterials resulted in no long-term, overall negative impact to
adjacent land uses.
In general, the literature is replete with before-and-after
studies of various changes in left-turn access and its perceived impact on adjacent land uses. However, no methods
for quantifying the impact of midblock left-turn treatments
on adjacent property access were found.
DEVELOPMENT OF AN ACCESS IMPACT
DATABASE
Database Composition

Quantifying the access impacts of alternative midblock
left-turn treatments requires a more subjective approach than

does quantifying the operational and safety effects of these
treatments. The nature and extent of access impact depends
on a range of tangible and intangible factors. The nature of
the impact depends on two factors: (1) whether the treatment
provides a storage area for the arterial left-turn movement
and (2) whether the treatment increases or decreases access
to the adjacent property. The extent of the impact depends on
whether the land use of the adjacent property is auto-related
or non-auto-related. In the latter case, the impact from a
change in left-turn treatment often has the most significant
effect on auto-related businesses (e.g., service stations).
Intangible factors relate to the impact of any change in storage or access on adjacent land uses (e.g., business sales and
property values) and the quality of arterial traffic flow (e.g.,
congestion and safety).
For the purpose of this study, a business was determined
to be auto-related if at least one-third of its customers come
from pass-by traffic. This definition is similar to that used by
Stover and Koepke (5) in a recent textbook on this subject.
Auto-related businesses include fast-food restaurants, service stations, convenience stores, liquor stores, and small
retail stores of a similar type.
A land use in which access is provided by all possible
driveway turn movements (right and left turns both in and
out of the property) is considered to have full access. If the
property is served by both right-turn maneuvers but only
one left-turn maneuver, it is considered to have partial
left-turn access. If it is served by only right-turn maneuvers,
it is considered to have no direct left-turn access.
The business land use is typically found along urban and
suburban arterials. This land use can be subdivided into the
retail, service, and commercial business categories. Other
land uses also can be found (e.g., office, residential, and
industrial) but at a lower frequency than business.
The purpose of the access impact model is to provide
a quantitative method of evaluating the effects of various
left-turn treatments on adjacent land uses. Because the predominant land use is business, the model was developed
for business-related access impacts. The access impact
measures considered for this model include the following:
•
•
•
•

Traffic operation
Traffic safety
Ease/circuity of access maneuver
Effect on business operation (sales)
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• Effect on property and land values
• Customer convenience.
It should be noted that the traffic operation and traffic
safety impact measures used in the development of the access
impact model are not the same as those described in other
chapters of this report. The effects of these measures, as used
in the access impact model, are based on the perceptions of
property owners and managers whose businesses are served
by arterials that have undergone a change in midblock leftturn treatment.
The field study consisted of two visits to each site for the
purpose of collecting background and access-impact information. A study site was defined to be an urban or suburban
arterial street that had recently undergone a conversion from
one midblock left-turn treatment to another. During the first
visit, data were collected from the local highway agency and
from an on-site inspection of the study site. The data obtained
from the highway agency included the study site’s geometric design plans, traffic volumes, and accident history. The
data obtained during the on-site inspection included the number, type, and location of land uses and whether the land use
was auto- or non-auto-related.
During the second site visit, a survey was conducted to
determine the effect of the recent left-turn treatment change
on business operations (e.g., sales and property values),
access, and arterial traffic conditions. The survey questionnaire was distributed to the representative (i.e., owner or
manager) of each business adjacent to the arterial. The questionnaire included questions relating to each of the aforementioned access impact measures and, specifically, to any
changes in these measures resulting from the recent change
in left-turn treatment.

Study Site Descriptions

Contacts made during the development of case studies for
a previous project by Koepke and Levinson (4) were reestablished and additional candidate study sites were investigated
to ascertain the adaptability of available data to the access
impact model’s data requirements. Based on this evaluation,
17 candidate study sites were identified in 10 states:
1. Oakland Park (S.R. 816), Commercial, and Sunrise
Boulevards—Fort Lauderdale, Florida
2. Merritt Island Parkway (S.R. 520)—Merritt Island,
Florida
3. Roosevelt Road (S.R. 38), Ogden Avenue (S.R. 34),
and Harlem Avenue (S.R. 43)—DuPage County
(Chicago), Illinois
4. Port Washington Road—Mequon, Wisconsin
5. Blue Mounds Road (U.S. 18)—Milwaukee, Wisconsin
6. Arapahoe and Parker Roads—Denver, Colorado
7. Jimmy Carter Boulevard and Memorial Drive—
Gwinnett County (Atlanta), Georgia

8. 48th and 56th Streets—Lincoln, Nebraska
9. Robert Street (Trunk Highway 52)—West St. Paul,
Minnesota
10. Rice Street (Trunk Highway 49)—St. Paul, Minnesota.
The primary site selection criterion was that each site had
to have undergone some type of change in its midblock leftturn treatment within the past few years. The change had to
have taken place recently because it was preferred that the
surveyed business representatives have experience with the
before-and-after left-turn treatments. In this manner, their
experience with both treatments would facilitate the development of quantitative measures of access impact resulting
from a treatment change. A secondary criterion was the
availability of before-and-after data for each site from the
local highway agency.
The evaluation of the candidate study sites led to the selection of four sites, which are described briefly in the following sections. A more detailed description is provided later in
this chapter.
Oakland Park Boulevard—Fort Lauderdale,
Florida
Oakland Park Boulevard (S.R. 816) is a six-lane divided
arterial that has an average daily traffic (ADT) demand of
54,000 vehicles per day (vpd). Land use along the arterial is
primarily strip commercial developments ranging in frontage
from fewer than 50 ft to up to a full block. During 1985 and
1986, a 2.25-mi section of the arterial was reconstructed,
which significantly reduced the frequency of median openings.
Merritt Island Parkway—Merritt Island, Florida
A 2-mi section of Merritt Island Parkway (S.R. 520) was
widened in 1993 from a four-lane arterial with a two-way
left-turn lane (TWLTL) and 8-ft shoulders to a six-lane arterial with a raised-curb median. The raised-curb median varies
from 12 ft with single-lane left-turn bays to 30 ft with duallane left-turn bays. Land use along the arterial varies among
retail, commercial, and office development. Street access
varies from full to partial left-turn access. The 1990 ADT
was 46,300 vpd.

Roosevelt Road—Wheaton/Glen Ellyn, Illinois
Roosevelt Road (S.R. 38) is a major arterial in the west
suburban area of Chicago. It serves more than 50,000 vpd
and ranks near the top of a list of locations in Illinois with a
high frequency of accidents. A 7.5-mi section of this arterial was widened during 1987 to 1991. It originally had a fourlane undivided cross section but was widened to include four
lanes and a TWLTL. Land use along the corridor ranges from
residential to retail.
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Port Washington Road—Mequon, Wisconsin

Database Summary

Port Washington Road is a county highway in the Milwaukee area that was widened in 1992 from a four-lane undivided arterial to a six-lane arterial with a 28-ft raised-curb
median. The raised-curb median accommodates dual-lane
left-turn bays at its intersection with S.R. 167. The arterial
also accommodates a mixture of full and partial left-turn
access at unsignalized intersections along its length. Land
use along the arterial is a combination of strip and cluster
commercial.

Oakland Park Boulevard—Fort Lauderdale,
Florida (RM330/6 TO RM660/6)

Data Collection Approach

As mentioned previously, the field study consisted of two
visits to each site for the purpose of collecting background
and access-impact information. The purposes of the first visit
were as follows:
• Meet with local highway agency personnel.
• Obtain any before-and-after transportation data (i.e.,
street design plans, traffic volumes, and accident data).
• Survey the study site to determine the number, type, and
location of land uses.
• Determine, for business land uses, whether the businesses are auto- or non-auto-related.
During the second site visit, a questionnaire was distributed to owners and managers of businesses adjacent to the
arterial. The owners and managers were informed about the
study and its national significance and how their participation
(anonymous, if desired) would ensure that their concerns
would be incorporated into the results of the study. The owners and managers were asked to take about 10 to 15 min to
fill out the survey questionnaire, which would be picked up
the following day.
The questionnaire included questions on the impact of
recent changes in the design or operation of the arterial
fronting the business property. These questions were directed
toward changes in traffic safety, traffic congestion, left-turn
operation, driving convenience, property value, business
operation, customer attitudes, sales volume, and profit margins. The owners and managers were asked to rank, on a
scale from 1 to 10 (10 being highest), the factors (e.g., price,
quality, and accessibility) that influence a customer’s decision to shop at the respondent’s business. To ensure that the
respondent had the proper perspective for filling out the questionnaire, a question was included regarding whether the
business was in operation before the arterial’s left-turn treatment was modified. The survey questionnaire is presented in
Figure 5-1.
A total of 305 questionnaires were distributed at the four
field study sites. Of these, 165 were returned for a response
rate of 54 percent. The response rate for the individual study
sites ranged from 37 to 69 percent.

Site Description. Oakland Park Boulevard (S.R. 816), a
six-lane divided arterial that serves 54,000 vpd, was originally designed and built in the 1950s and improved during
1985 and 1986. The improved section is east of I-95 and bordered primarily by adjacent strip commercial developments.
The arterial connects I-95 to the Fort Lauderdale beach area.
The posted speed limit is 45 mph.
The section of Oakland Park Boulevard that was improved
is 2.25 mi in length. It originally contained four signalized
intersections and 33 full access median openings. After
reconstruction, the four signalized intersections remained,
but 17 of the unsignalized median openings were eliminated.
The remaining 16 median openings are about 660 ft apart and
were reconfigured to allow only two turning maneuvers, the
U-turn and the left-turn movement from one direction of
travel. Three new openings that permitted only the U-turn
maneuver were added. Only one arterial left-turn movement
is allowed at each median opening; the direction of this
movement alternates among the median openings. This
approach allows partial left-turn access to alternating sides of
the boulevard at slightly less than 0.25-mi intervals. Figure
5-2 illustrates the before and after median designs at this site.
The improvements to this arterial focused on closing
every other median opening, although island channelization
also was used to prevent left turns onto the arterial. The
median closures increased the spacing between median
openings from about 330 ft to about 660 ft. Henceforth, the
two variations of raised-curb median treatment used at the
Oakland Park study site will be referred to as RM330/6 and
RM660/6, respectively. Notations such as these are used in
this chapter to describe the arterial’s left-turn treatment
type, the spacing of its median openings, and its number of
through lanes.
Study Section. The 1.3-mi study section begins at the signalized intersection with Andrews Avenue and ends at the
signalized intersection with Northeast 18th Avenue. Two
additional traffic signals exist along with 10 median openings, two of which are for U-turns only. The study section
consists of 153 active businesses and seven vacant buildings.
Thirty-one (20 percent) of the businesses have been classified as auto-related and 122 (80 percent) have been classified
as non-auto-related.
Of the 153 businesses contacted, 117 indicated that they
would fill out the questionnaire. Of these 117 businesses, 5
returned blank questionnaires, 43 returned completed questionnaires, and 69 did not respond. The number of completed
questionnaires equates to a relatively low response rate of
only 37 percent. Of the 43 respondents, 25 (58 percent) indicated that their businesses were at the same location before
the arterial was improved, whereas 18 (42 percent) located
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Figure 5-1. Survey questionnaire.
their businesses on Oakland Park Boulevard after the
improvement.
Table 5-1 summarizes the distribution of business categories and access types provided at this study site. As this
table indicates, the number of completed surveys returned by
auto-related businesses is low. Moreover, relative to the
number of auto-related businesses identified on the study
segment, this business category is underrepresented. In
recognition of these deficiencies, it was determined that a
valid assessment of access impact on auto-related businesses
could not be obtained for this site. In fact, this sample size
problem was found at all sites. As a result, the responses for
both the auto- and non-auto-related categories were com-

bined for each site to broaden the examination of access
impact to all types of businesses.
Public Opinion Survey. Table 5-2 summarizes the results
of the survey of business representatives in the Oakland Park
Boulevard study segment. Responses to Question 3 shown in
this table were obtained only from businesses that were
established after the arterial was reconstructed. In contrast,
responses to Questions 2, 7, 8, 9, and 10 were obtained only
from businesses established before construction. Some survey respondents did not answer all questions, thereby
accounting for differences in the number of responses and the
number of questionnaires that were returned.
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Figure 5-2. Median design on Oakland Park Boulevard.
Evaluation. The largest number of respondents (45
percent) believe that business activity in the area has
increased during the past several years. This finding contrasts with the more popular (44 percent) belief that activity at the respondents’ businesses did not change as a result
of the arterial improvement project. This suggests that
businesses whose access was affected by the project may
have lost the opportunity to increase their activity in a manner consistent with other businesses in the area. A majority
(56 percent) of the business representatives also indicated
that property values were unchanged by the project despite
the fact that median openings were reduced by about 50
percent and left-turn maneuvers at the openings that
remained were limited to one direction. Responses to
Question 10 indicate that access ranks the lowest among the
factors that influence a customer’s decision to patronize a
specific business.
With respect to traffic conditions, the majority of respondents indicated that there was no change in traffic congestion, operation, or safety. This finding was somewhat surprising because the reduction in median openings was
specifically intended to improve traffic conditions. A majority also believed that property access, business opportunity,

and customer convenience had not changed. This finding
also was surprising because closing 50 percent of the median
openings and the restriction of left-turn maneuvers at the
openings that remained should have had some negative effect
on property access.
In contrast to their survey responses, business representatives verbally indicated that traffic conditions along the
reconstructed arterial were a major problem, even though
they acknowledged that traffic appeared to operate more
safely. A recurring comment made by these representatives
related to frequent illegal left turns being made from driveways and side streets. These turns are made contrary to the
direction provided for by the intersection’s median and
island channelization.
Conclusions. A majority of respondents perceived the closure of about 50 percent of the median openings as not having changed traffic conditions or business activity. The perceived lack of improvement in traffic conditions is troubling
because it is contrary to the intent of the improvement project. The majority opinion that business was unaffected is
considered a positive factor, given that property access was
significantly reduced by this project.

TABLE 5-1 Business category and left-turn access type—Oakland Park Boulevard
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Merritt Island Parkway—Merritt Island, Florida
(TWLTL/4 to RM660/6)
Site Description. About 2 mi of Merritt Island Parkway
(S.R. 520) were widened during 1993 from four through
lanes with a TWLTL to six lanes with a raised-curb median.
Median openings that allow for left turns and U-turns are
provided at 660-ft intervals. The median varies in width
throughout the improvement to accommodate either singleor dual-lane left-turn bays. ADT volumes within the widened
area ranged between 30,100 and 49,100 vpd in 1991,
between 26,000 and 44,900 vpd in 1992, and between 23,800
and 46,300 vpd in 1993.
Study Section. The 1-mi section of Merritt Island Parkway
that was selected for field study begins at the signalized intersection with Courtney Parkway and ends at the signalized
intersection with Sykes Creek Parkway. In addition to these
intersections, the study section has three signalized intersections and eight unsignalized intersections.
One of the unsignalized intersections in the study section
permits all traffic movements, one is restricted to right turns
only, and the remaining six permit all right turns but only left

turns from the major street, not from the adjacent properties.
The study section also includes several minor driveways that
allow for right turns only. Land use consists of 59 retail and
commercial establishments. Of the 59 questionnaires distributed at this site, 38 were returned (a 64 percent response). Of
the 38 respondents, 34 businesses were in place before
the arterial was improved and 4 were established after the
widening.
Table 5-3 summarizes the distribution of business categories and access types provided at this study site. As noted
in the discussion of Table 5-1, the number of surveys from
auto-related businesses was determined to be too low to support a valid assessment of the access impacts to this business
category. As a result, the responses for both auto- and nonauto related businesses were combined to broaden the examination of access impact to all types of businesses.
Public Opinion Survey. Table 5-4 summarizes the survey
results from the Merritt Island Parkway study site. As with
the Oakland Park Boulevard site, only responses from businesses that were established before construction were used to
determine the effect of a change in left-turn treatment on
business activity and traffic conditions.
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Evaluation. The largest number of respondents (47 percent) indicated their belief that business activity in the area
has decreased during the past several years. An even larger
number of respondents (63 percent) believe that activity at
their businesses decreased as a result of the reconstruction
project. This finding suggests that some of the business loss
may be attributable to a general decline in business in the
area and some may be attributable to the change in median
treatment. It should be noted that a majority of respondents
(52 percent) believe that property values increased as a result
of the project.
Regarding traffic conditions, a majority of the respondents
indicated that traffic congestion, operations, and safety were
improved as a result of the reconstruction project. These

improvements are most likely due to the increase in capacity
resulting from the addition of two through lanes rather than
the conversion of a TWLTL to a raised-curb median treatment. In fact, a large majority of survey respondents indicated that the improved traffic conditions came at the
expense of a reduction in property access, business opportunities, customer convenience, and delivery convenience.
Access, however, was found to be much less important than
price and quality of merchandise in terms of the factors that
influence a customer’s decision to shop at a specific store.
Many comments from the business representatives had to
do with drainage problems along the arterial. An effort was
made to focus the respondents on the changes in access, but
this was not always successful. As a result, the respondents

TABLE 5-4 Survey summary—Merritt Island Parkway
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who indicated that traffic conditions had deteriorated are
believed to have incorrectly associated “traffic conditions”
with “street drainage.”
Conclusions. Although adding through traffic lanes and
either eliminating or separating left-turn conflicts improved
traffic safety and operation, the street improvements were
perceived as having detrimental effects on adjacent businesses. A large majority of respondents perceived a decrease
in business activity and property access after the arterial was
widened.
Roosevelt Road—Wheaton/Glen Ellyn, Illinois
(Undivided /4 to TWLTL /4)
Site Description. Roosevelt Road (S.R. 38) is a major arterial in the west suburban area of Chicago and serves between
25,000 and 48,500 vpd. ADT demand is expected to
approach 52,000 by the year 2000. Between 1987 and 1991,
7.5 mi of the arterial were widened. It originally had a fourlane undivided cross section but was widened to include four
through lanes and a TWLTL. The TWLTL transitions into
exclusive left-turn bays at the signalized intersections.
Roosevelt Road has many “high-accident” locations and
carries a red designation in the Illinois Department of Transportation’s accident classification system. About 45 percent
of the accidents occur at major intersections or at heavily
used commercial entrances between major intersections. The
vast majority of these accidents (77 percent) are rear-end (47
percent) or other turn-related types (30 percent). Adjacent
land uses consist of some residential but primarily retail and
commercial businesses. For the most part, property frontages
are short and there is a proliferation of private driveways.
Study Section. A 1.3-mi section of Roosevelt Road was
selected for the field survey. The section, between the signalized intersections at Blanchard Street and at Park Boulevard, contains five signalized intersections. Signal spacing
varies from about 0.25 to 0.5 mi. The section also contains
almost 100 private entrances and six local street intersections
that operate under stop sign control. The study section has 87
developments that include 71 businesses and 16 residences.
Each development has at least one driveway and, in some
cases, the larger businesses have two driveways. All driveways have full access.

Of the 71 businesses contacted, all accepted the questionnaire. Forty-nine questionnaires were completed and
returned. This corresponds to a return rate of almost 69 percent. Forty-two of the responding businesses were in operation before construction; seven located on Roosevelt Road
after construction. Table 5-5 indicates the various development types on this arterial.
Public Opinion Survey. Table 5-6 summarizes the survey
results from businesses established after construction.
Because the area is stable with respect to development and
because street improvements were completed only 3 years
before the survey, 86 percent of the businesses in the study
section were established before the arterial was widened.
Questionnaires were only distributed to business establishments to maintain consistency with the other surveys; residential areas were not included.
Evaluation. Fifty percent of respondents believe that business activity in their areas has increased during the past several years. This finding contrasts with 57 percent of respondents who reported that activity at their businesses did not
change as a result of the project. This suggests that businesses whose access was affected by the project may have
lost the opportunity to increase their activity in a manner consistent with other businesses in the area. Fifty percent of the
business representatives did indicate that property values
increased as a result of the project.
With respect to traffic conditions, a large majority of
respondents believe that the new TWLTL improved traffic
operations and safety and that it reduced congestion, relative
to the original undivided cross section. Many respondents
believe that property access improved. Almost all representatives who were interviewed said traffic operations are
much improved. The main point of dissatisfaction indicated
is the loss of land, and sometimes parking, resulting from the
associated street widening. It was surprising to find that
many of the business representatives considered property
access to be worse (19 percent) or unchanged (33 percent) as
a result of this project; unfortunately, no quantifiable reason
for this trend could be determined.
The ranking of factors that influence customers revealed
that site accessibility was the least influential factor at this
study section.The price and quality of merchandise, the service given to customers, and the hours of operation were all

TABLE 5-5 Business category and land use—Roosevelt Road
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ranked higher (i.e., more important) than the ease and convenience of site access. This finding is consistent with those
found at the other study sites.
Conclusions. For the most part, survey respondents perceived traffic conditions to be much improved after the addition of the TWLTL. However, the results were mixed when
it came to impacts to business. Business activity, opportunity, and delivery convenience are believed to be unchanged,
whereas property value, property access, and customer convenience generally are believed to be improved. Most surprising was the 19 percent of respondents who believe that
property access decreased as a result of the conversion from
an undivided cross section to a TWLTL.

Port Washington Road—Mequon, Wisconsin
(Undivided/4 to RM330/6)
Site Description. Port Washington Road is a county highway (County Road W) that was widened in 1992 from a fourlane undivided arterial to a six-lane arterial with a 28-ft
raised-curb median. The wide median accommodates dual-

lane left-turn bays at the road’s intersection with S.R. 167. It
also accommodates a mixture of unsignalized intersections,
some permitting all movements and some permitting left
turns from the arterial but not left turns onto the arterial. The
1991 average daily traffic volume on the arterial was about
13,500 vpd. By the year 2011, this volume is expected to
increase to 23,300 vpd. Land use along the arterial is a combination of strip and cluster commercial and office developments. Discussions with area business representatives indicated that accidents were more frequent on the arterial before
it was widened.
Study Section. The study section, which is about 0.5 mi in
length, contains two signalized intersections, six full-access
unsignalized intersections, one unsignalized intersection
with partial left-turn access, and nine driveways with no
direct left-turn access. The frequent median openings have
resulted in the median having an alternating left-turn bay
design.
Before the arterial was widened, all access points allowed
for full access. The north end of the study section is at the signalized intersection with S.R. 167 and the south end is at the
end of the channelized cross section. Land use is retail, non-
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retail commercial, and office. The distance between traffic
signals is about 1,150 ft. The offices are primarily freestanding buildings with individual parking areas and private
driveways. The retail developments are either freestanding
(i.e., a gas station with its own driveways) or clustered in a
shopping center configuration. All businesses in these shopping centers share a common parking area, and site access is
consolidated to select locations. Table 5-7 presents the development type distribution along the study section.
Public Opinion Survey. A representative at each business
along the study section was asked to complete the survey. Of
the representatives who did not accept the questionnaire, several were employed by large retail developments whose cor-

porate policy is not to respond to surveys. Of the 63 business
representatives who accepted the questionnaire, 35 (56 percent) of them returned it completed. Twenty-seven (77 percent) of the survey respondents were in business before the
widening and eight (23 percent) started in business after
construction. The results of the survey are summarized in
Table 5-8.
Evaluation. A majority of respondents (62 percent) indicated that their business activity increased as a result of the
improvement project. This high positive response was somewhat surprising because some property access was lost
because of the construction of a raised-curb median. However, the increase in activity is consistent with the perception

TABLE 5-8 Survey summary—Port Washington Road
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of a majority of respondents (73 percent) that business activity throughout the area has increased during the past several
years. Therefore, it is likely that a portion of the increased
activity is a result of this areawide activity increase. Moreover, a portion of the increase may be due to the extra traffic
capacity provided by the two additional through lanes
included in the improvement project.
Regarding traffic conditions, a majority of respondents
indicated that traffic operations and safety were improved.
These improvements are likely caused as much by the extra
traffic capacity provided by the additional through lanes as
by the conversion in midblock treatment type. Many respondents commented on the confusion caused by unfamiliar traffic movements associated with the new raised-curb median
treatment and its restricted access median openings. It is
believed that the close proximity of many alternating leftturn bays, along with a mixture of local and nonlocal drivers,
could be the cause of driver confusion and concern. In fact,
this concern may account for the relatively low percentage of
respondents (50 percent) who believe that traffic safety was
improved by the raised-curb median treatment.
Conclusions. The introduction of a raised-curb median was
well received by the business representatives located along
this arterial. However, based on the comments offered by
these representatives, it appears that the signing and marking

of restricted access median openings need close scrutiny to
minimize driver confusion. The consolidation of access and
selective restriction of some left-turn movements can significantly improve traffic operations, particularly when adequate
and convenient secondary access routes are available.
Summary of Survey Findings
The responses to several questions were grouped into categories to facilitate (1) a more general assessment of access
impact and (2) the examination of the effects of a change in
midblock left-turn treatment on traffic conditions, business
conditions, and customer influence factors. Responses to
Question 9 regarding traffic congestion, operation, and safety
were grouped to characterize the effect of treatment changes
on traffic conditions. Similarly, responses to Question 9
regarding property access, Question 2 regarding business
activity, and Question 8 regarding property values were
grouped to characterize the effect of treatment change on
business conditions. Finally, responses to Question 10
regarding factors that influence a customer’s decision to
patronize a business (i.e., accessibility, service, and quality)
were grouped to provide perspective on the relative importance of access to the customer. The results of this aggregation are shown in Table 5-9.

TABLE 5-9 Summary of selected survey responses (percentages shown include responses from
both auto-related and non-auto-related businesses)
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Survey respondents at three of the four study sites indicated that the reconstruction project improved traffic conditions. At two sites, Roosevelt Road and Port Washington
Road, this improvement is likely due to the conversion from
an undivided cross section. Much of the improvement at the
third site, Merritt Island Parkway, is likely due to the extra
capacity provided by two additional through lanes. Respondents at the Oakland Park Boulevard site reported that there
were no changes in traffic or business conditions. These findings are surprising because the changes at this site were
intended to improve arterial traffic operations and safety by
eliminating half of the median openings and one left-turn
movement at the remaining openings.
Respondents’ views of the effects of a change in midblock
left-turn treatment on business conditions varied. Many
respondents at the two sites that converted from undivided
cross sections indicated that business conditions had
improved as a result of the treatment change. In contrast, a
majority of respondents at each of the two sites that converted to the RM660 (i.e, raised-curb median with openings
every 660 ft) reported that the change either degraded business conditions or had no net effect. As noted previously, the
lack of an effect on business conditions at the latter site, Oakland Park Boulevard, was somewhat surprising in light of the
fact that property access was significantly reduced as a result
of the treatment change.
In terms of the factors that influence a customer’s decision
to patronize a business, the data in Table 5-9 indicate that the
respondents believe that service is the most important factor,
followed closely by product quality. Access is ranked much
lower in importance than either service or quality. This finding indicates that businesses, particularly those that are nonauto-related, may be able to overcome some reduction of
access if they offer good, reliable service. This generalization may not be true for auto-related businesses that, for obvious reasons, tend to place a higher premium on access.
It should be noted that questionnaire responses are subjective for each respondent and, although a total of 165 questionnaires were returned, they represent four unique changes
in midblock left-turn treatment. Moreover, site-specific factors (e.g., surrounding street network and local economy)
also may be indirectly represented in the survey findings. As
a result, these results should be interpreted with caution; they
are not intended to definitively quantify the relative merits of
one midblock left-turn treatment over another.

DEVELOPMENT OF AN ACCESS
IMPACT MODEL
Model Development

The purpose of the access impact model is to provide a
quantitative method of evaluating the effect of a change in
midblock left-turn treatment on adjacent land uses. The

model predicts an “access impact index” for a given midblock left-turn treatment at a specific location. A similar
index can be computed for one or more alternative midblock
treatments to facilitate an assessment of relative access
impact.
The access impact index represents the sum of the
weighted utility indices for each business property along the
subject arterial section. The weighted utility index for a property represents the combined utility indices for a range of
impact measures, as weighted by the relative importance of
each measure. In areas where properties differ in their
demand for access, the weighted utility index for each property can be further weighted by some measure of its access
need (i.e., number of driveways, arterial frontage length, or
square footage).
The utility index represents the relative impact of a change
in left-turn treatment and property access on a business property. This impact is measured in terms of traffic conditions,
property access, and business operations. It should be noted
that the traffic conditions impact measure used in the development of the access impact model is not the same as that
described in other chapters of this report. The values used in
the access impact model are based on the perceptions of the
owners or managers of business properties adjacent to the
subject arterial. As a result, these perceptions are biased
toward the effect of traffic conditions on customer attitudes.
The form of the access impact model is as follows:
Np

AI =

∑U

i ,( k , L )

mi

i =1

(1)

Np

∑m

i

i =1

where:
AI  access impact index for the subject arterial with a
specified midblock left-turn treatment;
Ui,(k,L)  weighted utility index of property i based on a
change in left-turn storage L and access k;
mi  “mass” of property i (i.e., number of driveways,
frontage length, or square footage); and
Np  number of individual properties along both sides
of subject arterial.
When the individual properties are deemed to be similar,
such as properties along an arterial fronted by strip retail
stores, the mass factor for each property can be eliminated or
set to 1.0. This form of the access impact model follows:
AI =

1
Np

Np

∑U

i ,( k , L )

(2)

i =1

The development of the weighted utility indices Ui,(k,L) was
somewhat challenging because of the differences in impor-
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tance assigned by the various property owners. For example,
retailers usually are concerned with sales and income,
whereas commercial business owners are concerned with
access for employees and customers. Residential land owners are more concerned with their convenience, property values, and safety. All these concerns are important, but subjective, to the property owner and vary by location and type of
land use, thereby making them difficult to quantify.
The approach taken to overcome the aforementioned differences in concerns was to quantify a utility index u for each
access impact measure and a corresponding weight. Residential owners were not included in the development of the
utility index because it was believed that the impact of a
change in their access was much less than the impact on business property owners or managers. The utility index is computed as follows:
 1
Ui , ( k , L ) = 
 30

3

∑u
j =1

k , L, j


wk , L , j 
i

(3)

where:
Ui,(k,L)  weighted utility index of property i based on a
change in left-turn storage L and access k;
uk,L,j  utility index for impact measure j relative to a
change in left-turn storage L and access k; and
wk,L,j  weight of impact measure j relative to a change in
left-turn storage L and access k.
The utility index uk,L,j represents the percentage of business
representatives who believe that the change in left-turn treatment resulted in “better” or “no change” in one of three
impact measures: traffic conditions, property access, and
business operations. Traffic conditions were quantified using
the survey responses to questions about changes in traffic
congestion, operations, and safety resulting from a change in
left-turn treatment (i.e., Question 9a, 9b, and 9c). Property
TABLE 5-10 Utility index (uk,L,j)

access indices were quantified using the responses to Question 9d. Finally, the business operations indices were
assessed using the response to Questions 2 and 8. Because
the number of auto-related businesses in the survey was relatively small, it was decided to combine the responses of representatives from these businesses with those from non-autorelated businesses.
The change in midblock left-turn treatment, as it affected
an individual property i, was categorized as a change in “leftturn storage” and a change in “property access.” In this
instance, left-turn storage refers to the provision of a TWLTL
or left-turn bay in a raised-curb median on the arterial to
explicitly serve traffic accessing the subject property. The
type of left-turn storage provided at a respondent’s property
in the before and after cases was determined from the address
provided on the survey questionnaire and the geometric
design data collected during the site visit. Table 5-10 contains the utility indices computed for this study.
The relative weight factors wk,L, j were established using
survey responses, interviews with business representatives,
and the study team’s experience. These factors have been
established as having a range from 10 (most important) to 1
(least important). Table 5-11 indicates the weight factors for
each impact measure and change in midblock left-turn treatment condition.
Equation 3 was used to compute the weighted utility index
Ui,(L,k) for all possible combinations of a change in left-turn
storage L and property access k. The resulting weighted utility indices are presented in Table 5-12. This computation
simplifies the application of the access impact model by combining Tables 5-10 and 5-11; however, if alternative indices
or weights are wanted, Equation 3 must be used with the
alternative values for each property i to which they apply.
The access impact model was developed so that the access
impact index AI could theoretically vary from 0.0 to 1.0. The
index for an existing arterial with a specific left-turn treat-
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TABLE 5-11 Relative weight factors (wk,L,j)

ment is 0.30. This represents the “no change” condition for
both the left-turn storage and property access factors. In
application, the impact index is computed for alternative
midblock left-turn treatments and compared with the base
index of 0.30. Treatments yielding higher index values are
likely to have a more positive impact on adjacent business
properties.
The calibrated access impact model provides a method for
predicting which alternative midblock left-turn treatment is
best in terms of its impact on adjacent land uses, from a business owner’s or manager’s perspective. The utility indices
used in this model were obtained from a survey of businesses
located on four arterials in three states. Therefore, the relative weight factors are subjective and may require some
adjustment for application to other arterial sites.

storage categories (i.e., k  1 and L  1). The land use along
the arterial is essentially strip commercial with numerous
small businesses and retail shops. Therefore, for simplicity,
the “mass” factor mi for each property i is assumed to be 1.0.
This simplification permits the use of Equation 2 to compute
the access impact index AI as follows:
1
AI =
Np
=

Np

∑U

i ,( k , L )

i =1

1
(120 × 0.30)
120

= 0.30

( 4)

Alternative 1—Two-Way Left-Turn Lane
Example Application

The following example illustrates the use of the access
impact model. The arterial associated with this example has
a four-lane undivided cross section. Two alternative midblock left-turn treatments are being considered: (1) a
TWLTL and (2) a raised-curb median with 660-ft spacing
between median openings. A total of 120 businesses are
located along the arterial (i.e., Np  120).
The access impact index for the existing (or base) arterial
is computed using the “no change” in access and left-turn

TABLE 5-12 Weighted utility index (Ui,(k,L))

The first alternative treatment considered for this arterial
is a TWLTL. This treatment does not change property access
relative to the existing undivided cross section (i.e., k  1);
however, it does increase the left-turn storage provided along
the arterial (i.e., L  2). The resulting impact index is computed as follows:
AI =

1
(120 × 0.50)
120

= 0.50

(5)
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Alternative 2—Raised-Curb Median
The second treatment considered for this arterial is a
raised-curb median. The 660-ft spacing of the median openings associated with this treatment will reduce access to
about 70 businesses (50 businesses will have no change in
access). The left-turn storage of these same 70 businesses
will be unchanged (i.e., the existing treatment provides no
left-turn storage). The left-turn storage of 50 businesses will
be increased. These changes are summarized as follows:
50 businesses: unchanged access (k  1) and increased storage (L  2) so U50,(1,2)  0.50
70 businesses: decreased access (k  3) and unchanged storage (L  1) so U70,(3,1)  0.26
AI =

1
(50 × 0.50 + 70 × 0.26)
120

= 0.36

(6)

Assessment
From the standpoint of businesses adjacent to the proposed
improvement, the addition of a TWLTL has a positive effect
on access. It appears that the impact index increases about 67
percent over the existing left-turn treatment. The raised-curb
median alternative also appears to have a positive effect on
access, but less than that of the TWLTL. The raised-curb
median alternative increases the impact index only about 20
percent. An examination of the weighted utility indices indicates that the increase in left-turn storage associated with the
raised-curb median offsets the loss in access due to the
restriction of left-turn movements at many locations.
Conclusions

The access impact model is provided as a tool for quantitatively analyzing the access impacts of a change in midblock
left-turn treatment. It is recommended that the impact index
values contained in this report be used as default values that
should be typical of most arterial sites. These values should

be updated whenever the characteristics of the sites used to
derive these default values are not consistent with the site
being analyzed.
Based on the survey of business representatives, it is concluded that these persons believe that the conversion from an
undivided cross section to either a raised-curb median (with
openings every 330 ft) or a TWLTL will improve arterial
traffic conditions and business conditions (i.e., property values, access, and sales). In contrast, business representatives
believe that the conversion from either a raised-curb median
(with openings every 330 ft) or a TWLTL to a raised-curb
median with openings every 660 ft will not improve business
conditions. Therefore, from a business representative’s perspective, the undivided cross section should be avoided and
median openings should be provided as frequently as possible if a raised-curb median treatment is provided.
In terms of the factors that influence a customer’s decision
to patronize a business, the survey indicated that business
representatives believe that customers rank property access
much lower in importance than either service or quality. This
finding indicates that the typical business may be able to
overcome some reduction of access if it offers good, reliable
service. This generalization may not be true for auto-related
businesses that, for obvious reasons, tend to place a higher
premium on access.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The following conclusions were reached as a result of this
research. The conclusions are categorized as those relating to
the operational effects, safety effects, and access impacts
associated with the three midblock left-turn treatments considered in this research: the raised-curb median, the two-way
left-turn lane (TWLTL), and the undivided cross section.
Operational Effects

The major conclusions of the research into the operational
effects of the three midblock left-turn treatments follow:
1. A midblock left-turn treatment can affect traffic flow in
a variety of direct and indirect ways. Direct impacts
stem from the provision or lack of an arterial left-turn
storage area. Indirect impacts relate to the interaction
between the arterial turn and through movements. Left
and right turns from the arterial frequently tend to slow
down and delay through vehicles when turn bays of
adequate length are not provided. Although individual
delays typically are small compared with those incurred
by nonpriority movements, the aggregate delay to the
inherently large number of through drivers can be significant. Therefore, left-turn (and right-turn) treatments
that provide for the deceleration and storage of arterial
turn vehicles should be provided whenever possible.
2. The performance of an unsignalized access point often
is degraded by the close proximity of another intersection. Traffic slowing for or queued at a downstream
intersection may reduce the capacity of the access point
if the deceleration or queueing occurs in the vicinity of
the access point. The nature and magnitude of the effect
of a downstream intersection depends on a wide variety of factors related to the intersection, including its
arterial traffic volume, the distance between it and the
subject access point, and the type of traffic control on
it (i.e., signalized or unsignalized). As a result, it is very
difficult to define a reasonable minimum intersection
(or access point) spacing that would be suitable for
most conditions.
3. Traffic platoons created by upstream signalized intersections can affect the operation of an access point. As
they pass through the intersection, these platoons will

block a nonpriority movement, but will leave large
gaps afterward. These large gaps have a compensating
effect in that upstream signals can increase the capacity of the nonpriority movements.
4. The operations model developed for this research was
shown to be an effective tool that can accurately predict delays to arterial traffic movements. The component models included in the operations model make it
sensitive to the impact of midblock left-turn treatments
on arterial traffic movements. The model verification
process indicated that the operations model can replicate driver behavior on urban arterials with closely
spaced access points and signalized intersections. The
delays predicted by this model can be used to evaluate
the operational performance of alternative left-turn
treatments.
5. The application of the operations model to a wide range
of traffic demand and geometric conditions indicated
that the raised-curb median and the TWLTL yield similar delays to arterial drivers (although the raised-curb
median yields slightly higher delays than the TWLTL
at the highest left-turn and through volume levels). The
undivided cross section yields significantly higher
delays than the raised-curb median and TWLTL. The
difference in delay increases exponentially with an
increase in left-turn or through volume.
6. Analysis of the operations model indicates that any of
the treatment types can function without creating congestion within the major-street movements at average
daily traffic demands of 40,000 vpd or less. Demands
exceeding 40,000 vpd are possible for both four- and
six-lane streets; however, congested conditions are
likely to occur. When demand exceeds 40,000 vpd,
congestion on a four-lane street is more likely at the
signalized intersections than at the major-street leftturn movement of an access point. In contrast, congestion on a six-lane street is more likely at the majorstreet left-turn movement of an access point than at the
signalized intersections.

Safety Effects

The major conclusions of the research into the safety effects
of the three midblock left-turn treatments are as follows:
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1. The analysis of the accident data indicated that average
daily traffic demand, driveway density, unsignalized
public street approach density, left-turn treatment type,
and adjacent land use are significantly correlated with
accident frequency. In general, accidents are more frequent on street segments with higher traffic demands,
driveway densities, and public street densities. Accidents also are more frequent when the land use is business or office as opposed to residential or industrial.
2. The safety model analysis indicated that the undivided
cross section has a significantly higher accident frequency than the TWLTL or raised-curb median treatments when parallel parking is allowed on the undivided street. If there is no parking allowed on either
street, the difference between the undivided and
TWLTL treatments is generally small and is negligible
for average daily traffic demands of less than
25,000 vpd. In general, the raised-curb median treatment appears to be associated with fewer accidents
than the undivided cross section and TWLTL, especially for average daily traffic demands exceeding
20,000 vpd.
3. Regression methods based on maximum likelihood
techniques and a negative binomial distribution of the
residuals are necessary to accurately calibrate accident
prediction models. The use of these methods revealed
that the relationship between accident frequency and
exposure (e.g., average daily traffic demand or segment
length) is nonlinear. This finding indicates that the use
of accident rates (and models that predict accident
rates) may not yield accurate estimates of accident frequency, especially if the range in the database is
exceeded.
4. A new variable was introduced for accident model calibration. This variable represents the ratio of propertydamage-only (PDO) accidents to all reported accidents
for an urban area. As such, it is a direct measure of the
accident cost reporting threshold and the degree of driver compliance with accident reporting requirements
in a given area. The inclusion of PDO percentages in
an accident prediction model facilitates comparison of
the relative safety of arterial streets in different cities
and states through the use of a common normalizing
factor.
5. The safety model developed for this research was
shown to be an effective tool for estimating the annual
accident frequency for urban and suburban arterials.
The accident frequencies predicted by this model can
be used to evaluate the safety of alternative midblock
left-turn treatments.
Access Impacts

Following are the major conclusions of the research into
the access impacts of the three midblock left-turn treatments:

1. Thirty-three reconstruction projects that involved a
change in midblock left-turn treatment were identified
in this research. The majority (22) of these projects
involved a left-turn treatment conversion that resulted
in no change in the level of access provided to adjacent
properties. Two-thirds of these “no change” projects
involved a conversion from an undivided cross section
to a TWLTL. Nine of the 33 projects resulted in a
decrease in property access; all involved a conversion
from an undivided cross section, TWLTL, or flush
median to a raised-curb median. Only two of the 33
projects resulted in more property access; they
involved a conversion from the raised-curb median to
the TWLTL.
2. Business owners and managers believe that the conversion from an undivided cross section to either a
raised-curb median (with openings every 330 ft) or a
TWLTL will improve arterial traffic conditions and
business conditions (i.e., property values, access, and
sales). In contrast, business representatives believe that
the conversion from either a raised-curb median (with
openings every 330 ft) or a TWLTL to a raised-curb
median with openings every 660 ft will not improve
business conditions. Therefore, from the business representative’s perspective, the undivided cross section
should be avoided and median openings should be provided as frequently as possible if a raised-curb median
treatment is provided.
3. In terms of the factors that influence a customer’s decision to patronize a business, the survey indicated that
the business representatives believe that customers
rank property access much lower in importance than
either service or quality. This finding indicates that the
typical business may be able to overcome some reduction of access if it offers good, reliable service. This
generalization may not be true for auto-related businesses that, for obvious reasons, tend to place a higher
premium on access.
4. The access impact model developed for the research
represents a new type of tool for quantifying the impact
of a change in left-turn treatment on adjacent property
access and business opportunity. The access impact
index predicted by this model (as reported here) can be
used to evaluate the access impacts of alternative midblock left-turn treatments.
RECOMMENDATIONS

Based on the findings and conclusions of this research, the
following recommendations are made:
1. The operational effects, safety effects, and access
impacts of a midblock left-turn treatment should be
fully evaluated when considering the treatment’s application to a specific arterial street.

135

2. The guidelines provided in this report should be used
for a preliminary evaluation of the operational and
safety effects of alternative midblock left-turn treatments. In situations in which the assumed road user
costs are not applicable, the individual model equations
can be used. When the guidelines do not indicate that
the conversion from one treatment to another is costeffective, a site-specific examination is recommended.
3. Because the guidelines do not incorporate access
impacts, it is recommended that the access impact
model be used to make a preliminary evaluation of the
impact of a proposed left-turn treatment. Due to the
diverse nature of access impacts, an evaluation of these
impacts (relative to a proposed left-turn treatment) generally will need to be conducted on a site-specific basis.
FUTURE RESEARCH

During the conduct of this research, several topics for
future research were identified. These topics, as they relate to
the operational effects, safety effects, and access impacts
of midblock left-turn treatments, are listed in the following
sections.

Future research also should be conducted to quantify
the effect of left and right turns into an access point on
the saturation flow rate of a downstream signalized
intersection approach.
4. Research is needed to determine the true effect of
median closures on traffic flow patterns and road user
costs. To be useful, this research would need to identify median closure effect on the following: (1) U-turn
volume at downstream intersections and median openings, (2) right-turn volumes at the subject access point,
and (3) the types and frequency of use of routes taken
by displaced left-turn drivers and the travel time associated with using these routes. This research also
should address the impact of displaced left-turn drivers
on the delay to existing drivers at downstream intersections.
5. Research is needed to advance the software implementation of the operations model so that it can be distributed as software to engineers for site-specific analyses.
Alternatively, the model should be incorporated into
the existing TRANSYT-7F computer model as a userrequested analysis extension.
Safety Effects

Operational Effects

1. The guidelines developed for this research should be
extended to other midblock left-turn treatment types
(e.g., flush median with paint-delineated left-turn bays,
continuous parallel left-turn lanes, and reversiblelane/TWLTL combinations).
2. A detailed sensitivity analysis should be conducted to
determine the effect of various traffic conditions and
geometric configurations on the operational effects of
midblock left-turn treatments. Factors found to have a
significant effect on operations should be incorporated
into the guidelines. The analysis should consider the
following issues: (1) segment length, (2) staggered
access point orientation, (3) variation in nonpriority
movement demands among the arterial access points,
and (4) frequency (or spacing) of median openings for
the raised-curb median treatment.
3. Several traffic flow problems that were included in the
operations model were observed during the field studies but were beyond the scope of the data collection
effort. Future research should be conducted on these
flow problems to quantify the nature and extent of their
impact on traffic operations. Specifically, research
related to access point capacity should be conducted on
the following topics: (1) the effect of upstream signals
(including cycle length, coordination, and distance), (2)
the effect of spillback from a downstream intersection
(signalized or unsignalized), and (3) the effect of and
propensity for two-stage entry or crossing maneuvers.

1. The guidelines need to be updated to incorporate the
effects of parallel parking on the safety of arterials with
a raised-curb median or TWLTL treatment. The safety
model database needs to be expanded to include data
from street segments with parallel parking and either a
raised-curb median or TWLTL treatment. The safety
model should then be recalibrated using these data so
that it includes the effects of parking in its prediction of
annual accident frequency for each left-turn treatment
type.
Access Impacts

1. Additional research is needed to expand the database
used to calibrate the access impact model. This
expanded database should include (1) study sites that
have undergone the combinations of change in left-turn
storage and access that are not currently represented in
the utility index matrix, (2) residential and industrial
land uses, and (3) increased representation of autorelated businesses. Using this database, the access
impact model could be enhanced to include a wider
range of land uses and to explicitly account for the
auto-related and non-auto-related business categories.
2. Further research is needed to determine how a midblock left-turn treatment’s impact on access can be
incorporated into the guidelines. The method of incorporation may include some type of cost conversion
based on reduced property values or a loss in business
activity (i.e., sales).
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