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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Systematic, well-designed research provides the most effec-
tive approach to the solution of many problems facing Hiéh-;P
way administrators and engineers. Often, highway problems
are of local interest and can best be studied by highway
departments individually or in cooperation with their state
universities and others. However, the accelerating growth of
highway transportation develops increasingly complex prob-
lems of wide interest.to highway authorities. These problems
are best studied through a coordinated program of coopera-
tive research.

In recognition of these needs, the highway administrators of
the American Association of State Highway and Transporta-
tion Officials initiated in 1962 an objective national highway
research program employing modern scientific techniques.
This program is supported on a continuing basis by funds
from participating member states of the Association and it
receives the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation.

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board’s recognized
objectivity and understanding of modern research practices.
The Board is uniquely suited for this purpose as: it maintains
an extensive committee structure from which authorities on
any highway transportation subject may be drawn; it pos-
sesses avenues of communications and cooperation with
federal, state, and local governmental agencies, universities,
and industry; its relationship to its parent organization, the
National Academy of Sciences, a private, nonprofit institu-
tion, is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transpor-
tation matters to bring the findings of research directly to
those who are in a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO.
Each year, specific areas of research needs to be included in
the program are proposed to the Academy and the Board by
the American Association of State Highway and Transporta-
tion Officials. Research projects to fulfill these needs are
defined by the Board, and qualified research agencies are
selected from those that have submitted proposals. Adminis-
tration and surveillance of research contracts are the respon-
sibilities of the Academy and its Transportation Research
Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation
problems of mutual concern to many responsible groups. The
program, however, is intended to complement rather than to
substitute for or duplicate other highway research programs.
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reflects the Governing Board’s judgment that the program concerned is of
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resources of the National Research Council.
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due consideration for the balance of disciplines appropriate to the project. The
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Sciences in 1916 to associate the broad community of science and technology
with the Academy’s purposes of furthering knowledge and of advising the
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Research Board

This report will be of special interest to traffic and construction engineers
responsible for the development of traffic control plans for work zones as well as
to manufacturers of traffic control devices. The findings identify the relative
effectiveness of commonly used channelizing devices (i.e., barricades, panels,
cones, and tubes) and will be particularly useful to Federal, state, and local
agencies in updating their traffic control manuals. A wide range of channelizing
devices in lane closure situations was tested through a series of laboratory tests,
controlled field tests using instrumented vehicles on closed highway sections, and
studies of driver behavior at actual construction sites. Safety of lane closures is of
particular concern in view of the increasing emphasis on reconstruction activities.

Channelizing devices described in Part VI of the Manual on Uniform Traffic
Control Devices (MUTCD) have generally evolved from other devices rather than
as a result of scientific testing as to what best stimulates driver awareness of
work-zone situations. As a result, there was a need for an evaluation of currently
used devices as well as a determination of potential improvements. The objective
of this research was to evaluate the effectiveness of channelizing traffic control
devices and to determine how these devices should be designed and used to guide
drivers as they approach and proceed through a work zone. Research included
device size, shape, reflectorization, internal illumination, and spacing for both day-
and night conditions; only stationary work zones were studied (i.e., major recon-
struction type projects).

This research was carried out in two phases—NCHRP Project 17-4, ‘‘Evalua-
tion of Traffic Controls for Street and Highway Work Zones,”” and NCHRP
Project 17-4(2), **Evaluation of Traffic Cones and Tubes for Street and Highway
Work Zones.”” The effectiveness of barricades, panels, cones, and tubes was
initially investigated in Project 17-4 through a series of tests including simulated
conditions in a laboratory setting, controlled field tests using instrumented ve-
hicles on closed highway sections, and observation of driver performance at actual
construction sites. Because the traffic cones and tubes tested in the first phase
displayed relatively poor characteristics under nighttime conditions, further study
of these devices using improved reflectorization and internal lighting was con-
ducted in the second phase, Project 17-4(2). The second phase consisted of con-
trolled studies on closed highway sections. Both phases were conducted by Bio-
Technology, Inc., and the combined findings are described in this report.

One of the most confounding aspects of research related to traffic control in
work zones is the complex interaction among all of the devices that are generally
present. When advance warning signs, arrowboards,. changeable message signs,
lane markings, flagmen, and channelizing devices are all used on a construction
project, isolation of the effects of a single device is an extremely difficult task.
NCHRP and FHWA have conducted numerous research projects related to many
of these devices as part of Project 1Y in. FHWA'’s Federally Coordinated Program.
For example, completed studies cover arrowboards, changeable message signs
(NCHRP Report 235), pavement markings, and, as reported herein, channelizing



devices. Other projects are currently underway or will soon be initiated. It is
important for the reader of reports from any of these studies to recognize that the
findings pertain only to one type of device and do not fully address the question
of applications of devices in combination. Furthermore, a responsible authority,
such as the National Advisory Committee of Uniform Traffic Control Devices,
needs to assess the findings of the individual research studies to develop recom-
mended practice for the total work zone treatments. Therefore, although the
firidings presented in this report répreseit the most comprehensive evaluation of
channelizing devices undertaken to date, they do not constitute recommendations
for practice at this time.
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SUMMARY

EVALUATION OF TRAFFIC CONTROLS
FOR HIGHWAY WORK ZONES

The channelization devices described in Part VI of the Manual on Uniform
Traffic Control Devices have developed as an evolvement from other devices,
rather than as a result of scientific testing as to what best stimulates driver aware-
ness of work zone situations. This study was undertaken to provide data on the
design and use of channelization devices so that they can be more effectively used
to guide drivers as they approach and proceed through a work zone. The project
focused on channelization devices consisting of cones, barricades, drums, vertical
panels, and steady-burn lights, and was limited to stationary, long-term work
zones on freeway type facilities.

A comprehensive literature review was conducted to identify: (1) the safety
problem at highway work zones as it relates to channelization devices, (2) the use
and effectiveness of traffic control devices in work zones, and (3) measures which
can be used to evaluate the performance of channelization devices. The findings
of the literature review supported the original contentions that there are many
types and designs of channelization devices used and, furthermore, that data are
lacking which support current design of these devices or their arrangement on the
job.

The next task prior to actual experimentation was to develop performance
measures that would reflect driver’s responses and the relative effectiveness of
particular devices. The results of the literature review and an Information-
Decision-Action (IDA) task analysis procedure were used to derive candidate
performance measures. By analyzing the driving task, it was possible to identify
the desired driver and vehicle responses and, in turn, translate these into perfor-
mance measures for evaluation. The more discriminating measures proved to be:
1. laboratory —accuracy of design identification; 2. closed-field-array detection
distance, point of lane change, speed change, path consistency; and 3. field—
mean speed, speed profile and variance, point of lane change.

The experimental program consisted of three types of studies. The first of
these was laboratory studies to optimize the design characteristics of barricades
and panels. The design features studied were: stripe configuration (horizontal,
vertical, diagonal, and chevron), width, and meaning; white-to-orange color ratio;
and height-to-width ratio. The results of the laboratory testing provided prelimi-
nary findings regarding channelization device design which were further examined
and validated in the field studies.

The next experiments were conducted on a closed highway using an instru-
mented vehicle driven by test subjects. First;, devices with varying sizes, spacings,
reflectivity, and auxiliary lighting (steady-burn lights) were compared to determine
their relative effectiveness in eliciting desired driver responses. This study pro-
vided additional findings related to the effectiveness of alternate devices and
device designs when placed in a channelization array. Second, cone and tube
design was optimized in terms of amount, type, and configuration of reflective
material day and night.

The final experiment was conducted in a real-world situation wherein three
types of devices (cones, barricades, and vertical panels) with design and layout
variations were tested at three work zone types—a traffic diversion site, a left-
lane closure site, and a right-lane closure site.

The primary design and application findings for each type of channelization
device were synthesized across the various types of experimentation and are
summarized in Table I.

Other general findings of interest include:

1. Array detection distances of 3100-5000 ft in the day and somewhat shorter
distances at night (2050-4000 ft).



Table I. Summary of recommendations for use and design of channelization devices for freeway-type operations.

Minimum
Application Minimum \Stripe Stripe
Device Guidelines Dimensions Configuration Color Width Spacing
Cone Interchangeable with other | @ 28 or greater o 2 or 3 bands totaling All orange cone N/A MUTCD
devices for high speed 150-200 in2 of SIA- yellow or white
Applicable for all work facilities 250 (preferably higher) | reflectorization
Zone situations reflective material *
Tubular Cone Interchangeable with other | @ 28" or greater ¢ 1 band—high or low All orange tube 12" MUTCD
devices for lane closures mounting of same yellow or white
Applicable for all work or diversions material as cones reflectorization
2one situations e 4’ diameter
Barricades Applicable for all work e Rail—12" wide o Diagonal, but not 1 orange to 6" e MUTCD
zone situations 24" long to be used to 1 white e %% SL in taper and
Type 1 suitable for all o Height—MUTCD convey direction double speed limit
channelization situations o Consider chevron acceptable in tangent
to convey direction area where no work
activity or traffic
delays
Vertical Panels Interchangeable with e 12" wide e Diagonal or 1 orange to 6" Same as barricade
other devices ® 24" height horizontal 1 white
Applicable for all work o Ground clearance— |® Consider chevron to
zone situations MUTCD convey directional
" change
Drums Interchangeable with other | @ Same as MUTCD e Horizontal 1 orange to 6" Same as barricade
devices ’ ’ 1 white
Applicable for all work
zone situations
Steady-Burn Should be used at night N/A N/A Amber N/A o On all devices in

whenever feasible
Especially effective for
tapers and approach ends
Use in visually noisy
environment to improve
detection capability

Use where curvature
present to supplement
refiective materials

*75-100 in? visible to the driver.

2. Considerable variability in array detection distance between drivers for
most devices, particularly at night. .
3. For barricades, panel, and drums, the mean point of lane change is further.
away from the array at night than in daylight. However, for cones and posts there
was little difference, or the reverse was found.
4. Extensive variability in point of lane change among drivers was evident,

particularly at night for larger devices.

5. In every group, regardless of device, one to four subjects drove to within
20-300 ft of the taper before changing lanes.
6. All devices elicited a shift in lateral placement towards the left edge of the
lane away from the devices.
7. There were differences in displacement (weaving or path consistency)
elicited by devices. The 3-ft X 12-in. Type II, 8-in. X 24-in. panel, and 36-in. cone’
showed the least weaving.
8. Speed reduction is controlled by device size during the day. Amount of
visible reflective surface at night controls speed reduction, array detection dis-
tance, and lane changing.
9. Size and visible area have greater impact on behavior than device shape.

10. Direction is conveyed only by arrow/chevron type stripe configurations —

not diagonals.

taper
® All or alternate
devices in tangent



In conclusion, channelizing devices serve both a driver alerting and path
guidance function. Devices configured as described in the table are equally effec-
tive and should be considered interchangeable. Regardless of the device, each type
obtains its maximum effectiveness when properly deployed as a system or array
of devices. Motorists do not respond to a single channelization device, but to the
path that is defined by the array. Therefore, it is important that care be taken in
the layout and maintenance of these devices.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

PROBLEM STATEMENT

Today, with the Interstate Highway System nearly com-
plete, there is a shift in emphasis from spending of highway
monies for the building of new facilities to improving the
quality of service on existing facilities. This shift has made
the task of maintaining traffic on the highway facilities during
reconstruction even more critical. The problem is com-
pounded by generally rising traffic volumes, especially in
urban areas.

To accommodate traffic through or around construction
zones, the construction activity and the traffic controls must
be coordinated to provide safe and expeditious movement of
traffic while the construction activity progresses as rapidly,
safely, and efficiently as possible. When these two goals
come in conflict, tradeoffs occur between the safety of traffic
and construction workers and the costs of traffic and con-
struction delay.

Studies have shown that many construction work areas
experience increases in accident rates during construction
when compared to a similar period before construction (/, 2).
Inappropriate use of traffic control devices, poor traffic
management, inadequate zone designs, and a general misun-
derstanding of the unique problems associated with con-
struction zones have led to these increases. Construction
zone traffic controls are often hastily conceived and seldom
reconsidered. Because of a general lack of knowledge about
construction zone operations, traffic control design is often
done by simply referring to a typical drawing in a manual.
The operational consequences are that short transition zones
and inadequate lateral clearances are often imposed where
they could be less restrictive. Also, barriers are installed in
areas where they are not functional, and ineffective barrier
systems are used.

Traffic control devices are used to alert drivers of impend-
ing conditions, warn them of hazards, and direct them
through the proper path. These devices include signs,
signals, hand signaling devices, channelization and delinea-
tion devices, deflection and attenuation devices, high level
warning devices, and lighting devices. The application of
traffic control devices and, in particular, channelization de-
vices, in construction zones appears to vary widely between
agencies and between construction projects. This indicates a

general lack of knowledge regarding the safety effectiveness
of these devices. Devices described in Part VI of the Manual
on Uniforni Traffic Control Devices (MUTCD) (3), have
developed simply as an evolvement from other devices,
rather than as a result of scientific testing as to what best
stimulates driver awareness of work zone situations. This
study (NCHRP Projects 17-4 and 17-4(2)) was prompted by
the realization that data were lacking that would support the
current design of these devices or their arrangement on the
job to provide the best guidance for the driver and protection
of the worker.

OBJECTIVES AND SCOPE

The overall objective of the research was to determine the
effectiveness of selected types of work zone traffic control
devices and to determine how these devices should be de-
signed and used to guide drivers as they approach and
proceed through a work zone on freeway type facilities. The
selected types of devices were limited to those which provide
channelization (i.e., barricades, cones, tubes (also called
posts), drums, panels, and steady-burn lights). The research
did not examine flashing arrowboards (because this device
had been examined in a Federal Highway Administration
project), signs, or markings. Furthermore, the research was
restricted to stationary, long-term work zones and did not
examine moving operations or short-term (less than 24 hours)
projects. Finally, the field research was conducted on
55-mph speed limit highways; consequently, most of the re-
sults deal with this type of facility. However, some of the
results of the initial laboratory studies apply to all devices in
general without regard to highway type.

Within the context of the main objective there were six
specific assignments:

1. Critically review all research that supplied valid driver
performance data on the effectiveness of traffic control de-
vices used in work zones.

2. Devise appropriate measures of performance that re-
flect driver responses and the relative effectiveness of partic-
ular devices for use in subsequent tasks.

3. Test and evaluate present and alternate markings for
barricades, cones, drums, and vertical panels. Items to be
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considered include rail width, level of reflectivity, width and
arrangement of stripes (i.e., horizontal, vertical, sloping, and
chevron).

4. Using the results of Task 3, determine the relative effec-
tiveness of each channelizing system in stimulating desired
driver response through testing and evaluation. The evalua-
tions should include various sizes and spacings of devices.

5. Determine the need and applications for the use of
flashing and steady-burn lights in work zones.

6. Evaluate in actual work zone conditions the effective-
ness of the devices used in combination with other traffic
control devices.

RESEARCH APPROACH

To meet the principal objective and satisfy the intent of the
assignments, a research plan was adopted which consisted of
five tasks. These tasks and the type of work performed are
summarized as follows:

1. Literature Review —The literature review was a com-
prehensive compilation and synthesis of all literature supply-
ing information on the use and effectiveness of traffic control
devices in work zones. It consisted of three parts. Part 1 was
a literature search of all documents relating to four topic
areas: (1) accidents in highway work zones, (2) the use of
traffic control devices in work zones, (3) the effectiveness of
traffic control devices in work zones, and (4) driver perfor-
mance measures. Part 2 was a review of information con-
tained in selected state, local, and utility manuals on uniform
traffic control devices. Part 3 was a limited survey of manu-
facturers of traffic control devices for work zones to deter-
mine the types and configurations of devices manufactured
and ideas on design modifications.

2. Derivation of Performance Measures —The purpose of
this task was to develop appropriate measures of perfor-
mance that would reflect driver response and the relative
effectiveness of particular devices. These measures were to
be used in the subsequent tasks. In addition to the literature
review, this was accomplished by a driving task analysis for
a typical work zone situation. By analyzing the driving task
for the various work zone areas, it was possible to identify
the desired driver and vehicle responses and, in turn, trans-
late these into performance measures for device evaluation.

The next three tasks comprised a series of studies that
were designed to first optimize the design characteristics
(i.e., size, stripe width and configurations, and pattern); sec-
ond, compare the relative effectiveness of alternate device
types and various configurations and spacings of each; and
third, evaluate in an actual work zone setting the selected
devices used in combination with other traffic control de-
vices. These tasks were:

3. Optimization of Markings for Channelization De-
vices —The intent of this task was to optimize the design
characteristics for barricades and panels. The design charac-

teristics were: stripe configuration, width, and meaning;
white-to-orange color ratio; and height-to-width ratio. A
laboratory methodology was employed whereby 30 subjects
were shown stimulus slides through a tachistoscope at a
speed of less than 1 sec to introduce errors in discriminating
between stimuli. (Cone and tube optimization studied in Task
4 involved manipulation of reflectivity characteristics which
were not amenable to laboratory methods.)

4. Effectiveness of Channelization Devices, Controlled
Field Studies —This task was designed to determine the rela-
tive effectiveness of several channelizing devices and device
schemes in eliciting desired driver responses. Configurations
of these devices with varying sizes, spacings, reflectivity,
and auxiliary lighting (steady-burn lights) were tested on
closed highway facilities using an instrumented vehicle.
(Because cone and tube performance degraded significantly
at night additional work was carried out under Project 17-4(2)
to optimize nighttime performance without sacrificing day-
time performance. Cone and tube parameters studied were:
amount of reflective area, number of bands of reflective ma-
terial, collar mounting position, type of reflective material,
device size, and spacing. Two sets of tests were conducted.
The first was a variation of the original test method and the
second a replication of that method. Also, additional data on
one- and two-rail barricades and Types II and III reflective
sheeting were gathered.)

5. Effectiveness of Channelization Devices, Field Evalua-
tion Study —The final effort (Task 5) was to evaluate the
effectiveness of selected channelization devices when used

‘collectively under actual field conditions. The results of the

previous tasks were used in selecting alternate devices for
testing and the experimental plan. These devices were tested
at work situations similar to those depicted in the typical
MUTCD layouts, and included different highway types.

The research results are presented in the remainder of this
report. Chapter Two discusses the principal findings corre-
sponding to the five research tasks and the cone and tube
optimization studies. Chapter Three synthesizes and inter-
prets the findings reported in Chapter Two for the purpose of
producing suggested guidelines for the application of chan-
nelizing devices in work zones. Chapter Four covers the
conclusions and recommendations for further research.
Chapter Five contains a bibliography. Each of the work tasks
has a corresponding appendix. Appendix A includes a de-
tailed description of the literature review process, an anno-
tated bibliography, a matrix portraying the derivation of per-
formance measures from the literature, and a summary of the
information found in state and local government and utility
company manuals for use of traffic control devices. Appen-
dix B documents the detailed task/information analysis and
resulting derivation of performance measures. Appendixes
C, D, and E are comprehensive reports of the laboratory
experiments, controlled field studies, and field evaluation,
respectively. Appendix F presents the research done in
further evaluating the effectiveness of the various types of
traffic cones and tubes, especially for nighttime operations.



CHAPTER TWO

FINDINGS

The principal findings of the study are presented in five
sections corresponding to the five research tasks. The first
part summarizes the highlights of the literature review. The
second section presents findings on the derivation of per-
formance measures. The third section discusses laboratory
experiments which focused on optimizing the design charac-
teristics of barricades and panels. The fourth section pro-
vides the findings of the experiments, conducted on closed
highway facilities, which were designed to determine (1) op-
timal cone/tube design and (2) the relative effectiveness of
several channelizing devices and schemes applied collec-
tively. The fifth section reports the results of the field evalua-
tion study in which several device schemes were tested
under “‘real world’’ conditions and compared against a stan-
dard device treatment. Each of these sections is supported
by an appendix (A through F) which describes the task in
detail.

LITERATURE REVIEW

As the first step in the evaluation of channelizing devices
for use in work zones, the literature review identified the
problem area and uncovered current operations. Table A-2
in Appendix A is a subject by reference matrix for the litera-
ture reviewed. A complete bibliography is included in
Chapter Five.

The genesis of the study area arose from the recognition
that highway work zones apparently divert the attention of
the driver from his normal driving task and, thereby, con-
stitute a potential hazard. Given this hazard situation, the
possibility of roadway accidents exists; and, in fact, various
reports document this problem (/, 4, 5, 6, 7). A few of these
accident studies specifically relate some casualty to the mis-
use of traffic control devices. For example, Lisle et al. (8)
reported on the crash incidence of timber barricades on the
[-495 Beltway widening in Northern Virginia. Yet most are
simply more general statements of accident occurrence in
construction areas, noting that more accidents seem to occur
on a highway containing a construction zone than the same
stretch before the zone was implemented (7, 9, 10). Also,
there is a difference reported for day versus night operations
in work zone areas (i.e., fewer accidents occur during night
construction periods than on ordinary nights) (/7). Some
sources are just a reporting of accident statistics without
regard to the actual devices on the work site.

The fact that traffic control devices continue to be hit is
well known. Migletz (/0) reports that devices set in a lane
closure situation are much more likely to evoke an incident
than devices simply protecting the shoulder. Single-vehicle
fixed-object accidents quite often involve drums and similar
large devices which become hazardous projectiles that can
hit workers. Anecdotal information from device rental com-

pany personnel supports the fact that damage and losses of
equipment are very widespread. Row (/2) concludes that
somehow, in this work zone setting, the driver receives
neither proper visual stimulation nor sufficient warning to
avoid the collision incident.

Table 1 is a summary of information on channelization
devices used in work zones based on the specifications of the
Manual of Uniform Traffic Control Devices and a survey of
other state and utility company manual specifications that
present variations to the MUTCD. The right hand column of
the table presents some commentary from these documents
and from research literature impacting on the use and effec-
tiveness of the devices. The full listing of the reports, sum-
maries, and manuals surveyed is detailed in Appendix A.

The table as presented is device specific in that the speci-
fications and commentary are related to individual devices.
A few other issues from the literature of a more general
nature are worthy of mention. These arise from the fact that
devices as considered here are usually placed in an array
rather than singly, and some standards for layout and set-up
have been put forth. The channelization devices are almost
always part of an entire work zone information system, with
the other components being signs, arrow panels, pavement
markings, flagpersons, etc., (I3, I4).

The devices in question—cones, barricades, panels, and
drums —are considered to be channelizing devices, primarily
for delineation guidance through the zone and to protect
work operations from traffic flow. However, discussions
about these devices do not always speak of them as serving
the simple, channelizing, protecting function, since they
speak of “‘target value,”” warning and alerting potential. The
MUTCD states that:

... the function of channelizing devices are [sic] to warn and
alert drivers of hazards created by construction or mainte-
nance activities in or near the travelled way, and to guide and
direct drivers safely past the hazards.

It is fairly well agreed that cones, tubes, and panels are
sufficient to channelize in small operations, but a larger more
extensive zone seems to require barricades (9). The National
Safety Council’s report purports that Type I and Type II
barricades are the key channelizing devices, and that cones,
panels, and drums are simply auxiliary substitutes given cer-
tain constraints of the zone. Some researchers feel that bar-
ricades and drums serve a protective function only (5, 7, 5).

The MUTCD states that the channelizing devices are ele-
ments in a total system of traffic control and shall be pre-
ceded by a subsystem of warning devices such as signs and
arrow panels. The New York MUTCD supports this further
by mandating that drums shall never be placed on the road-
way without advance warning signs to accompany them.




Table 1. Summary of information on certain channelization devices used in work zones.

Device Current Standard Usage Literature Commentary
Height Width Coior(s)/ Stripe Visibility
Source (minimum)| (minimum) | Configuration Width Requirements
CONE
MUTCD 18" Variable Fluorescent Variable Must be reflectorized * Larger sizes should be
orange or lighted at night used on higher speed
roadways (15)
Others 28", 30" Base—12"" Fluorescent 4" white Minimum brightness * Regular cones have
in use 36" Tip—2%" | orange cone for white 150 can- greater target value than
collars delas, 300 preferred; tubes
cones should be re- * Use of orange flag
placed or supple- in tip suggested for
mented at night anytime
with steady burn . ; "
lights = Cone use is primarily
delineation and chan-
nelization rather than
warning with high
target value
* Tubes primarily for
daytime temporary use.
They usually replace
(;ul‘;gﬁr cones when lane space is
Cone) at a premium (19) i.e.
bridges (20)
* Cones generally suggest-
ed for smaller, less hazard-
ous zones (5) which cause
only a minor impedance
to traffic flow
MUTCD 18" Variable Fluorescent Variable Must be reflectorized =il
orange or lighted at night * Must make provision .
for cones so that they will
Others 28" not be blown over or dis-
in use 36" Tip—2%"" Fluorescent 4" white Minimum brightness placed (15)
orange or amber for reflective collars
and collars 150-300 candelas;
yellow pyions should not
be used at night
without lights or
reflective collar

Yet, Graham et al. (/) note that drivers make speed and
lateral position changes on encountering a zone based on
geometrics of the zone and devices rather than the signs or
other advance warning types of displays. Clear definitions of
the information display systems elements are not universally
accepted.

One issue of vital importance is the taper length and spac-
ing for devices. The MUTCD (1978 revision) recommends
two standard formulas based on the work of Graham et al.
(16).

. minimum desirable length of taper is computed by

L =8 x Wor all freeway and expressways with posted speed

of 45 mph or greater. The formula L. — W2/60 should be used

to compute taper length on urban, residential or other streets

where the posted speed is 40 mph or less. Under either

formula,

L = taper length in feet

W = width of offset in feet

S = posted speed or off-peak 85 percentile speed. . . .

]

Most state and utility manuals agree with this, with minor
variations at the lowest speeds where space of zone is at a
minimum. In urban settings, this is compensated for by the
use of high level warning devices, and in freeway settings,
inadequate tapers of sight distance call for the use of arrow
panels. The systems approach is again underscored here.

The spacing for devices follows the rule that devices in a
taper should be approximately as many feet apart as the
posted speed limit (3). Devices in the tangent are subject to
the degree of protection needed for the zone. The Minnesota
MUTCD has a spacing rule of 20 ft apart for speeds 0-35 and
50 ft apart for 40-50 mph (1 ft = 0.3048 m.; 1 mph = 0.609
km/h). Yet, the actual zone dictates the spacing since even
the MUTCD advocated drive-throughs and inspections to
determine what is adequate by judgment. In one case —for
example, a right lane closure, 4-lane divided highway —
cones are 150 ft apart on shoulder (before taper), 2 ft apart in
taper, then 75 ft apart along tangent (40-50 mph).

Night versus day operations evoke differences in use.
Night operations usually do not have heavy traffic flow with
which to contend, yet visibility is degraded for those few
motorists driving at night. Thus all manuals prescribe some
illumination and/or reflectivity standards for nighttime
operation (see Table 1). Predominantly orange colored de-
vices must have some kind of illumination (i.e., steady-burn
or flashing lights or reflective attachments, e.g. cone collars).

Many manuals, including the MUTCD, as well as research
literature, simply state that the device must be visible in
enough time for the driver to negotiate them in a proper and
safe manner. Recent research by authors of this report rec-




Table 1 Continued

Device Current Standard Usage Literature Commentary
TYPE I Solrce Minimum| Rail Length Color(s)/ Stripe Visibility « Types | and Il generally used
BARRICADE Height | Width {Min.) | Configuration | Width Requirements when traffic is still maintained
MUTCD 3 8" min.d{ 2 Orange 6" Entire area shall be BIVIE ey
A 12" max. and white (4" for :rt:;l;crgglnzti(:tmg;: : * Type |l is usually for partial
) slopir:g rails less :r:&ort:dé:z:ed or complete road closure
\ RE42 than 3V Lights on option + Some researchers and
\\ ategrdark engineers feel that Type |
\ and Type || are interchange-
\ Others = 612" 6’ Black 4" Minimum brightness | able (21)
a5 ::fte :;:Zifafiz.?:e_ * Number of l?arricades used
70-250 candelas should be rnlnml'nzed to reduce
fixed object accidents (1)
TYPE 11
BARRICADE MUTCD 3’ 8’ min.-| 2 Same 6" Same as MUTCD e Diagonal stripes more distinct
12" max. as (4" for above. at closer distance than chevron
MUTCD rails less| Lights on option pattern, yet both have same
above than 3')| after dark target value, Chevron only
effective to give directionality
Others — 612" — Black - at 200" or less. (22) (5)
\ in use and
 J white s Many consider barricades to
have the best target value of all
‘\ devices (22)
* Barricades provide an easy
mount for signs and warning
TYPE I MUTCD 5 8" min- 4’ Same 8" Same as MUTCD lights
BARRICADE n2" max. as (4*"for | above.
MUTCD rails less| Lights on option  Barricades should not be
PITTIT TSI TSI TS above than 37)| after dark used unless the hazard is
rg , greater than the hazard of
,jlllllllﬁ Others - 6"—12" 6’ Black - When used for road striking the barricade (7)
”lllll/[l‘ in use 8" and closure, should have
| white warning lights
Pl g s o e T
TYPE IV = Utah's chevron barricade is
known as the “channelizing
DOT and white
chevrons

ommends a minimum nighttime visibility distance for re-
flective channelizing devices to be 900 ft at 55 mph (/7). A
very recent small study toward a performance standard for
Type A flashing lights (/8) has begun to examine various
distances for hazard lighting based on their performance as
perceived by drivers. Such devices must be highly visible in
themselves, yet should also be accompanied by advance
warning signs and devices, and by suitable lighting devices at
night (27).

On construction projects, channelizing devices often re-
main on the roadway for long periods of time. Many reports
and manuals (/, 13, 21, 23) emphasize the need to inspect and
maintain the devices so that they remain clean and spaced as
set-up for continued proper visibility. FHWA (20) reported
that in one project, the Dan Ryan Expressway in Chicago, 70
to 100 barricades were lost or destroyed per day. It is neces-
sary to patrol and maintain what is set out in order for effec-
tiveness to be assured. No matter what correct combination
of channelizing devices, warning devices, signs, and mark-
ings are established as a system, it will be less than optimal
if not seen as specified.

The understanding from many sources is that channelizing
devices are just components in an entire information system
for the work zone, and that all components must be inspected

and maintained periodically for proper operation. Even so, a
test of some of the variety of standards uncovered, along
with variations on these, is in order to determine how rigid or
flexible field engineers can be in manipulating the given
components. The findings of analytic, laboratory, closed
(controlled) field, and field evaluation studies reported in this
chapter provided information on this subject.

DERIVATION OF PERFORMANCE MEASURES

General

The objective of the second task was to derive appropriate
measures of performance that reflect driver response and the
relative effectiveness of particular devices. These measures
were then to be used in the three subsequent tasks: (1) a
laboratory experiment of individual device design (Task 3),
(2) a controlled field experiment testing alternative devices
used collectively (Task 4), and (3) an evaluation of selected
devices applied to actual work zone situations (Task 5).

Two activities were pursued to derive the appropriate per-
formance measures. The first was a review of the literature
to identify candidate measures. The results of this effort are




Table 1 Continued

reported in Table A-1 and served as ““input’’ to the remainder
of the task. The second activity was an analytical assessment
of the driving task requirements for a typical work zone
situation. By analyzing the driving task it was possible to
identify the desired driver and vehicle responses and, in turn,
translate these into performance measures for evaluation.
This driving task analysis was particularly useful in defining
those measures which were relevant to the field evaluation
study.

The discussions of the performance measures used for the
laboratory experiment (Task 3) and the controlled field test-
ing (Task 4) are best presented in the context of their indi-
vidual reports. Hence the reader is referred to Appendixes C
and D for that information. This section will present an exam-
ple of how the driving task analysis was used to develop
candidate performance measures for the field evaluation.
Appendix B contains complete documentation of this task.

Work Zone Driving Task and Related Measures

The technique followed in deriving performance measures
was an adaptation of the information-decision-action (IDA)
analysis procedure. By applying the IDA analysis to the
problem at hand, it is possible to identify appropriate per-
formance measures by first determining the task requirement
sequence (i.e., action) as the driver approaches and passes

Device Current Standard Usage Literature Commentary
Source Dimensions Height Color(s)/ Stripe Visibility
Configuration Width Requirements
Entire area shall be
reflectorized with
a material that has
a smooth sealed
outer surface
VERTICAL PANEL MUTCD 8"-12" 36*™ Orange 4-6" | Should place lights * Panels are used where space is
wide from and white on panel after dark at a minimum—should always
X ground smpir:g be secondary to barricades (5)
‘24, high at45 X * Suggest panel use for traffic
min.) to traffic ; iy
separation or shoulder barricading
Others 48" Horizontal Minimum brightness
in use from stripes & white 70-75 candelas
ground chevron orange 25-70 candelas
stripes
MUTCD 18" 36" Orange 4—8" | Must have at least * Very high target value with
T diameter and white 2 qrange anc! 2 white great visibility but the least
horizontal stripes. During dark, | portable of all devices
circumfer- lights should be * For use at sites of longer
ential Rl antinE length (5) a full zone
® Drums seem more formidable
and present a grearter obstacle
thereby giving a good vision
warning (15)
* One application of drums is to
show an unusual vehicle path
made necessary by the work
activity (15)

through various sections of the construction zone. Then from
identifying the information requirements, at least in generic
terms, it can be established whether or not any of the devices
being studied are a factor in eliciting the appropriate driver
response. Finally, the appropriate performance measures
can be identified based on driving tasks and whether or not
the devices being studied are likely to affect the driving task.

This procedure is shown in Figure 1, which is a task anal-
ysis for the advance area of a construction zone. This figure
identifies the action to be taken by the driver, the information
requirement and sources (devices) available to meet the
requirement, and the possible performance measures that
may be used to measure driver and vehicle behavior.

For practical purposes, this area (zone) begins with the
first information of a construction zone. In Figure 1 the roaD
WORK 1 MILE sign is the beginning of the approach area, which
could be defined as either: the point where the signing in-
forms the motorist what action is required (e.g., RIGHT LANE
cLoseD) and where it is to take place (e.g., 1/2 MILE); the point
of possible first sighting of the hazard (i.e., the taper
devices); the decision sight distance—an established dis-
tance based on information processing.

In this area there is no special or unusual driving task
requirement. The primary task is to maintain a quasi-steady
driving state, which simply means maintenance of the
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Figure 1. Task analysis for advance area.

PERFORMANCE MEASURES

COMMENTS

REQUIREMENT

Driver needs only to be made aware of con-
struction activity ashead

SOURCES
1. Advance warning signls)

e.g. W20-1

2. Driver may have view of channeliza-
tion devices or flashing arrow board
if there is long sight distance

A. VEHICLE
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Speed
® mean, BSth percentile
® varignce

. Headway — all lanes

Placement
® mean

® variance

. Conflicts/Erratic Maneuvers

8. sudden specd reduction
b. brake light application
€. swerving, weaving

d. slow moving

. Volume (by lane)

— Base value for comparison with other sreas

= Not diractly comparahle 1o other areas unless
number of lanes is continued thru zone

= Difficult to compare with other sreas

8. DRIVER

. Recognition of Signal —

e reaction time
e head/eye movements
e recall

. Preference

. Understanding

— Requires instrumented vehicle, test subjects
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Performance measures to be obtained here, if at all, would
include those typical traffic flow measures which could be

desired or required lateral (lane placement) or longitudinal

(speed, headway) control. Because the driver usually cannot

used as base values to compare with other zones. These are

identified in Figure 2.

see the construction area ahead and cannot determine from
the advance signing what specific action is required, there is

In a similar fashion task analyses were made for five other
areas of a construction zone: the approach area, the transi-

tion area, the work area and the activity area (the latter area

not likely to be a significant change in his quasi-steady driv-
ing state, at least none that could be attributed to the devices

of interest in this study.
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refers to locations where actual work is being performed),
and the existing transition area.

Figure 2 summarizes the task analysis and specifies where
the appropriate performance measures could be collected.
Only one case, the lane closure on a divided highway, is
illustrated. Several potential data collection points can
be identified along with the appropriate measures. These
include:

A. Advance Point—At or before the advance warning
sign advising motorists of construction ahead. Should be a
“normal’’ driving condition; therefore, no data collection
requirements are anticipated here.

B. Control Point — At or just before the beginning of the
approach area. The measure noted in Figure 2 should be used
as control values to compare with other points.

C. Approach Point —This point can be arbitrarily estab-
lished as the mid-point between the beginning of the ap-
proach area and the transition area. In this general area,
motorists are likely to be involved in speed changes and lane
changes. Measures that should be collected include speed
(lanes 1 and 2), volume by lane, merge point, and conflicts or
erratic maneuvers.

D. Transition Point—The same measures collected for
the approach point should be collected at the beginning of the
transition area.

E. Entry Point—This is defined as the end of the transi-
tion area. All of the measures noted in Figure 2 should be
collected here.

F. Activity Point — At some locations where there is con-
struction activity, the measures noted in Figure 2 should be
collected to determine if they differ from those in a nonactiv-
ity area.

G. Nonactivity Point —This can be any point between E
and H where there is no construction activity. The same
measures as listed in E should be collected. It is possible that
measures for E could be used for this point.

The other data collection points, H and I, are shown in
Figure 2 for completeness but not for locations for data col-
lection, as in this situation.

OPTIMIZATION OF DEVICE DESIGN

General

The purpose of the third task was to optimize the design
characteristics of barricade and panel channelizing devices.
Tube and cone optimization are described in following sec-
tions. This was accomplished by performing a series of four
laboratory studies. The purpose here was not to generate one
optimally detectable single channelizing device, but rather to
select for field testing those design elements most conducive
to detection and identification and eliminate those soliciting
consistently poor performance. Although a laboratory exper-
iment is not intended to be a direct simulation of the driving
task, it can be made more relevant if the subjects’ tasks are
similar and the information load is similar to that of driving.

A primary driver activity is acquiring visual information
about the highway and its immediate environs. A wide vari-
ety of visual configurations confront the driver, who must
constantly search the roadway for appropriate guidance and
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navigation cues. This search and detection process is particu-
larly important in a work/construction zone setting, where
there are unexpected changes in the roadway and often there
are many distracting visual cues.

The following parameters were studied: design/config-
uration of stripes; width of stripes (3 levels); color ratio of
stripes, orange-to-white; meaning of various design configu-
rations; detectability of visible areas, height-to-width ratio
combinations; and experimental methodological variables as
they impinge on aforenamed parameters.

A visually noisy and fairly abstract background picture
was created. Four of these pictures were placed together to
form a square, each quadrant of the square being the same
picture. Small stimuli, e.g., bar or panel of a particular stripe
width, orange-to-white color ratio, height-to-width ratio, and
stripe design (horizontal, vertical, 45° slant, chevron) were
placed on one quadrant of the square, and another picture
taken. The resultant slide was then projected tachistoscopi-
cally at a fast speed (0.4 to 0.8 sec). The subject’s task was
to search the four quadrants, identify the type of design
(horizontal, etc.), and identify the shape (bar or panel).
Figure 3 is a photoreduced copy of the stimulus background,
and Figure 4 shows selected samples of the device stimuli
used for each of the four studies. The blotches of gray on
Figure 3 are different colors on the actual slides. This pre-
sents a total image of geometric lines overlaid with color
visual noise. In making the stimulus slides, the placement of
device stimuli was completely random, both for choice of
quadrant and placement within the quadrant.

The construction and projection of each stimulus on the
screen were accomplished in such a way as to simulate the
visual experience of the actual channelizing devices with
4-in., 6-in., or 8-in., (10.15-cm, 15.3-cm, or 20.35-cm) stripe
widths. This was accomplished by computing the approx-
imate visual angle for each stimulus as it appeared on the
screen and then having respondents sit at distances approxi-
mating perception of these stimuli at 100 to 150 ft (31 to 46 m).
In the four experiments performed, the respondents were
seated at 10 to 15 ft (3.1 m to 4.6 m) to simulate this percep-
tual condition (figures are approximate).

The measures of performance for subjects responding to
these stimuli were, thus, a Q score (quadrant detection), a C
score (configuration identification), and an S score (shape
identification). A subject scored **1°* for correct response in
each, or zero if incorrect. These three were then summed for
each stimulus for each subject to obtain a combined index
score for performance for each stimulus. All subjects in each
experiment saw all stimuli. Therefore, the same basic
subjects-by-treatments analysis of variance (ANOVA) could
be applied to the performance data obtained. This basic
model prevails in all four studies.

In addition, subjects were asked to indicate how confident
they were of their responses on a scale of 1 (low) to 5 (high).
All of these measures were collected on a response sheet,
samples of which may be seen in Figure 5.

One of the experiments also included a task designed to
determine what, if any, meaning was conveyed to drivers by
the various stripe configurations. Subjects were presented
with a lane choice situation in which they encountered a
channelizing device blocking the center lane and requiring
movement to the left or right.

Finally, the first experiment also examined the influence of
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secondary variables of the primary variable device design.
These secondary variables were: males vs. females in the
sample; ages of subjects in the sample; driving experience of
subjects in the sample; exposure duration of stimulus against
background (dark vs. light); subjective confidence ratings by
subjects for each response.

Thirty licensed drivers, ranging in age from 17 to 60 years,
were obtained and tested for each of the four experiments.
Subject information was collected after each experiment,
including age, sex, driving experience, and comments (if
any). The stimulus slides were shown and subjects marked
the response sheets. For the scope of these small studies, the
effects of sex, age, and driving experience were relatively
inconsequential. The stimuli were presented at two speeds —
one high and one low (0.4 and 0.8 sec). Performance for each
was markedly separable, and the faster speed was chosen for
use in subsequent testing. The high (faster) speed showed the
greater difference among the 4-, 6-, and 8-in. stripe widths.

Another secondary factor was the effect of placing the
stimulus against a dark background versus placing iton a
lighter background (contrast). Overall contrast ratios were
similar enough to not be a significant factor in detectability.
Most of the variance in subject performance was due to
differences in design configuration.

Experimental Analyses and Results

Optimum Stripe Width

The purpose of the first experiment was to determine the
optimum stripe width for use on channelizing devices. Simu-
lated 4 in., 6 in., and 8 in. (10.16 cm, 15.3 cm, and 20.35 cm)
stripes were studied. The mean index performance score as
previously described was analyzed by the subjects by treat-
ments ANOVA. Finally, correlation coefficients were gener-
ated (Table 2) to determine whether any relationship existed
between the subjects’ actual performance and their confi-
dence in their response.

The 4-in. simulated width was found to be clearly inferior
to stripes of 6 in. or 8 in. (Table C-3 and Fig. C-2). This was
demonstrated by separate analyses of variance to examine
the effects of stripe width by each of the two shapes
(Tables 3 and 4 and Figs. 6 and 7). In most cases, the differ-
ence between the 4-inch and 8-inch widths was significant.
The same was not true between the 6-inch and 8-inch widths,
suggesting that either would be acceptable for use on devices
in the real world. The 8-inch is preferable when cost-
effective, since it elicited superior detection performance in
most cases, although not statistically significant.

Optimal Color Ratio

The purpose of experiment 2 was to determine the optimal
color ratio (white-to-orange) to be used on barricades,
panels, and drums. Each design configuration examined in
experiment 1 (horizontal, vertical, diagonal, chevron) was
prepared in a simulated 6-in. stripe width using white-to-
orange color coverage of 1:2, 1:1, and 2:1.

The analysis of variance, treatments by subjects, was per-
formed using the total index score for each stimulus presen-
tation (Table 5 and Fig. 8). In general, the 2:1 white-to-
orange is slightly advantageous, although not generally
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Figure 4. Samples of some stimuli used in each of the four experi-
ments.

significant from the 1:1. The 1:2 white-to-orange, essentially
an overabundance of orange, is generally inferior. Logic ex-
plains these findings in part. The stimuli were generally seen
against a multicolored, visually noisy background, simulat-
ing some cluttered construction areas to be found in the real
world. The bright white best stands out against this general
dim melange of background noise. Were the bright orange to
be viewed in a cleaner, open, white pavement type situation,
results would likely reflect a superiority. Thus, the labora-
tory conditions have more effectively addressed the more
common visually cluttered and/or dim ambient conditions in
which equal or more white than orange contrasts with the
background.

Inherent Meaning of Device Designs

This experiment was conducted to determine what, if any,
inherent meaning was conveyed by the stimuli used in the
previous experiments. For example, do chevrons and diag-
onal stripes indicate a particular direction or path to follow if
a driver encounters them in an actual situation? The test of
this question was a forced lane choice, left or right diver-
gence from the center lane of travel upon encountering one
of the devices in the center lane ahead.

To do this, the subjects were shown a slide of a roadway
containing a barricade in the center lane and necessitating a
move to the right or left. In this experiment, the background
consisted of a drawing of a 6-lane (3 in each direction) free-
way. An artist’s rendering of this (a reduced black and white
photograph) is shown in Figure 9. Models of barricades of the




SIGN NO.

four standard configurations were placed, one by one, in the
center lane, and a photograph taken. The slides of the slanted
and chevron configurations were made with the pattern
pointing to the left and to the right. This allowed for control
of possible driver bias to consistently choose one lane over
the other.

Subjects were instructed to think of this situation as if they
were driving down the middle lane and suddenly came upon
the barricade. A slide showing just the roadway was on con-
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Figure 5. Sample subject response [data sheet for Task 3 laboratory studies.

tinuously before the stimulus slide appeared. Subjects were
to assume that there was no traffic behind, and were asked
which way they would go around the barricade. The configu-
rations were shown in random order, each one being shown
twice. Stimulus slides were shown for 1 sec, and the subject
had 8 sec to check Left or Right Lane on the response sheet.
Thirty subjects participated in this phase of the experiment.

In this task, 24 devices were presented twice in a random
order. Therefore, two trials were obtained for each stimulus.




Simple frequency counts of the number choosing right lane
versus number choosing left lane were accumulated, and **z"’
scores computed to see whether these proportions differed
significantly from chance. Table 6 presents the 24 devices
and the proportions and z-scores obtained for each.

The significant z-scores are marked with asterisks. Three
basic trends may be seen in these data:

1. The chevron effectively indicates a direction on bars
and panels, without question.

2. The “‘new’’ shape device, with one side pointing left
instead of being straight, clearly indicates a direction to the
left regardless of the design.

3. The diagonal, and even the horizontal and vertical, lines
seem to indicate a direction to many drivers in the bar shape
but not the panel.

These points are easily explained as follows. The chevron,
viewed in isolation against a reasonably uncluttered back-
ground (as was the case here), looks exactly like a series
of arrowheads indicating a direction to the right or left. In
fact, this is exactly how responses occurred; in one case a
chevron bar pointing to the left elicited an unambiguous left-
lane choice on both stimulus trials.

The shape or form of the ‘‘new’ device induced many
drivers to select the left lane because its point’s edge indi-
cates this direction. This shows the stronger impact of sign
forms, even when the design configuration within the form
did actually point to the right (i.e., slant right design). In this
case, the power of the chevron configuration was diminished
by the power of the shape of this form, because as many
drivers selected a left lane as did a right lane when right-
pointing chevrons appeared on the new form. This, inciden-
tally, is in accordance with the basic perceptual principles
stating that form perception and response are more basic
than design symbology, which, in turn, is more basic than
verbal message.

The bar shape sitting in the center lane is apparently a
more realistic-looking channelizing device (looking like an
actual barricade) than the panel shape appears as a panel or
drum. Many drivers selected a right-lane choice on seeing a
vertical or horizontal bar. This may well indicate the natural
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Table 2. Correlation coefficients total index score X confid-
ence level.
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tendency to avoid obstacles to the right rather than to the
left. A single barricade is a fairly common urban arterial
sight, and a lot of drivers may be fairly used to circumventing
it around to the right rather than risk oncoming traffic to the
left.

It is noted that the foregoing conclusions are based on
choice and common sense data rather than on actual per-
formance data, as in the preceding portion of the experiment
and the previous two experiments. The detection and identi-
fication of the chevrons and diagonal patterns were, in gen-
eral, poorer than that of the horizontal and vertical designs.
This trend has followed throughout the first three experi-
ments. However, chevrons consistently convey directional
meaning.

Effective Height-to-Width Ratios of Devices

The fourth experiment was designed to determine the most
effective height-to-width ratio of barricades and vertical
panels. The design configuration was held constant, using the
traditional diagonal stripes, so that the only detection param-
eters were stimulus location (quadrant) and shape (Type I
barricade, Type 1I barricade, or vertical panel). (Through-
out this discussion and also in the detailed reporting in
Appendix C, the terms Type I and Type II are used to mean
one-rail barricades and two-rail barricades respectively. This
is not to assume the exact size and area differences often

Table 3. Experiment 1 summary of ANOVA stripe width vs. panel.

Source of Degree of Sum of Mean

Variation Freedom Squares Square F-Ratio
width (A) 2 31.1302 15. 5651 9.1297
Configuration (B) 3 158.9453 52.9818 30.5782%*
Subjects (C) 31 240.7891 7.7674
AB 6 27.0156 4.5026 2.4194%**
AC 62 105.7031 1.7049
BC 93 161.1380 1.7327
ABC 186 346.1510 1.8610
Total 383 1070.8724
*Significant at .01 level
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Table 4. Experiment 1 summary of ANOVA stripe width vs. bar.

Source of Degree of Sum of Mean

Variation Freedom Squares Squares F-Ratio
wWidth (A) 2 72.2500 36.1250 22.4912%
Configuration (B) 3 74.6536 24.8845 14.2624*
Subjects (C) 31 292.5182 9.4361
AB 6 96.1667 16.0278 9.1822%*
AC 62 99.5833 1.6062
BC 93 162.2630 1.7448
ABC 186 324.6667 1.7455
Total 383 1122.1016

*Significant at .01 level

found in actual Type I and Type II barricades.) Illustrations
of these stimuli are shown in Figure 4.

The data were subjected to two analyses of variance, sub-
jects by width by barricade type, or, for panels, height, using
the index score. Tables 7 and 8 and Figures 10 and 11 present

the results of these analyses.
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Figure 6. Configuration vs. stripe
width —bars.

Table 7 gives F ratios for the Type I and Type II barricades
in conjunction with increasing rail width. A glance at Figure
10 immediately reveals that the main effects are not signifi-
cant. A divergence occurs between rail width and number of
rails beginning with width number 2. This suggests that there
is some type of interaction occurring between these param-
eters and, in fact, the F ratios for these are significant. The
nature of this function is not entirely clear from the data.
Therefore, no simple principle can be derived stating that
increasing area of display should be separated from one into
two rails of a given visual area for optimal detection, since it
appears that there are too few data points to define the exact
function. A fairly simple conclusion from the data is evident,
however; with very small areas or very large areas, one-rail
or two-rail displays are reasonably interchangeable. Within
the medium range of areas (widths 2 and 3), a breakdown
does occur. To test these conclusions, t-tests were per-
formed comparing the various rail and width combinations as
pairs. These ratios are given in Table 9. As can be seen, the
two extreme widths (1 and 4) do not significantly differentiate
between Type I or Type Il barricades. The divergence occurs
in the middle, as previously suggested. At first a one-rail,
Type I barricade is significantly better at width 2; then, this
reverses at width 3. The suggestion here is that the individual
rails must be at a minimum width before they are fairly detec-
table: then, if there are two instead of one, a larger total
image is presented which is easily detectable. This is sup-
ported by noting the significant t-ratio between the two-rail
widths (2 versus 4 and 2 versus 3 comparisons), which are
highly significant; yet, the one-rail width (3 versus 4) is signif-
icant at p = 0.05 only. With a two-rail after a minimal area is
achieved, two rails containing this area are optimal, while
one rail is only adequate in one certain case. The very smal-
lest width (1) seems to present a problem in detection for
both one and two rails.

It is fairly obvious that a more complex set of factors than
simple area of display as seen in one or two rails is operating
here. Apparently, the total image projected by the barricade
with bars and stripes that slice up the visual background is
related to the way this is embedded in the background, where
it is against the background, etc. A simple height-to-width
function does not adequately describe all of the factors
operating in this situation.
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Table 5. Experiment 2 summary of ANOVA subject vs. confidence vs. color ratio.

Source of Degree of Sum of Mean '
Variation Freedom Squares Square F-Ratio
Configuration (&) 5 336.7795 67.3559 21.9871*
Color Ratio (B) 2 80.4306 40.2153 7.8983%
Subjects (C) 31 896.4288 28.9171
AB 10 184.4444 18.4444 4.5351*
AC 155 474.8316 3.0634
BC 62 315.6806 5.0916
ABC 310 1260.7778 4.0670
Total 575 3549.3733
*Significant at .01 level




Figure 9. Background used for phase 2 of experiment 3.

The results shown in Table 8 and Figure 11 for the height-
to-width analysis for vertical panels indicate that a more
narrow image, whether short or tall, is more easily detected
and identified. There is no significant interaction between
factors of height and width. This finding is in harmony with
data from the previous laboratory studies indicating the slight
superiority of the vertical panel as a detection stimulus.
Apparently, the eye best detects a clear vertical image
against the cluttered, dim background of the display. Those
targets with more width than height not only within the de-
sign but in their forms seem to be generally less effective in
detectability.

Summary of Findings and Selection for
Field Tests in Task 4

Within the limited scope of these experiments (i.e., a
search, detection, and recognition task in the laboratory), the
results allowed some preliminary findings regarding chan-
nelizing device design to be made:

1. Optimal stripe width is 6 in. or 8 in.
2. Desirable ratio of white-to-orange coloring favors equal
white-to-orange or more white.

3. Optimal stripe design configurations are first vertical,
then horizontal; detection and recognition performance dec-
rement occurs for diagonal stripes and, most notably, for
chevrons.

4. As a configuration, chevrons best connote directional
meaning to drivers.

5. Vertical panels elicit better performance than hori-
zontal bars or trapezoid shapes.

6. There was little useful difference between Type I
(one-rail) and Type II (two-rail) barricades in terms of detec-
tion and recognition.

7. Tall, narrow, vertical panel-type images are recom-
mended over shorter, wider devices.

The preceding results, discussion, and recommendations
have been based on four short laboratory experiments of
rather limited scope and purpose. As with most research,
more questions seem to be uncovered in the process of con-
ducting the investigations than are answered. A larger prob-
lem of greater scope than simple discernments of stripe
widths, shapes, and configurations seems to underlie the
data. The perception of lines, angles, and edges as they geo-
metrically increase in size is not, apparently, a straight line
function perfectly correlated with increased detectability.
Rather, the actual image configuration achieved as these




Table 6. Directional decision proportions and z-scores ob-

tained for channelizing devices.

Directional Decision Proportions and
2 - Scores Obtained for Channelizing Devices

Table 7. Experiment 4 summary of ANOVA subject vs. height vs. barricade type.

Source of Degree of Sum of Mean

Variation Freedom Squares Square F=Ratio
Rails (A) Type I
or Type II 1 0.1856 0.1856 0.2589
Rail size (B) 3 5.0720 1.6907 2.6261
Subjects (C) 32 52.1667 1.6302
AB 3 49.6477 16.5492 20.7062*
AC 32 22.9394 0.7169
BC 96 61.8030 0.6438
ABC 96 76.7273 0.7992
Total 263 268.5417

Trial #1 Trial #2
Proportion Proportion
Description L R Z L R Z

25 1 Horizontal Panel .42 .58 [1.00 .37 .63 [1.53
26 2 Vertical Panel .27 <73 | 2.63%*% | .39 .61 |1.34
27 3 slant RightPanel .41 .59 | 0.96 .23 717 |2.96**
28 4 slant Left Panel .53 -47 {0.32 .58 -42 |0.89
29 5 Chevron RightPanel| .06 .94 | 4.98** | .06 .94 | 4.92%*
30 6 Chevron LeftPanel .97 .03 | 5.14%> | .97 .03 [5.14%**
31 7 Dbl. Chevron Panel .40 .60 | 1.09 .33 .67 |1.86
32 8 X Panel .34 .66 |1.72 .29 .7L-|2.32*%
33 9 Horizontal Bar 27 T3 | 2.63%% | .37 .63 |1.53
34 10 Vertical Bar .26 74 | 2:79%% | ;32 .68 | 2.01*
35 11 Slant Right Bar*##j , 23 <77 |13.13%% | (26 74 | 2.79%
36 12 Slant Left Bar**#*| ,52 .48 (0.11 .37 .63 |1.53
37 13 Chevron Right Bar .09 .91 | 4.64%** | 06 .94 | 4.92**
38 14 Chevron Left Bar .00 .00 | 5.66%* .00 00 | 5.59%*
39 15 Dbl. Chevron Bar .38 .62 [1.53 .45 .55 | 0.55
40 16 X Bar .39 .61 | 1.34 +33 .64 |1.86
41 17 Horizontal New .97 |7.03 | 5.20*% | .94 .06 | 4.80**
42 18 Vertical New .88 .12 | 4.19%** | .97 .03 |5.20%**
43 19 Slant Right New .91 .09 [ 4.53** | .84 .16 | 3.69**
44 20 Slant Left New .84 16| 3.85%* | .94 .06 [4.80*
45 21 Chevron Right New .53 .47 |1 0.36 .48 .52 |0.22
46 22 Chevron Left New .47 .53 10.45 .48 .52 |0.22
47 23 Dbl. Chevron New .60 .40 [1.09 .84 16 | 3.69%*
48 24 X New .78 .22 | 2.83%* | .81 <18 |:33oe*
Significance:
*a=.05 (2 > 1.96)
*4g = .01 (2 > 2.58)

***Stripes slant from lower left to upper right corner.

##xsStripes slant from lower right to upper left corner.

Table 8. Experiment 4

*Significant at .01 level

summary of ANOVA subject vs. panel width vs. panel

height.
Source of Degree of Sum of Mean
Variation Freedom Squares Square F-Ratio
Panel Height (A) 1 0.0076 0.0076 0.0111
Panel Width (B) 1 10.3712 10.3712 20.2627*
Subjects (C) 32 33.5606 1.0488
AB 1 0.0682 0.0682 0.1486
AC 32 21.7424 0.6795
BC 32 16.3788 0.5118
ABC 32 14.6818 0.4588
Total 131 96.8106
*Significant at .01 level

61
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Table 9. t-Ratios—number of barricade rails vs. rail height.

Pair of Conditions t ‘[ daf | Significance
Type I vs. Type II Ratio 1l 0 32 n.s.
Type I vs. Type II Ratio 2 | 6:95 32 .01

|
Type I vs. Type II Ratio 3 | 4.05 | 32 .01
Type I vs. Type II Ratio 4 1.50 : 32 n.s.
Ratio 1 vs. Ratio 2 Type I 4.51 32 | Bk
Ratio 1 vs. Ratio 2 Type II 2.60 32 .05 only
Ratio 1 vs. Ratio 3 Type T } 3.3 32 .01
Ratio 1 vs. Ratio 3 Type II : 1.29 | 32 n.s.
Ratio 1 vs. Ratio 4 Type I | 0.14 | 32 n.s.

|
Ratio 1 vs. Ratio 4 Type II 1.60 | V32 n.s.

& AR — e e S
Ratic 2 vs. Ratic 3 Type I 5.96 | 32 .01
Ratio 2 vs. Ratio 3 Type II 4,37 32 .01
Ratio 2 vs. Ratio 4 Type I 3.81 32 .01
Ratio 2 vs. Ratio 4 Type II 4.54 32 .01
Ratio 3 vs. Ratio 4 Type I | 2.41 | "32 .05 only
Ratio 3 vs. Ratio 4 Type II 0.36 | 32 n.s.

pi——t |
n.s. = not significant
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Il barricades.
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lines and forms interact with the display background draw
upon basic perceptual organizational principles which de-
serve further investigation. Quite simply, more data points
are needed to describe and model the functions of optimal
detectability as the parameters of size, height, width, design
stripe width, angularity of design, appearance against vary-
ing ambient backgrounds, position within the entire visual
field, and so on, are altered. The search for a “‘figurally
good”’ image for detection necessitates the testing of many
display sizes and configurations to better detection as a func-
tion of perceptual stimulus elements. Apparently, a certain
arrangement of the design elements against a certain type of
background produces optimal detectability. Specification of
these parameters based on present data, however, is not
possible unless it can be augmented by further study.

A final word may be said regarding the purpose of this
study. The determination of optimal stripe widths, color
ratios, and height-to-width ratios for barricades, panels, and
drums was executed as the driver detected and identified
these device simulations in isolation, against a background of
visual clutter designed to simulate real informational load-
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ings. In reality, these devices are not generally perceived
standing alone, but as a cluster or array protecting and chan-
nelizing traffic away from hazardous zones. Therefore the
design recommendations and findings are “‘inputs’’ to field
tests which examine these individual devices in combination
rather than alone. As noted earlier, the purpose here was not
to generate the optimally detectable single channelizing de-
vice, but rather to select for field testing those design ele-
ments most conducive to detection and identification, and
eliminate those elements soliciting consistently poor per-
formance. (Specifically, further testing in controlled and real
world settings was performed as Tasks 4 and 5.) These
laboratory studies suggest the best and the worst to be tried
in the field under real driving conditions to evaluate their
ability to effectively display the hazard situation and chan-
nelize drivers around it with the least perturbation of their
normal driving.

EFFECTIVENESS OF CHANNELIZATION DEVICES
(CONTROLLED FIELD STUDIES)

General

In Task 4 six experiments were conducted to verify the
results of the laboratory study and examine variables (i.e.,
size, brightness, spacing, arrays) which were not amenable
to laboratory study techniques.

The same methodology was used for all the experiments.
An instrumented vehicle (DPMAS) loaned to the project by
the National Highway Traffic Safety Administration was
driven by subjects on a 6-mile test course. The course was an
unopened, but almost completed, section of a by-pass near
State College, Pennsylvania. This four-lane divided road
conforms to interstate standards. At two sites with over
5,000-ft sight distances, a one-lane closure was set up using
only channelizing devices. No other signing was present. At
two other points, single devices were placed on the right
shoulder of the roadway. Figures 12, 13, and 14 show the
sites and the slight grades involved. At other points along the
route, drivers were required to stop suddenly, cross the
median to turn around, and obey stop signs. Thus, some
diversity was introduced into the test drive. Subjects were
given an orientation prior to entering the car. The experi-
menter riding in the car gave more specific instructions, and
after several hundred feet of practice drive, gave instructions
on the test course. Additional instructions were given
throughout the test drive. Following the 10-min drive, sub-
jects completed a short questionnaire and were thanked and
paid.

A factorial experimental design was used, with each treat-
ment seen by a different group of 10 subjects. In fact, each
subject drove by two arrays, but these were changed and
counter-balanced so that all 10 drivers in a group did not see
the same two devices in the same order. Later examination
of the data verified that the 3 miles of driving between arrays,
other maneuvers, and counterbalancing prevented any order
effects. Separate driver groups were used day and night.
An attempt was made to have each group of subjects divided
by age and sex in the same proportion as the general
(licensed) driving population. This was not precisely
achieved for each treatment group, but was attained for the
experiments overall.

a. View looking toward array 1

b. View looking toward array 2

Figure 12. Overall view of the sites where arrays were located.

Figure 13. Single device detection site.

The dependent variables included speed, lateral placement
in the daytime and night (for nighttime only treatments),
point of lane change, array detection distance, and driver
preference. Other measures collected, but found insensitive
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or unusable, were throttle pedal position, steering wheel
position and rate, and brake applications.

A massive amount of data is collected by the DPMAS
(e.g., 2 samples per second). This was reduced by first divid-
ing each array site into four distance groups: (1) 41005100 ft
before the taper, (2) 0—800 ft before the taper, (3) 660-ft taper,
and (4) the first 800 ft of the tangent section. Then a mean for
each dependent variable in each distance group was com-
puted. The means serves as the score for that driver in each
distance group. Analysis of variance with a repeated measure
was applied to these scores. Comparisons between specific
treatments were analyzed with t-test or Sandler’s A statis-
tics. For cases where the data were shown to be hetero-
geneous via an F,,, test, the nonparametric chi-square and
Kruskal-Wallis tests were applied. The 99 percent or 0.01
level was the criterion of significance for all experiments.

The treatments compared are given by experiment in
Table 10.

The results of each experiment are discussed in detail in
Appendix D. The devices are described and shown in Exhibit
D-1. The findings presented in the following are a synthesis
of the results. This synthesis was accomplished by categoriz-
ing each device into high, middle, and low groups on each of
eight measures, and then summing across categories. This
was done for experiment 2. These basic findings were then

Taper Tangent
12 18
Devices Devices

qualified or expanded as required by the results of the
remaining experiments.

Experiment 1—Device Detection

Each device was seen singly. Drivers indicated when they
first detected the device. Note that detection does not
necessarily imply recognition of type of device or stripe con-
figuration on the device. The means and standard deviations
of detection distance day and night are given in Table 11, and
statistical test results are given in Table 12.

Statistically, the 36-in. x 12-in. Type I barricade, cones,
42-in. post, and drum are superior in the daytime. At night,
the 12-in. x 36-in. panel is the best detected device, followed
by the drum, then the remaining barricades and panels.
Cones and posts have the shortest detection distance at
night.

A particularly interesting finding is that single device
detection is not consistently predictive of array detection
distances, as shown in Figures 15 and 16. Determining how
far away a single device can be seen is not an adequate
method of evaluating likely performance in an array setting.
Given this finding, the experiment data are useful mainly in
selecting devices to be used singly or in very small numbers
as hazard warning/alerting devices.




Table 10. Independent variables for the six closed field ex-
periments.

Experiment 1: all the devices listed under the next five

experiments

Experiment 2: (all devices have 6" diagonal stripes and
Type II retroreflective sheeting)

Barricades Panels Cones/Posts Drum

3'x12" Type I B8"x24" 28" Cone plastic
3'x12" Type II 12"x24" 36" Cone 55 gallon
2'x8" Type I 12"x36" 28" Cone 8" hori-
2'x8" Type II 42" post® zontal

stripe)

Experiment 3: 2'x8" Type I Barricades with:

® Engineering grade (Type II per Fp-74-7)

retroreflective sheeting

e High intensity grade (Type III) retro-
reflective sheeting (narrow..Z?
divergence or observation angle)

® Steady-burn lights on every device

@ Steady-burn lights on the taper device
only

e Steady-burn lights on alternate devices

Experiment 4: 2'x8" Type I Barricades and 8"x24" panel at:
e Speed limit spacing (55 feet)
e Half spacing (27.5 feet)

@ Double spacing (110 feet)

Experiment 5: Taper Tangent
1. 2'x8" Type I Barricade 36" Cone
2. B8"x24" Panel 42" Post
3. Each device in a "pure" array

Experiment 6: 2'xB8" Type Barricades with:
® Diagonal stripe

® Vertical stripe

*6" of Type III ¢ Chevron stripe (4" stripe)
lreflective material

Experiment 2—Comparison of Devices

Each of the devices was used in a lane closure array
with a 660-ft taper and 100-ft tangent section both day and
night. Results for each measure are detailed in Appendix D.
Table 13 summarizes the synthesized results, including the
data on optimized cones and tubes. In the table, results are
ranked high, medium, or low for each measure and device.
The total H, M, and L are summed for day, night, and day
plus night conditions. Finally, H, M, and L are summed for
day, night, and day plus night conditions for each device
category.

There are no major differences overall between the device
categories in the daytime. At night, barricades, panels,
drums, cones, and tubes are also equivalent if the optimized
cone and tube reflectorization is used. Posts and cones with
6 in. of collar did not elicit an equivalent level of driver
behavior, particularly at night.

Two types of device rankings were prepared based on
Table 13. The first (Table 14A) uses all eight MOEs and
assumes that speed reduction from taper to tangent is desir-
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Table 11. Mean and standard deviation of device detec-
tion data for experiment 1.

Detection Distances
Night Day

Device Mean (FT) SD (FT) Mean (FT) SD (FT)
Barricades:
3'x12" Type I 2311.1 814.81 2543.00 1284.28
3'x12" Type II 2048.25 979.05 1986.20 639.26
2'x8" Type I 2097.50 853.50 2178.70 900.71
2'x8" Type I1I Not avail Not avail 1438.70 821.55
Panels:
B"x24" 2019.23 674.56 1037.13 630.49
12"x24" 1343.29 414.24 1633.89 854.80
12"x36" 2874.80 291.34 1667.40 460.75
Posts:
28" 1223.78 261.21 1781.75 748.97
42" Not avail Not avail.| 2521.20 668.18
Cones:
28" 520.28 297.08 2543.19 445.80
36" 1045.94 638.12 2490.31 640.92
Drum: 2700.22 645.50 2448.73 822.73
Combinations:
2'x8" Type I +
Steady burn
light 2151.50 292.82 1857.00 815.66
2'x8" Type I +
High intensity
sheeting 1616.13 708.41 Not avail | Not avail
8"x24" Panel + |
Horizontal
stripe 2378.14 721.11 549.11 476.79
8"x24" Panel +
Chevron stripe 2407.00 591.84 1048.57 532.86
2'x8" Type I +
Vertical
stripe 2288.00 894.78 Not avail | Not avail
2'x8" Type I +
Chevron stripe 1977.50 1148.66 1525.00 1144.39

able. The second part (B) of Table 14 gives rankings without
that assumption (e.g., speed data are not included). In both
parts of Table 14 a less controversial assumption was that the
least weaving in the tangent section was safest.

In general, the major difference between the two types of
rankings reflects the finding that the optimized cones and
tubes have less impact on speed than the other device types.
This must be interpreted rather carefully because a test site
difference (two- vs. three-lane road) could account for loss of
speed reduction impact. This is supported by the result that
barricades and panels had an impact on taper-to-tangent
speed only in the two-lane situation. The underlying principle
is that perceived narrowing or road constriction interacts
with device size/visible area in eliciting speed change.

A second use of Table 13 would be to determine the
particular driver behaviors desired at a particular work zone,
then choose the device most closely eliciting the desired
behaviors.

In addition to the foregoing general synthesis, there were
more specific findings addressing questions posed in this
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Table 12. Summary of differences in detection distance between channelizing devices.*

Yoyl |1 |23 |a|s |6 |7 |89 10|11 [12[13]14 |15 |16 |17 |18
&
3" x 12" Type | Barricade 1 el [ ] s > o Bl (el B> o8 Bl
3" x 12" Type Il 2 \ x | = X
2' x 8" Type | Barricade 3 X X X bk RKeel 2% rsan=
2' x 8" Type | Barricade 4 \ e | wn | ma | %2 X X
8" x 24" panel 5 ol BCETH B X X
12" x 24" panel 6 % \ x| wn | ww X s X
12" x 36" panel 7 LA | sa X X
28”D05l 8 - -w % e - X - X
42" post g % b il [ k% > ] [ [l 2. i
ZS"CQHE 10 - .. - % - n - -n * " X LR x -
36" cone 11 * - - % ** EE X - % X -
drum 12 - - * % x - - X -
Steady burn light on 2’ x 8" Type | 13 i hE il B X | = X
High intensity sheeting on 2’ x 8" Type | 14 ] R X
8" x 24'" panel w/horizontal stripe 15 s - i X i
8" x 24" panel w/chevron 16 e " aa | o X
2' x 8" Type | w/vertical stripe 17 bl L LAl \
2" x B" Type | w/chevron stripes 18 e | wn
* Based on the least squared difference (LSD) test {3)
** Sig «.01
X No data
experiment. These are stated followed by the findings which e. In every group, regardless of device, one to four sub-
answer those questions. Jjects drove to within 20-300 ft of the taper before
changing lanes.
i : . f. All devices elicited a shift in lateral placement towards
. 1. What effec'!.\: do various <,"areg()r:es ofcharme-hzmg de- the left edge of the lane away from the devices.
vices have on driver behavior? There were no differences g. There were differences in displacement (weaving or
between the four major device categories. This is true when path consistency) elicited by devices. The 3-ft x 12-in.
the optimized posts and cones are used. The standard cones Type II, 8-in. X 24-in. panel, and 36-in. cone showed
d fubss: (64 50 & tfaticti Il a5 pihet de- the least weaving.
al:] L es_ in. collar) do no. nacton _as weltas ot e h. There were no significant differences in speed distribu-
vices at night. In terms of specific behavioral effects, none of tions between the devices tested.
the channelizing devices elicited unique or particularly i. In the daytime, larger devices in each category elicited
hazardous behaviors. The effects found include: a statistically significant speed reduction (around
a. Long array detection distances (3,100-5,000 ft) in the 2 mph) from taper to tangent section. At night, barri-
day and somewhat shorter at night (2,050-4,000 ft). cades, panels, and drums (but not posts or cones) elic-
b. Considerable variability in array detection distance be- _ ited the speed reduction (around 2 mph).
tween drivers for most devices. J. Driver rankings of device pictures indicated people

¢. For barricades, panels, and drums, the mean point of
lane change is farther away from the array at night than
in daylight. However, for cones and posts, there was
little difference or the reverse was found.

d. Extensive variability in point of lane change among
drivers was evident, particularly at night for larger
devices.

2. Are channelizing device effects on driver behavior dif-
Sferent under day and night visibility conditions? The follow-
ing differences were prominent:

think the larger devices (3-ft % 12-in. barricades, drum)
are easiest to see.
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Figure 15. Mean detection distance —single devices vs. arrays (day).

. Array detection distance was less at night.
. Array detection variability was greater at night.
. Point of lane change was farther away from the taper at

night except for posts and cones which were the same
or closer at night than in the day.

. Speed reduction at night from taper to tangent was

controlled by device type (barricade, panel, drum), not
by device size.

. During day and night, drivers’ perception of the array

was one of a pattern or line of color (day) or light
(night). Drivers could not tell what type of device or
what pattern was used on the device when they first
detected the array.

c. At night, visible reflectorized area appears to be crit-
ical in controlling point of lane change, speed reduc-
tion, and detection distance.
3a. No difference was postulated between the 8-in. x
24-in., 12-in. x 24-in., and 12-in. x 36-in. panels.
a. The 8-in. x 24-in. panel performed consistently poorer
than the two larger panels.
3b. No difference was hypothesized between one- and
two-rail or large and small barricades.
a. The data indicated that the larger devices (3 ft X 12in.)
are quite superior to the smaller (2 ft x 8 in.) barricades
in every respect.
b. Differences between one- and two-rail barricades were

3. What effect does device size have on driver behavior?
Device size appears to have a more powerful impact on be-
havior than the laboratory experiments suggested. This is
partially because device arrays are not simply an additive of
single device characteristics. Specifically:

mixed and a second test was run (see App. F). There
the one-rail device had no lower cross bar or brace
between legs. The two-rail was superior. It therefore
appears that two-rail devices are preferable, particu-
larly for the smaller barricades.

a.

Speed reduction in daytime is controlled by device
size. The largest devices in each category resulted in
speed reduction.

. Device size appears to control driver perception or

ease of device detection in the daytime.

4. Does device shape have an impact on driver behavior?
This was stated in the null form as: There will be no dif-

ferences between bar and panel shaped devices.
a. This experiment supports the laboratory study in that
overall bar and panel shapes are highly comparable.
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Figure 16. Mean detection distance —single devices vs. arrays (night).

Size appeared to control behavior more than shape.

. The larger barricades were more consistent across
measures and did not have some of the rather large
vacillations in measures associated with the larger

panels.
. The roundness of the drum was apparently not per-
ceived at great distance so it, in essence, functioned

more like a large panel.
The triangular shape of the cone apparently provides
attention-getting geometric contrast in daylight.

From the results of this experiment there is evidence that
size and visible area control driver behavior more than
shape. Specific design recommendations supported by the

data are:

d.

1. Barricades should be the 12 in. x 24 in. size with 12 in.

x 36 in. used where space permits.
2. There appears to be little advantage gained from two
rails except for the smaller size (8 in. x 24 in.) barricade.

(2x8TYPEI)
HORIZONTAL -
PANEL (8 x 24)
CHEVRON PANEL /|
(8 x 24)
VERTICAL BARRICADE |
(2x 8 TYFEI)
CHEVRON BARRICADE {
(2x8 TYPE 1)

Then the two-rail has a distinct advantage.

3. Panels should be a minimum of 12 in. wide and no less
than 24 in. long.

4. Triangular cone shapes provide good geometric con-
trast but need to be relatively large for maximum effect (e.g.,
28-36 in.).

5. Tubes also should be no less than 28-in. high (3.5-4 in.
diameter minimum).

Operationally, there appears to be no driver-behavior-
related rationale for having more than one type of channeliz-
ing device available. Economically and logistically there are
advantages to having the smallest possible numbers of device
types inventoried. In the daytime, any of the large devices
from all four categories are relatively equivalent. At night,
the same devices are also equivalent. Table 13 gives the
specific variations among these devices.




Table 13. Synthesis of experiment 2 results (includes Phase II).
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@
Array Array Point -
Detec- Detec- of I;?:]eril Speed |3 § Summaries
tion tion Lane g2 5%
Day Night Change |Ment g
@ @ _'C"
e = £ 2|5 Individual Devices
E e F Ly cl! z Device Groupings
S =2 a| z |
‘2 e [ [ & S | g - ) **(Total (Total number/percent)***
° c _é c| 8 8 [ 5 2 & (Total possible = 6) possible = 10)
s(2l5|2|5|s5| 5 |32|3|8
T Szl &= = e s |8 o Day Night Combined Combined
a Sla|ls]le|a]| 8 2l ]
c c c c IR @
S|12|5|8|8|8| 5|88z L
s|8l2|18|= s > 3| & 4 H| M LIH|M|L[H|M]|L H M
Barricades
3¥x12"Typel |H* [H | H|H|[H H M H|H|M]|A4 2 0 4 2 0 8 2 0
3 x12"Typell | H [H | M| L L|H H H|H|[H 5|0 1 4 1 1 7 1 2 2 1
2x8'Typel |M|H|L|L|[M|H | M| LlfH|[L|[?V]3]2|2]|1]3]3]|3]4 Y2 | %23 | '%%s
2'x 8" Type ll L L|HI|H LM M LIH|M|[O0] 2 4 3 3 0 3 3 4
Panels
8" x 24" L |H L Li{M| L H L|H L |2 1 3 2 4 3 1 6
12" x 24 Ll H|H|H|H|[H | L] H[H|[M[3] 1 |2|a]1 17|12 [NV | 3% | 193
12" x 36" H|H|H]|H L| M L H|H]|H 4|0 2 4 1 1 T 1 2
Posts and Cones (MUTCD Standard)
28" post L |H L LiM|L L L L L 1 1 4 0 0] 6 1 1 8
42" post L 1H L L|H L L H L L|{3]0 3 0 0| 6 3 0 7
28" cone wlnlELE el el St clwi2 122 sl 2|l 2] 2 e lfivee | 44b | %56z
36" cone H|H|L|L|M|L H H|IL|H/|5B][1 0|]2]|]0)]4]5]|1 4
Posts and Cones (Optimized)
28" post H|H|H|H|H]|H (L) Ljrjwyjsajojajajo]3]e|]o]|s
42" post H|H|H|H]|H|H (L) LjL|i{y)]3|o|3]|3]o]3|6]0]|6
28" cone HIH[H{H[HIH || LfLfMw]3]2]1]3]2 6|4 |2 |23, | 440 | 1343
36" cone Data for optimal condition not available
Humi
el Hlolwlnlnlu|mw] cfloelmm]22]2]aflz]1]s]a]fs
cone
Drum
(55 gallon H |H [NAINAIM [ M M H|HI|H 4 2 0 2 2|0 5 3 0 5, 3 0
plastic) (4] (7] } /63 /67 ﬁ
'ﬂigh, Medium, Low number.
**Refers to total of H, M, or L's possible for each device.
***Refers to total number of H, M, or L's in each cateogyr and corresponding %.
{ ) Category assumed from MUTCD standard condition.
Definition of High, Medium and Low Categories
High Medium Low
Experiment 3—Steady-Burn Lights and Reflectance
Speed Change
At night, the impact of steady-burn lights on driver behav- Significant reduction in Not used No significant change

ior was compared to the same devices with Types II and III
retroreflective sheeting. The steady-burn lights add consider-
able detection distance to devices with Type II sheeting.
They also more than triple the distance or zone in which lane
changing occurs before the taper. Lights on each or alternate
devices are equally effective. Steady-burn lights in the taper
only are statistically no different from lights on every device
and on alternating devices in the taper and tangent, but they
do not spread out the lane change zone to the same degree.

The comparison of Type I1I sheeting (high intensity) with
lights and Type II sheeting (engineering grade) demonstrated
the importance of angularity. Narrow angle sheeting, even
though high brightness, is not effective under certain site
geometric characteristics (i.e., hills, curves).

In the cone and tube optimization test of Type II vs. Type
IIT sheeting, the Type III was significantly better at night.
This was achieved on a flat straight road.

Even though the Type III sheeting and steady-burn lights
are comparable in terms of point of lane change and array
detection distance, the effect of vertical or horizontal curva-
ture on any reflective sheeting must be considered.

speed from taper to
tangent section—2 to
3 mph.

Most consistent path or
guidance behavior.
Taken from Table D-7

Day 4000 plus feet
Night 3000 plus feet

Mean minus two
standard deviations
equals 1000 feet
or more

600 or more feet

Top third of
Table D-11

Lateral Placement

From Table D-7

Array Detection

3501-3999
2501-2999

osp
(Decision Sight Distance)

Not used

Point of Lane Change
401-599 feet

Preference

Middle third
of Table D-11

Greatest amount of dis-
placement or weaving.
From Table D-7

3500 under
2500 or less

Equals less than 1000 feet

400 or less

Lower third
of Table D-11
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spacing have little impact on driver behavior. There were no

Experiment 4 —Device Spacing

speed or lateral placement differences between half, regular,

and double SL spacing. A nonsignificant trend suggests that

Regular speed limit (SL) spacing (55 ft in this test)
was compared to half (27.5 ft) and double (110 ft) SL spac-

ing.

point of lane change and array detection increase with

and vice versa. Spacing combinations such

as half SL in the taper and double SL in the tangent have

icings

b

shorter sp

I'ests were run with 2-ft x 8-in. Type I barricades and

8-in. x 24 in. panels. The results indicate that changes in




promise for optimizing driver behavior and reducing logistic
and maintenance cost.

Expcriment 5  Mixed Devices

Two mixed device arrays were tested day and night. The
2-ft x 8-in. Type I barricade in the taper plus 36-in. cone in
the tangent and 8-in. x 24-in. panel (taper) plus 42-in. post
(tangent) were compared with arrays composed only of each
device type. In the daytime, there were few differences be-
tween mixed and single device arrays. Any advantages to
this type operation will stem from logistic or cost (not driver
behavior) considerations. At night, the effect of mixing de-
vices appears to be a compromise in driver behavior between
the characteristics of the two devices used. Therefore, the
types of devices used and behavioral consequences must be
carefully considered. Only two device combinations were
tested here and further research on other combinations is
desirable. However, behaviorally, there does not appear to
be any particular advantage to mixing devices.

Experiment 6 —Best/Worst Validation of
Task 3 Markings

In this experiment, the effect of diagonal and chevron
stripes on barricades and panels was tested. Also tested were
a horizontal stripe on the panels and a vertical stripe on the
barricades. The particular chevron design used here was not
as detectable in the daytime as the other patterns. The dimin-
ished performance may be because a 4-in. stripe, not 6 in. as
used on the panels and barricades, was used. At night, the
chevron was equivalent to the other patterns. A vertical
stripe on barricades did not perform well, most likely be-
cause it did not form a satisfactory pattern of contrast with
light or dark backgrounds. The horizontal stripe on panels
appears equal to, and perhaps better than, the diagonal
stripe. Thus, a horizontal pattern can be used on panels;
chevrons as well as diagonal stripes can be used at night on
barricades and panels.

Evaluation of Dependent Variables

Three types of dependent variables were used in the exper-
iments: detection, vehicle control, and preference. Of the 13
measures used, the following are recommended as sensitive
to different channelizing devices and, therefore, are probably
useful for work zone measurements in general: speed change
from taper to tangent sections; point of lane change (mean
and variance), array detection (mean and variance), the
derived decision sight distance criteria (see Table 13 for brief
explanation), and displacement (weaving) in the tangent.

Comparison of Task3 and Task 4 Results

The purpose of Task 4 was to verify and extend the
Task 3 laboratory work. Given the Task 4 results, the follow-
ing statements summarize the comparisons of the two tasks:

1. Stripe Width —The laboratory tests indicated 6- or 8-in.
stripes were optimal.

2. Shape —There was little difference between bar and
panel shapes in the laboratory. In the closed-field experi-
ments, the large one-rail barricade had a slight advantage
over the larger panels. However, the laboratory finding that
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bar and panel shapes are generally equivalent was verified.

3. Configuration—The laboratory data suggested hori-
zontal and vertical stripes could be more detectable than the
diagonal. In Task 4, the horizontal stripe on a panel was
equal to, and perhaps superior to, the diagonal configuration.
The vertical stripe on barricades was definitely inferior to the
diagonal stripe. Chevrons were equal to other configurations
at night, but were not as detectable in the daytime. This
confirms the laboratory finding.

The chevron is unique among the configurations tested in
that it is the only one to consistently and reliably convey
directional information on a channelizing device; the chev-
ron is the only acceptable configuration of the four tested for
that purpose.

4. Color Ratio — Again, this was not directly tested in the
closed-field study. From the laboratory findings, a 1:1 ratio
and no more than a 2:1 white-to-orange ratio were recom-
mended. The ability of devices with the 1:1 ratio to provide
adequate contrast both day and night was evident from the
Task 4 data. The success of devices in being detectable ap-
peared to be more than a simple matter of color ratio. A
single color on a device might suffice against a very simple
bright background; however, against multicolored, varie-
gated backgrounds, some type of pattern greatly aids a driver
in discriminating the device from the background. The an-
gles, colors, shape, and contrast formed by a device pattern
serve to break up and standout from the visual complexity of
most backgrounds. The most effective devices are those
which, when placed in an array, enhance and extend the
pattern throughout the array. Drastically increasing either
white or orange would probably alter the overall pattern
perception and hamper constrast under light or dark visibility
conditions.

5. Height-to-Width Ratio— According to the laboratory
studies, this parameter did not have a profound impact on
detectability. Thus, shorter or narrower devices should be
equally as effective as wider or longer devices. The closed-
field experiments included this variable only to a limited
degree. However, the pattern of differences in Task 4 indi-
cated that size is the controlling variable. The height-to-
width ratio is much less important than assuring a sufficient
visible area. Thus, the laboratory studies were verified.

As part of this parameter, one- versus two-rail devices
were studied in the laboratory. Findings were not clear, but
one-rail devices were recommended for additional study.
One closed-field study finding supported that recommenda-
tion; a second did not. The data show that there is little
difference between a Type I barricade which has a lower rail
that is not reflectorized and a Type II barricade. However,
there is a significant difference between a Type I barricade
with only one rail and a Type II barricade. Also, the Type I
and Type II difference is evident for the smaller barricade
(8 in. x 24 in.). For the larger size barricade 12 in. x 24 in.,
or greater, one-rail appears adequate.

In summary, the laboratory findings were generally ver-
ified. Task 4 did, however, demonstrate the importance of
the effects of arrays as opposed to single devices, the impor-
tant contribution of device size, and (at night) the value of
device brightness. This simply indicates that laboratory
studies can be useful, but they are severely limited in the
scope of contributing variables that can be studied.
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Task 4 Cone and Tube Optimization Studies

This effort was to gather experimental data to determine
the effects of size, spacing, reflectorization, etc. on drivers’
ability to perceive and negotiate the cone or tube image and
arrays. Task 4 testing had shown cones and tubes to be as
effective as other channelizing devices in the daytime, but a
performance decrement was found at night. Therefore, the
goal of the work reported here and detailed in Appendix F
was to optimize nighttime performance characteristics of
cones and tubes without sacrificing daytime effectiveness.

Selecting Cone and Tube
Configurations for Study

Two sources of information were used to guide selection of
device treatments: a literature search and results of opera-
tional practices surveys. Two survey forms, one for state
traffic engineers and one for American Traffic Services As-
sociation Members, provided information on cone and tube
designs. Complete results are given in Tables F-1 and F-2. In
summary, 28-in. cones predominate, with 36 in. and 18 in.
also used. Various forms of reflective collars are used at
night, but cone use at night is quite limited. About one-third
of the respondants used 36-in., 39-in., or 42-in. tubes pri-
marily in the day. Smaller tubes were used in one state for
separation of two-way traffic but not for lane closures. In
general, tubes are used for long-term operations somewhat
more than cones.

Using these sources plus project panel and ATSA Cone
Committee comments the cone/tube treatments listed as fol-
lows were selected for further testing:

Cones Tubes

5 areas of reflectorization (69, 5 areas of reflectorization (14, 28,
138, 207, 276, and 345 sq. in. 43, 57, and 71% of area covered
corresponding to single bands corresponding to bands of 6, 12,
of 6, 10.4, 14, 17, and 19.7 in.) 18, 24, and 38 in.)

Number of bands of reflector-
ized material (1, 2, 3)

1,2, 4,6, or 8 bands

High versus low mounting High versus low mounting
position position

4 types of reflectorization 4 types of reflectorization

plus internal illumination
2 colors (white and amber) 2 colors

3 sizes (18-, 28-, 36-in.) 3 sizes (18-, 28-, 42-in.)

3 device spacings (half, reg- 3 device spacings

ular, and double speed limit
spacing)

Experimental Method

Two test procedures, both in a closed field setting, were
used to conduct 10 experiments. In the first set (4
experiments), 4 or 5 subjects at a time were driven by lane

closures with a different cone/tube design at each pass. Sub-'

jects pushed a button when they first saw something in the
lane ahead (detection distance) and again when they could
tell the lane was closed and they would have to change lanes
(recognition distance). The second set of 6 experiments ver-

ified and expanded the first set. The method was as close a
replication of the Task 4 closed-field study as possible. The
major differences were:

1. A different test site had to be used because the original
test site was now open to the public. Figure F-1 shows two
views of the new site. The 7-mile drive had an array in each
direction on a straight flat road section three lanes wide.
Thus the new site was 1 mile longer, was flatter, and had an
additional lane in each direction compared to the earlier site.

2. A 1981 Escort station wagon was instrumented to col-
lect array detection distance, point of lane change, and speed
instead of NHTSA DPMAS (a 1974 Chevrolet).

Step 1 Testing. The purpose of this series of experiments
was to determine the optimal values for several cone and
tube design parameters. From the variables listed earlier, the
reflective area, number of bands, mounting position, reflec-
tive material, and device size were selected. Four experi-
ments (see Table F-4) were designed and tested.

The various treatment configurations are shown for cones
in Figure F-3 and for tubes in Figure F-4. The device sizes
tested were 18-in., 28-in., and 36-in. cones and 18-in., 28-in.,
and 42-in. posts. Reflective material tested included 3M
‘““High Intensity’” in white and yellow, Reflexite vinyl in
white, and polycarbonate in white and yellow. In addition, 12
vinyl/¥2-polycarbonate and internally illuminated cone treat-
ments were tested.

The findings in terms of the various tube and cone design
characteristics are summarized in Table F-8. The last column
of that table also indicates parameters of values that needed
to be verified or studied further in the Step 2 tests.

Step 2 Tests. In this step, a factorial design was used in
which each treatment was seen by 8 subjects and tested day
and night. For analytic and interpretation purposes the treat-
ments were grouped to form experiments testing specific
hypotheses. Need for the various experiments was identified
in Step 1 testing. Table F-9 summarizes the 8 experiments.
To establish comparability between the closed-field Task 4
tests and the follow-on optimization study, an empirical
“‘bridge’” was created by testing several devices from
the original experiments in the cone and tube optimization
setting.

On the basis of the preceding experiments, several design
suggestions for cones and tubes can be offered. By incor-
porating these suggestions in cone/tube design, driver re-
sponse to these devices can be substantially improved at
night without daytime decrement. Tables F-16 and F-17 sum-
marize the various findings and state design and use guide-
lines based on the findings.

Several qualifying factors should be noted about these re-
sults. First, only cars were used in the closed-field testing.
The effect of truck/bus eye height on these findings is not
known. Second, unique designs or modifications to tubes and
cones can be readily designed (e.g., wider tubes, flat reflec-
tive panels inserted in cone or tube tops at night, light
mounts, cones or tubes with one side flat) but were not within
the scope of this study. Third, not all problems noted in the
user survey were addressed by this project. Stability, dura-
bility, storage (stacking), and vandalism, although obviously
important, were not considered.

Data from experiment 7 indicate that there was moderate



comparability between the original Task 4 tests and the
follow-on optimization tests. Panels, cones, and tubes, par-
ticularly on the array detection measure, were similar. Barri-
cades were discrepant for the point of lange change and array
detection measures. This limited comparison of barricades
with devices from the earlier tests.

In experiment 8(a), the Type III sheeting was superior to
the Type II at night, but not in the day. Nighttime array
detection was in the 4500-ft and lane change in the 1500-ft
range. For experiment 8(b), the two-rail 2-ft x 8-in. barricade
was clearly superior to the one-rail. Details of these results
are given in Appendix F.

In conclusion, the result of the Steps 1 and 2 testing is a set
of design guidelines which produce cone and tube configura-
tions that are detectable at least 30004000 ft away at night
and 4000-5000 ft away in the day, meet the decision sight
distance criterion, elicit lane changing 800-1600 ft before the
taper, and after eliciting an initial speed reduction (= 2.5-3.5
percent) have minimal effects on speed from 1100 ft prior to
the taper through the tangent section.

Summary of Findings and Selection for
Field Tests in Task 5

Although the closed field studies were a step closer to
reality than the laboratory, they still represented a very sim-
ple ‘“‘pure’ situation. The next task was to validate these
findings in an operational setting. One concern about the
next step is measurement sensitivity. The measures used in
the closed-field situation were relatively **fine-grained’’; yet
there were no large, dramatic differences. This was particu-
larly true of measures which are typically used in full field
settings (e.g., speed). When channelizing devices are buried
within the context of a full work zone information system,
the relatively small differences found in the closed-field
situation may be washed out or masked by overriding re-
sponses to other components of the work zone. With that
possibility in mind, the findings that are recommended for
verification in the field evaluation include:

1. Large devices elicit speed reduction to a significantly
greater extent than small devices.

2. Drivers change lanes further away from the taper at
night than in the day.

3. Panels and barricades are equivalent in their impact on
drivers.

4. Steady-burn lights are highly detectable and increase
the mean and the overall zone where lane changes occur.

5. Alternate or taper-only light spacing is as effective as
lights on every device.

6. The relationship between steady-burn lights and Type
111 sheeting needs further investigation.

7. Wider device spacings are equivalent to regular speed
limit spacing.

8. Mixed arrays, at least at night, reflect a compromise
between the performance elicited by the two devices used.

9. The chevron configuration and horizontal stripe on
panels are equivalent to the diagonal stripe.

EFFECTIVENESS OF CHANNELIZATION DEVICES
(FIELD EVALUATION STUDY)

General

The final task of this study was to evaluate the effective-

31

ness of selected channelization devices when used collec-
tively under actual field conditions. The purpose of this eval-
uation was not so much to determine the most effective
device, but rather to validate that those devices and designs
which were found to be promising from the previous tasks
would perform adequately under actual conditions. Perfor-
mance measures in this case consisted of the traffic flow
parameters of speed, speed variance, lane changing, and traf-
fic conflicts. Adequacy was judged by comparing the per-
formance of the selected device against the performance of a
standard MUTCD device.

The work zones that were used for testing were as follows:

1. Site 1—a two-lane (one direction) by-pass of a bridge
repair project. Both lanes were maintained as they were
routed over the median.

2. Site 2—a right lane closure on a two-lane (one
direction) highway to provide space for shoulder repairs.

3. Site 3—a left lane closure on a two-lane (one direction)
highway to provide space for bridge repair.

Table 15 describes the various devices that were tested at
each of the three sites. These devices are grouped as follows:

1. A base condition consisting of a Type I barricade with
a 24-in. wide and 12-in. high rail and 6-in. diagonal orange
and white stripes.

2. Two devices the same as the base condition but with
vertical stripes, and one treatment with devices spaced at
110 ft along the tangent section.

3. Five device combinations using Type I barricades but
with 4-in. chevron stripes; and, along the tangent section,
two treatments using cones and one with devices spaced at
110-ft intervals.

4. Three device combinations using 12-in. wide by 24-in.
high vertical panels and variations of spacing and cones on
the tangent section.

These devices were selected with consideration of the results
of the previous tasks and the logistical limitations.

The data collection procedure consisted of obtaining traf-
fic flow measurements of vehicles as they approached and
passed by the work zone channelization devices. The Traffic
Evaluator System (TES), an electronic device which moni-
tors all vehicles in all lanes instrumented with a tapeswitch
sensor, was employed to collect data on vehicle speed, ac-
celeration, and lane changing. Because the tapeswitches
were placed at several locations, profiles of mean speed and
speed variance could be developed. The TES software also
identified lane changing between tapeswitch traps in the adja-
cent lanes. This instrumented data collection procedure was
supplemented by manual observation of traffic conflicts and
erratic maneuvers of various types. On each data collection
day, a new channelization treatment was deployed, and data
were collected for a 3- to 4-hour period during the day and,
for most cases, the night. Changes were made only to the
channelization devices and not to any of the signs, markings,
or any other devices present.

The findings of this task are presented in order of the four
performance measures used for the evaluation. Appendix E
contains complete documentation of the data collection
methodology, analysis of the data, and results for the three
test sites.
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Table 15. List of treatments tested at each site.

3 Sites
Treatment : Device :

Location 1 Pattern Spacing 1 2 3

No. Type

K-10 1-67 1-65/74
n m
3 iFaper A et Typed e gl B5 ft D, N2 D.N D.N
(Base) Tangent Barricade

24 eper 24" x 12" Type | | 6" vertical 56 ft D, N D D, N
Tangent

2B Taher 24" x 12" Type | | 6" vertical B D, N D,N
Tangent 110 ft
Taper " e "

3A 24" x 12" Type | | 4" chevron 55 ft D,N
Tangent
Taper " i i

3B 24" x 12" Type | | 4" chevron 110 ft D
Tangent

ac Tapsr 24" x 12" Type | | 4" chevron BB B
Tangent 110 ft :
T o I it

3D aper 24" x 12" Type | | 4" chevron 55 ft D, N D D
Tangent 36" cone 55 ft
T » o a4 i

3E aper 24" x 12" Typ 4" chevron 55 ft D
Tangent 42" post cone 55 ft

4A Taar gyl S pvoriical 6" horizontal 55 ft D,N D,N

panel
Tangent
7 " i

4B Ll 2:ne’|‘ FEEREER 6 harizoniol il D
Tangent 3 110 ft
Taper 24" x 12" vertical 55 ft

ac panel 6" horizontal D
Tangent 36" cones 55 ft

1Steadv‘burn lights were placed on all devices except the cones and were operative during the nighttime; for cones, reflective
collars were used during the night.

2p tested during day.
N — tested during night.

Mean Speed

Figures 17, 18, and 19 show the daytime and nighttime

speed profiles for each lane for sites 1, 2, and 3, respectively.
The profiles are those for the base condition (i.e., channeliza-
tion devices consisting of Type I barricades with a 24-in. x
12-in. rail of diagonal stripes (steady-burn lights were used at
night on all barricades). Appendix E shows the profiles for
the other experimental treatments. The base condition pro-
files are presented as examples of the speed profiles for all
treatments because none of the treatments varied drastically
from the base.

The speed profiles for each site are unique to that site and
should not be considered as generalizable to all work zone

types. Nonetheless, there are some findings which apply to
all three sites.

Day vs. Night

At all three sites, day speeds were generally higher than
night speeds. The difference ranged from 2 to 5 mph depend-
ing on the site and trap location. The day and night speeds
were substantially different at the upstream traps, but the
day speeds tended to converge down to the level of the
nighttime speeds in the work zone areas. This indicates that
motorists do not reduce their speed as much at night as they
approach and travel through the work zone as they do during
the daytime, mainly because they are already travelling at a
lower speed.
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Lane Differences

Each of the sites was a four-lane divided highway and had
two lanes open in the approach to the work area being
studied. At each site, lane 2, the median lane, had higher
speeds than lane 1, the outside lane. This is true even where
lane 2 was to be dropped as was the situation for the left-lane
closure site (see Fig. 19). In fact, at this particular site, the
speeds in lane 2 remained at about 5 mph faster than lane 1.
Also, in examining the speed profiles of the two-lane clo-
sures, especially site 3, the faster lane speed profile dropped
down to the level of the slower lane in the area of the work
Zone.

Device Differences

In comparing the speed profiles for the various channeliza-
tion treatments, only the data for the lane closure to the
devices were used. For site 1, the speed profile for lane 1 was
used; for site 2, lane 1 for traps 1 through 5 and lane 2 for
traps 6 through 9 were used; and for site 3, lane 2 for traps
1 through 5 and lane 1 for traps 6 through 9 were used.
Figures E-4, E-7, and E-10 show the speed profiles for the
various devices as compared to the base condition.

The findings from that analysis indicate that none of the
experimental treatments tested consistently produced mean
speeds higher than the base treatment. Most devices resulted

in speed profiles that were within the range of the mean
confidence interval of the base condition. A few treatments
had significantly lower mean speed profiles, especially in the
area of the taper and tangent sections, for the two-lane
closure sites. In particular, all treatments using the chevron
pattern on the Type I barricade had this effect. The speed
reductions were substantial enough to question their safety
effectiveness. Although in most cases a general speed reduc-
tion might be desirable, a large change would not be.

Mean Speed as a Performance Measure

It appears from the results obtained from the traffic evalua-
tor system that mean speed, and especially speed profiles,
can be used as a measure of effectiveness for channelization
devices or probably any other traffic control devices. Signifi-
cant differences were found between some treatments which
presumably are related to the effect of the devices rather than
to any spurious event. However, interpretation of speed dif-
ferences presents some difficulty because there are differ-
ences in opinion as to the desired speed profile through a
work zone. Some operating engineers and researchers be-
lieve that work zones are inherently more hazardous and,
therefore, motorists should travel at slower speeds; others
believe that speeds through the work zone should be main-
tained at the level prior to the work zone. In view of these
opposing philosophies, it is difficult to state categorically that



a channelization device is more effective if it reduces or
increases speed.

Speed Variance

The second measure of effectiveness obtained from the
traffic evaluator system was speed variance. This statistic is
a measure of the dispersion from the mean and has been
related to accident proneness in previous research. At a
given mean speed, higher speed variance would indicate a
more hazardous situation because more motorists would be
travelling at higher and lower speeds than the average speed.

Figures 20, 21, and 22 are speed variance profiles for the
three sites. As with the mean speed profiles, they represent
the base condition for both lanes, day and night. The findings
related to speed variance are discussed in the following.

Day vs. Night

It was noted earlier that day mean speeds were in most
cases higher than night speeds, especially in the approach
area. This relationship did not hold true for the speed var-
iance profile for all sites. At site 1 (see Fig. 20), speed vari-
ances were higher at night at most traps; but, at sites 2 and
3 (see Figs. 21 and 22), they were frequently lower than
daytime speed variances. At all sites, however, the speed
variance profile is ‘‘noisier’” (i.e., subject to more fluctua-
tions) than the daytime profile. These fluctuations were par-
ticularly noticeable in the taper approach area. This result
indicates that although motorists, on the average, tend to
drive at slower speeds at night in work zone areas, they do
so with more variation, especially as they approach the tran-
sition area.

Lane Differences

Mixed results were found with regard to differences in
speed variances between lanes. The higher speeds found for
the inside lane did not transfer over to speed variance in all
cases. There seems to be a trend, although not conclusive,
that speed variances are higher in the lane that is to be
dropped, lane 1 for site 2 and lane 2 for site 3. This would
seem reasonable because motorists had to merge out of their
lane and lane changing causes more speed variance.

Device Differences

As with the mean speeds profiles, Figures 20, 21, and 22
show the speed variance profiles only for the base treatment.
Figures E-5, E-8, and E-11 show the variance profiles for
each of the experimental treatments.

The findings of the treatment comparisons for the three
sites indicate that at site 1 only one treatment, Type I barri-
cades with 6-in. vertical stripes, was different from the base
condition. At night, this treatment produced a higher speed
variance profile, but in the day it was lower than the base
treatment.

At site 2, the three channelization treatments using chev-
ron patterns on a Type I barricade had a higher speed vari-
ance in the taper approach area. They also produced lower
speeds. On the basis of the assumption that the difference in
speed variance is attributable solely to the devices, it appears
that the chevron pattern causes more speed variation. This is
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difficult to explain because the results of the earlier tasks
indicated that motorists understood the directional sym-
bolism of the chevron better than other patterns.

At site 3, speed variance profiles for most experimental
treatments (including a few with chevron patterns) were simi-
lar to the base treatment. One notable exception was a treat-
ment consisting of Type I barricades with chevron patterns
spaced at 110-ft intervals along the tangent section. Unfortu-
nately, because there were two items different from the base
condition, the chevron design and the longer spacing, it can-
not be determined if one or both of the factors caused
the increase in variance. But, because the differences were
more dramatic in the tangent area where the spacing was
longer, this result would indicate that long spacing (in this
case, twice the original speed limit) produces higher speed
variance.

Speed Variance as a Performance Measure

The results obtained from the three study sites indicate
that speed variance is a viable performance measure for eval-
uating the effectiveness of alternative channelization de-
vices. It can be observed from the profile charts that some
devices produced similar mean speed profiles but dissimilar
speed variance profiles. Where this occurred, an erroneous
conclusion regarding the effectiveness of a particular treat-
ment could be made if the only performance criterion was
changes in mean speed.

Lane Changing

The third measure of effectiveness used was the occur-
rence and location of lane changing. The traffic evaluator
system software tracks individual vehicles as they travel
through the tapeswitch arrays and can, therefore, indicate if
a lane change occurred between any two tapeswitch traps in
adjacent lanes. The findings with regard to lane changing are
given for each site separately because each was a unique
situation.

Site 1

This site was a by-pass-type work zone in which both lanes
were maintained and diverted around the work site. Lane
changing was not required and, in fact, was discouraged with
the use of a solid white lane line. Table 16 gives the frequency
of lane changes from lane 1 (the outside lane and closest to
the channelization devices) to lane 2 (the median lane) and
vice versa. The data in the table provide three findings
at least with regard to this site. (1) There is a higher occur-
rence of lane changing from the inside to the outside lane.
(2) There is more lane changing at night than during the day.
(3) None of the experimental treatments produced signifi-
cantly more or less lane changes than the base condition.

Site 2

At site 2, all vehicles in the outside or shoulder lane had to
merge into the inside or median lane. Figure 23 is a bar chart
showing the percentage of vehicles changing lanes at various
intervals before the beginning of the taper and along the taper
for each treatment studied during the day. The chart indi-
cates that a majority of free-flow vehicles (i.e., those not
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Table 16. Frequency of lane changing for site 1 percent of
vehicles changing lanes.

l to 2 2t ]
Treatment Day Night Day Night
1 - Base 7 11 3 iy
2A 8 13 3 20
3D i = 2 34
4A 2 9 4 35

affected by other vehicles ahead or adjacent) changed lanes
at the “‘last minute.”” Also the treatments using chevron pat-
terns on the Type I barricade had lane change distribution
more evenly spread along the approach. With these treat-
ments, fewer vehicles changed lanes along the taper area.

The results of lane changing at night were not very conclu-
sive. Only two experimental treatments were tested and,
because each had steady-burn lights on top of the devices,
significant differences were not found. It appears that at
night, the steady-burn lights affected lane changing more so
than the variation in the devices.

Site 3

Because site 3 had a left-lane closure, vehicles in the
faster, median lane had to merge into the slower, shoulder
lane. It also should be noted that, at this site, a flashing
arrowboard was operating for all test conditions. Its effect on
lane changing can be seen in Figure 24 which shows a more
even distribution of the location of lane changing along the
approach. The arrowboard results in less ‘‘last-minute’” lane
changing which attests to its effectiveness.
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Legend (see Figure 23 for codes)
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Conclusions regarding the effectiveness of the various de-
vices in promoting ‘‘smoother’’ lane changing could not be
drawn. During the daytime, all the experimental treatments
had a lower percentage of ‘‘last-minute’’ lane changes com-
pared to the base condition, but small sample sizes could
have had an influence in that result. This is particularly true
at night. The arrowboard in this situation produced more lane
changing upstream of the tapeswitches which resulted in few
vehicles changing lanes in the data collection section.

Lane Changing as a Performance Measure

The location and frequency of lane changing is an intui-
tively appealing performance measure for channelization de-
vices. A channelization device, or any device, which causes
earlier and more evenly distributed lane changing is to be
preferred over one that results in late lane changing. This, in
fact, did occur at site 2 where chevron patterns were found
to be more effective than the other treatments studied, and at
site 3 where the favorable influence of the flashing arrow-
board was demonstrated.

Erratic Maneuvers and Traffic Conflicts

The fourth performance measure used in the device eval-
uation was the rate of erratic maneuvers and traffic conflicts.
These events were manually observed and classified into
several types for analysis. Appendix E includes a discussion
of the analysis which essentially resulted in inconclusive
findings regarding the relative effectiveness of the alternative
treatments. One of the results uncovered in the analysis was
that several differences in the erratic maneuver and traffic
conflict rates between treatments could have been attributed
to the variability inherent in different observers. Although
several significant differences were found in the rates be-

BEFORE TAPER

ALONG TAPER

Y

1200-900 FT 900-600 FT

600-300 FT

Figure 24, Location and frequency of lane changing for left-lane closure site (day).




tween the base condition and the experimental conditions,
both higher and lower, most had to be discounted because of
observer differences.

In view of this finding, the usefulness of traffic conflicts
and erratic maneuvers as a performance measure for chan-
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nelization devices is questionable. Even when intercoder
variability is controlled, few differences are found between
devices. This is not unexpected because minor variations in
channelization systems are not likely to produce significantly
different erratic maneuver or traffic conflict rates.

CHAPTER THREE

INTERPRETATION AND APPLICATION

In this chapter the findings of the various tasks reported in
Chapter Two are synthesized and interpreted for the purpose
of providing suggested guidelines for the application of chan-
nelizing devices in work zones. The discussion proceeds in
the following order. The first section presents the findings
related to the effectiveness of the device types and conclu-
sions that can be drawn regarding their applications. The
second reviews the findings related to various design param-
eters including stripe configuration, color, ratio, and spacing.
The third section treats the usefulness of the performance
measures used.

EFFECTIVENESS OF ALTERNATIVE CHANNELIZATION
DEVICES

Cones

Cones have been, and will likely continue to be, the most
frequently used channelization device for highway work
zones. Because of their compactness, portability, durability,
and ease of application, cones are generally preferred over
other devices, especially for short-term operations.

During the day, cones (especially larger sizes) appeared to
perform as well as, if not better than, other types of devices.
With their full orange mass and triangular geometry provid-
ing good contrast for daylight conditions, the cones were
found to have long detection and adequate lane change
distances. The 36-in. cones were generally found to be
more effective than the 28-in. cones in the day, and both of
these were more effective than the 18-in. cones on a freeway
facility.

Cone size had less impact at night. The amount of reflec-
tive material on the cone controls driver response. Two or
three bands of reflective material totaling 150-200 in.2
(roughly the amount in a 12—14-in. collar) provided an effec-
tive nighttime target for motorists. Smaller amounts of
material (e.g., 6-in. collar) result in diminished nighttime per-
formance and larger amounts show very minor improve-
ments in effectiveness. In general, optimized cones were as
effective at night as other devices.

In the field evaluation task, cones were placed along the
tangent section only, with the results indicating they affected
flow about the same as the other devices.

Taken together, these findings suggest the following appli-
cation guidelines for the use or nonuse of cones as a chan-
nelization device.

To afford maximum effectiveness, cones should be as large
as practical. Although 18-in. cones may be suitable for low-
speed applications, cones at least 28 in. and preferably 36 in.
high should be used on high speed facilities.

During the day, cones are an acceptable channelization
device for all types of work zone applications. However, in
the taper or approach area of high-speed highways, it is
advisable to use either supplemental signing (e.g., the W1-6
sign), a flashing arrowboard, or other types of high mast
alerting devices (24) (This latter comment really applies to all
the channelizing devices.)

Cones should be used at night in taper and tangent sections
only if adequately reflectorized. This means two or three
bands totaling 150200 in.2 (75-100 in.? visible to driver) of at
least SIA = 250 reflective material. Even higher brightness
materials (e.g., polycarbonate) enhance driver response
characteristics and are preferable. A yellow/amber color
with considerable red saturation outperformed the white ma-
terial. This amount of reflective material can be left on the
cones all the time and not adversely affect daytime driver
response.

Tubes

Tubes, most frequently referred to as post or tubular
cones, are used for day and night operations and especially
where space between the travel lane and the work area is a
premium.

In this study, 18-in., 28-in., and 42-in. posts were studied
in the controlled field experiments and one application of
42-in. tubes was evaluated in the field evaluation task. In the
daytime the 28-in. and 42-in. tubes elicited responses similar
to cones and other devices. The 18-in. tube had significantly
lower performance and is not recommended for lane closures
or diversions on high-speed facilities.

A 28-in. or 42-in. tube at night with 12 in. of SIA = 250 or
greater reflective material (white or yellow) in a single band
mounted high or low performed comparably to cones and as
well as, or better than, other device types.

The results of the field evaluation experiment in which
42-in. tubes were used on the tangent section did not indicate
that they were any better or worse than the other devices
tested.

The results of this study suggest that tubes are generally
interchangeable with cones and are particularly useful where
space between the work zone and travel lane is limited.
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Drums

Drums, especially the 55-gal steel drum variety, are used
frequently for long-term work zones. Their large size pro-
vides good target value and long visibility distances. Because
of their size and shape, they present a formidable obstacle to
the motorist. However, when they are hit, they can become
dangerous objects themselves, especially to the roadside
workers. For this reason, more use is being made of plastic,
simulated drums.

The drums that were tested in this project were made of a
polyethylene material and were 36 in. high with alternating
8-in. bands of reflectorized orange and white stripes. The
results of the controlled field study support the advantages of
these devices. They were observed to be highly visible and
detectable from long distances, both day and night. They also
promoted lane changing further upstream of the channeliza-
tion system and resulted in speed reductions along the
devices.

For these reasons drums should be considered as a suitable
channelization device in work zones. However, full surface
reflectorization with alternating stripes of orange and white
is recommended.

Vertical Panels

Although the MUTCD suggests that panels be used for
traffic separation or shoulder barricading where space is at a
minimum, they have been used as a substitute for Types I
and II barricades in several situations.

In this project, vertical panels were tested in the laboratory
in the controlled field study and in the field evaluation study.
The results of laboratory experiments revealed that in terms
of shape, the vertical panel is somewhat superior to the bar-
ricade on the basis of detection and also that the tall narrow
shape is better than a shorter, wider device. These findings
were not conclusive, however, and it was recommended that
further testing be performed using the devices in an array.

The finding of the field evaluation study (which used the
12-in. X 24-in. panel) indicates that the vertical panel was
equally effective as the 12-in. x 24-in. Type I barricade and in
some instances promoted earlier lane changing.

These findings support the use of the vertical panel as an
acceptable channelization device for all situations. However,
the findings of the detection study indicate that the minimum
width dimensions of the panel should be 12 in. rather than
8 in., especially if used at night and on high speed facilities.
Perhaps a standard 12 in. x 24 in. or 12 in. x 36 in. size should
be adopted for use in panels and barricades.

Barricades

Barricades, especially the Type I and Type II, rival the
cone as the most frequently used channelization devices for
work zone traffic control. Many engineers believe it is the
primary device because it has good target value both day and
night, is easily portable, and provides an easy mount for signs
and warning lights.

Different sizes and configurations of barricades were
tested in all three experiments —laboratory, field controlled,
and field evaluation. The results of the laboratory experiment
showed that there was no clear-cut distinction between a
Type I and Type II barricade in terms of detectability. This

finding led to further testing in the controlled field study
which examined both Type I and Type II barricades with
8-in. x 24-in. panels and 12-in. x 36-in. panels. The results of
those studies were that the one-rail 12 in. x 36 in. was equiva-
lent to the two-rail. However, the two-rail 8 in. x 24 in. was
superior to the one-rail version in that size. This study also
found that the 12-in. x 36-in. barricade was far superior to the
smaller size 8-in. x 24-in. barricade. It had longer detection
distances, earlier lane changing, and reduced speed through
the array.

In the field evaluation study, a Type I with 12-in. x 24-in.
panel was used. It was used as the base condition against
which other treatments were tested; and, on the basis of the
results obtained, it served that purpose quite well. In many
instances, the performance measures obtained for the Type
I barricade were between those for other devices; in no case
was the Type I barricade’s performance worse.

These findings provide the basis for the following recom-
mendations concerning barricades.

A Type I barricade is an acceptable channelization de-
vice for work zones both day and night in the larger sizes
(i.e., 12-in. x 24-in. to 12-in. x 36-in. range). There appears to
be no advantage gained from using a Type II barricade unless
smaller size barricades (i.e., 8 in. x 24 in.) are used; then two
rails offer a distinct advantage.

On high-speed facilities, the minimum rail dimension for a
Type I barricade should be 12 in. x 24 in. with a preferred
length of 36 in. where space permits.

Type III barricades were not studied in this project be-
cause they are not considered to be a channelization device;
however, they are recommended for road closures and simi-
lar situations where entry is restricted or prohibited.

Steady-Burn Lights

One of the specific objectives of this study was to deter-
mine the need and applications for use of flashing and steady-
burn lights in work zones. The flashing lights were never
evaluated in this project because they are not, and should not
be, considered as a channelization device. Their use is more
appropriate to spot locations off the travel lane (e.g., a cul-
vert repair on the shoulder should have a channelization
system which guides the motorist away from the hazard
area).

Steady-burn lights provide additional delineation of a
channelization system during the night. (It is assumed and
recommended that all channelization devices be reflector-
ized or self-illuminated so that they provide their own night-
time delineation.) Although always thought to be effective
delineation devices for work zones, they are subject to bat-
tery life and replacement constraints.

Steady-burn lights vs. sheeting was examined in the con-
trolled field portion of this project. Steady-burn lights were
used in the field evaluation study, but for all device types
during the night, thus no light-sheeting comparison was
possible from the operational test.

The findings of the closed-field study emphasize steady-
burn light effectiveness. Compared to the other types of de-
vices and retroreflective materials tested, steady-burn lights
afforded the longest detection distances. Also, because of
their long detection distances, steady-burn lights promoted
early lane changing.



~ Another advantage of the steady-burn lights is that be-
cause they are self-illuminated, they are not dependent on
the light of the vehicle and the observation angle of the ob-
server as much as retroreflective devices.

Given their effectiveness, it is suggested that steady-burn
lights be used at night whenever feasible. Because their main
advantage lies in their long detection distance, they are
suited for tapers in the transition areas. They are suitable also
for tangent sections, but can be spaced at longer distances
than the devices on which they are placed (alternate device
spacing). Their use does not eliminate the need for reflectori-
zation of the primary channelization devices, however.

DESIGN PARAMETERS

Thus far, this chapter has dealt primarily with the various
devices without regard to the design parameters unique to a
particular device or for all devices. In this section, the find-
ings related to stripe width, stripe configuration, color ratio,
size, reflectance, height-to-width ratio, and device spacing
are interpreted to provide application recommendations.

Stripe Width

The investigation of device stripe width was conducted
during the laboratory studies. Stripe widths were scaled to
the same proportions as 4-in., 6-in., and 8-in. barricade
stripes. Each width appeared in all four of the stripe configu-
rations (horizontal, vertical, sloping, chevron) as well as on
the bar and panel shapes.

The 4-in simulated width was found to be clearly inferior
to the 6 in. and 8 in. The 8 in. was generally the best in terms
of detection, although not significantly so from the 6 in. Thus
the 6 in. is acceptable for continued use as the standard
width, although the change to 8 in. could be advocated
wherever feasible.

The only application of 4-in. stripes for field use is on
barricades or panels less than 24 in. wide. In the controlled
field study findings, the performance of these smaller devices
was generally found to be inferior to larger devices. In regard
to stripe width, then, because a larger device is advocated for
better overall performance, it is recommended that the de-
vice be at least large enough to accommodate 6-in. stripes.
Cottrell (24) independently arrived at a similar result based
on operational field tests.

Stripe Configuration

Variations in stripe configuration (horizontal, vertical,
diagonal, and chevron) were examined in the laboratory,
controlled field, and field evaluation studies for different de-
vice types. The conclusions regarding the stripe configura-
tion are dependent, to some extent, on the device type. In
general, however, the findings can be interpreted to indicate
that there is not much difference between the stripe configu-
rations of horizontal, vertical, or diagonal during the day-
time. The direction of the diagonal is irrelevant to device
detection and does not convey any directional meaning to the
motorist. The chevron pattern is more difficult to detect in
daytime, but conveys a directional meaning which other pat-
terns do not. At night the detection of the devices with a
chevron is the same as for other devices.
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These conclusions provide the following recommendations
concerning stripe configuration for each device type.

For cones, two or three bands of white or yellow reflective
material totaling 150-200 in.2, 3-4-in. minimum between
bands, are optimum at night and do not degrade daytime
performance on 28-36-in. cones. For drums, alternating hori-
zontal (circumferential) stripes of orange and white are rec-
ommended. With respect to barricades, retain the current
diagonal stripes, but further experimentation is warranted for
both vertical and chevron stripes. For vertical panels, use
either horizontal or diagonal stripes, and further experimen-
tation with the chevron is warranted. A single 12-in. band of
white or yellow reflective material is recommended for
tubes.

The chevron pattern for both barricades and vertical
panels is appealing particularly for taper and transition areas
where a direction message needs to be conveyed to the
motorist. The proper placement of the devices containing the
chevrons is vital because the directional meaning is part
of the information being given. However, before wide-
spread use is made of this pattern, further research and
development are necessary to improve its detection and rec-
ognition qualities.

Color Ratio

The ratio of white-to-orange was studied only in the lab-
oratory setting. It appears that for any given situation of
background luminance as construed by varying background
contrasts (light and dark) and stripe size and configuration,
there is an optimum white-to-orange color ratio. However,
the finding of the laboratory experiment tends to support the
current standard of equal white-to-orange regardless of the
device type. This ratio is simply a result of the tradeoff
between better contrast during the day with orange and dur-
ing the night with white. It is recommended, therefore, that
the 1:1 ratio be retained with exceptions allowed only for
devices that require a different ratio for optimum detection
day and night.

Size and Height-to-Width Ratios

In the laboratory a taller and narrower shape was more
detectable than a shorter and wider device. The closed-field
study had only two different ratios, but in different sizes.
Clearly, size was the controlling parameter. Therefore,
height-to-width ratio does not appear to be a useful way of
specifying devices.

From the closed-field data, it is evident that size is a con-
trolling factor, particularly in eliciting speed reduction in the
daytime. At night, total reflectorized area and brightness (or
contrast) were the predominant variables. In light of these
findings, minimum height and width specifications are rec-
ommended instead of height-to-width ratios. These are:
(1) panels—12-in. width minimum, and 24-in. height mini-
mum with MUTCD recommended panel clearance from the
ground; (2) barricades —12-in. minimum rail width, and
24-in. rail length with 36 in. preferred on high speed facilities;
(3) drums—36-in. high reflectorized (orange and white
stripes); (4) cones —28 in. or 36 in. for high-speed facilities;
and (5) posts/tubes—28 in. to 42 in. total height for lane
closures and diversions.
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Reflectance

Although most devices were tested with Type II
(engineering grade) sheeting, use of Type III (high inten-
sity—SIA = 250) substantially improved driver response
under certain conditions, namely at straight, flat sites. Where
vertical or horizontal curvature was present, the impact of

- the-high intensity was greatly diminished. Thus the practice
could be to use Type II (engineering grade) sheeting as a
minimum at all times. However, the advantages of Type III
may be beneficial in certain situations and should be care-
fully considered. Where there is any curvature, however,
steady-burn lights should be used to supplement the reflec-
tive material.

Spacing

The final design parameter is the spacing of the devices,
which was examined in both the controlled field and field
evaluation studies. As with stripe configuration, the opti-
mum spacing is somewhat dependent on device type. What
may be suitable spacing for a large drum may not be appro-
priate for a small cone. Unfortunately, this study was not
able to ferret out the optimum spacing for each device type.

Table 17. Summary of recommendations for use and design

However, the results of the two studies tend to support the
MUTCD standard of speed limit spacing, at least for 55-mph
facilities. Although not statistically different, devices placed
at 110 ft tended not to perform as well as when they were
placed at 55 ft. In the closed-field study, it was observed that
when devices were placed at one-half speed limit spacing
(27V.-ft), they produced a speed reduction at night, appar-
ently from the illusion that the motorist was going faster than
he really was.

From these findings it is recommended that all devices be
placed at speed limit spacing for most conditions and, in all
cases, along the taper or transition section. If there is no
construction work or hazards in the closed lane for a
substantial length, or traffic delays, the spacing can be in-
creased to no more than twice the speed limit. Shorter spac-
ings may prove to be useful where speed reduction is desired.
Variable spacing for curve sections was not examined in this
study; however, longer or shorter spacings may be desirable
depending on the direction and degree of curvature.

Summary of Design Parameters

To conveniently summarize the design applications,
Table 17 presents a matrix of devices by design parameters.

of channelization devices for freeway operations.

Minimum
Application Minimum Stripe Stripe
Device Guidelines Dimensions Configuration Color Width Spacing
Cone Interchangeable with other 28" or greater e 2 or 3 bands totaling All orange cone N/A MUTCD
devices for high speed 150-200 in2 of SIA- yellow or white
Applicable for all work facilities 250 (preferably higher) | reflectorization
zone situations reflective material*
Tubular Cone Interchangeable with other 28" or greater e 1 band—high or low All orange tube 12" MUTCD
devices for lane closures mounting of same yellow or white
Applicable for all work or diversions material as cones reflectorization
zone situations 4’ diameter
Barricades Applicable for all work Rail—12" wide o Diagonal, but not 1 orange to 6" e MUTCD
zone situations 24" long to be used to 1 white % SL in taper and
e Type 1 suitable for all o Height—MUTCD convey direction double speed limit
channelization situations e Consider chevron acceptable in tangent
to convey direction area where no work
activity or traffic
delays
Vertical Panels Interchangeable with 12” wide o Diagonal or 1 orange to 6" Same as barricade
other devices 24" height horizontal 1 white
Applicable for all work Ground clearance— |® Consider chevron to
20ne situations MUTCD convey directional
change
Drums tnterchangeable with other Same as MUTCD |e Horizontal 1 orange to 6" Same as barricade
devices 1 white
Applicable for all work
zone situations
Steady-Burn Should be used at night N/A N/A Amber N/A o On all devices in
whenever feasible taper
Especially effective for e All or alternate
tapers and approach ends devices in tangent
Use in visually noisy
environment to improve
detection capability
Use where curvature
present to supplement
reflective materials

*75-100 in2 visible to the driver.




The specific design and use recommendations indicated by
the research findings of this project comprise the entries in
the matrix cells.

PERFORMANCE MEASURES

The three types of experimental work conducted in this
project used a variety of dependent variables. This section
discusses the usefulness of those measures.

In the laboratory studies the combination of search and
detection tasks resulted in location, shape, and pattern iden-
tification accuracy measures. These were sensitive to the
design parameters tested.

A total of 13 dependent measures were taken in the closed-
field experiments. Those found to discriminate between de-
vices while having some operational meaning were: speed
change from taper to tangent sections, point of lane change
(mean and variance), array detection distance (mean and
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variance), displacement (weaving) in the tangent, derived
measure, decision sight distance criteria (see Table 13 for
brief explanation), and driver performance.

Measures such as steering wheel position and rate, brake
applications, absolute speed, and throttle-pedal position did
not discriminate between devices.

Four measures were used in the field evaluation study.
Speed profiles did show differences between treatments.
Speed variance was a useful adjunct to mean speed profiles.
Two profiles could be virtually identical but could have very
different speed variance characteristics which change the
meaning of the findings. Lane changing was as effective a
measure in the field as it was in the closed-field setting.
Erratic maneuvers and traffic conflicts appeared to be of
questionable value. Coder variability could account for the
differences found in the data collected, and analytically there
is little reason to suspect that relatively minor variations
in channelizing devices would result in major swings in
conflicts.

CHAPTER FOUR

CONCLUSIONS AND SUGGESTED

CONCLUSIONS

Channelization devices are just one item, although a very
critical one, of several types of traffic control devices which
collectively are used to alert drivers of impending conditions,
warn them of hazards, and guide them through the proper
path. Channelization devices are a particularly critical com-
ponent because they should serve several functions. First,
they should help to alert the driver of a potential hazard or an
unexpected change in roadway alignment ahead. Although
signing and other devices are primarily used for this purpose,
the initial channelization devices should serve this function
as well. Second, they should provide both near and far de-
lineation of the path which the motorist should take to avoid
the work zone hazards. Motorists should be provided with as
much advance information as possible as to ‘‘where the road
is going’’ so they can adjust their speed and path accordingly.
Once into the work zone, motorists need near delineation of
the travel lane, also provided by channelization devices, for
maintaining safe speed and path and for delineation of the
travel way further downstream.

Third, channelization devices should provide protection
for the workers in the construction zone. Most channelizing
devices cannot keep an errant vehicle from penetrating into
the work zone and possibly hitting workers or machinery.
However, when they perform their primary functions prop-
erly (i.e. alerting and defining the path for vehicles) they can
serve the function of a protective device.

Because channelization is so critical to a safe and efficient
traffic control plan for work zones, it is imperative that the

RESEARCH

devices used are those which provide the best guidance for
the driver and protection for the worker. There are many
types of channelization devices and design variations that are
being used (and misused) throughout the country. This pro-
ject was aimed at providing data to support principles regard-
ing the design and use of channelization devices which would
lead to better standardization and maximum effectiveness.
The general conclusions obtained from this research are set
forth in the following.

1. In general, there is no one type of channelization device
or design which provides maximum effectiveness for both
day and night conditions. In fact, some devices are equally
effective and should be considered interchangeable. Barri-
cades, drums, vertical panels, cones, and tubes, when de-
signed properly, all perform the function of channelization
adequately both day and night.

2. There appears to be sufficient equivalence between the
larger versions of each device category that only a small
variety of device types needs to be available. For example,
if panels are used, barricades are not required. Further,
diagonal, horizontal, or vertical stripes convey no consistent
directional information. There appears no reason to have a
diagonal stripe pattern for left and right ‘‘sidedness.”
However, only one direction of diagonal should be allowed
in an array so there is always a consistent pattern or image
on devices. Standardization of panel and barricade size
and configuration would be economically and logistically
advantageous.
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3. Regardless of the device, each type obtains its maxi-
mum effectiveness when properly deployed as a system or
array of devices. Motorists do not respond to a single chan-
nelization device, but to the path that is defined by the array.
Therefore, it is important that care be taken in the layout of
these devices as well as the selection of device types.

4. The approach-end taper treatment of a channelization
system must be detectable at a distance sufficiently long so
that the motorist can adjust his speed and path in a safe and
efficient manner. Therefore, devices used along tapers and
transition areas should be those which provide maximum
conspicuity day and night. Although alternate channelizing
devices (barricades, panels, drums, cones, and tubes) can
be used to achieve this, they should also be kept clean, be
reflectorized, and be properly displayed with regard to taper
length and spacing. At night, steady-burn lights, if main-
tained properly, can enhance the conspicuity consider-
ably, particularly in the presence of horizontal or vertical
curvature.

5. The study of channelizing devices as separate entities is
relatively unproductive, particularly in an operational set-
ting. The behavioral response differences are generally
small. In an operational work zone the other information and
traffic inputs mask any differences betweén channelizing de-
vices. A work zone should be studied as a total information
system especially in full field settings.

6. There are behavioral differences drivers bring to work
zones (e.g., late'lane changes). Current devices do not influ-
ence their behavior. Although further work on trying to

create guidance systems to modify their behavior is possible,_

the option is to accept them as a given in the highway system
and to design with them in mind.

7. The evaluation of channelizing devices, and probably
other work-zone traffic-control devices, cannot be entirely
conducted by any one experimental procedure and by any
one performance measure. Evaluations must be tailored
to specific objectives. Design parameters must be studied in
a controlled environment and should include detection,
recognition, and preference as well as driving performance
measures.

RECOMMENDATIONS FOR FURTHER RESEARCH

With the completion of this project, three general areas
emerge as requiring further research.

First, channelization devices are not used as separate en-
tities unaffected by other components within the work zone.
The interworking of these various components should be
examined from a total information system point of view.
Specifically, the following is recommended:

1. Define the information role of all devices or markings
used in a work zone.

2. Then determine what role channelizing devices play
within that system. For example, if a channelizing device
is simply to form a visual path for driver guidance, there is
no need to symbolically convey directional information
(i.e., with arrows, chevrons, etc.). However, if directional

information is to be conveyed, even secondarily, appropriate
messages should be included.

3. Consistent meanings should be attached to various
symbols or devices and guidelines should be prepared for
their use. Different types of work zones have slightly dif-
ferent information requirements. The symbols used to con-
vey these distinctions must be defined and used consistently.
Thus, a chevron may be used to convey that a change in
direction is required. However, directional change is only
required in the taper of a lane closure. A chevron pattern may
not be appropriate along the straight tangent section where a
straight path guidance is required. In a lane diversion, the
directional change may be a fairly long curve across a me-
dian. Arrows, chevrons, and so on, may be appropriately
used to convey the directional diversion. The point here is to
establish a single meaning, especially for symbols, then not
violate driver expectancy.

4. Determine the desired behavior profiles through vari-
ous types of work zones. In this project, assumptions were
made that speed reduction along the tangent is a desirable
behavior. That may not be totally correct. Issues such as
speed profile, lateral placement, and zone of lane changing
need to be resolved so existing devices can be selected which
foster ‘‘correct’’ behavior, or new devices can be designed
which more emphatically elicit these behaviors.

5. Evaluate the interactions of the various information
components. What impact does advance signing have on
channelizing device effectiveness? To what degree can direc-
tional information be provided by advance signing and mark-
ing instead of channelizing devices?

A second area which can be further studied is the exten-
sion of the design optimization studies performed in this
project. Although very specific design specifications were
advanced, additional work is recommended. This includes:

1. Recognition of device configurations, if meaning is to
be conveyed, must be improved. This is particularly true of
chevrons in the daytime and all patterns at night. Array
detection as used in this project did not impiy recognition.
Research on recognition distance and the source of recogni-
tion (e.g., from symbols themselves, shape of the device, or
alignment of devices in array) is needed.

2. This project was aimed at urban and rural freeway
roads. Clearly, verification of findings in this study for urban
and suburban high visual noise setting is important. Also, the
impact of weather conditions was not part of the scope of this
project. Even so, a small number of instrumented car runs
were made in the rain. The observed behavioral differences
were sufficient to suggest that further verification of device
design in poor visibility conditions is warranted.

The third area of research concerns deployment and main-
tenance. Correctly designing work zones, properly setting
them up, and then maintaining them are, currently, most
critical needs for improving the safety and efficiency of work
zones. Guidelines and/or training which imparts the ability to
judge the adequacy of a channel and the importance of device
maintenance need to be generated.
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APPENDIX A

LITERATURE REVIEW

INTRODUCTION

Appendix A contains the results of Task 1, Literature Re-
view, of NCHRP Project 17-4, ‘‘Evaluation of Traffic Con-
trols for Street and Highway Work Zones.”’ This discussion
is intended to be used as a reference data source for the
remaining tasks of the project.

On the basis of the project objectives, four literature con-
tent areas were reviewed: (1) accidents in highway work
zones, (2) use of traffic control devices in work zones,
(3) effectiveness of traffic control devices in work zones on
driver performance, and (4) driver performance measures.
For each of these areas, the libraries of BioTechnology, Inc.,
and the Midwest Research Institute were searched. Where
the literature on a topic was not complete, a computer search
was done. Three searches were conducted, as follows:

Literature

Search Purpose Base Searched

Driver perception and

information processing 3-year update TRIS* and APA**

Construction zone traffic

control devices 3-year update TRIS
Traffic hazard and

accidents in

construction zones 3-year update TRIS

*Transportation Research Information Service
**American Psychological Association

To supplement the foregoing searches, requests were
made for reports from selected Federal, state, and city traffic
engineers who had studied traffic control devices in work
zones. Finally, as documents were acquired, bibliographies
were checked for references as yet uncovered in the search
efforts.

The genesis of the study area of the project arose from the
recognition that work zones apparently divert the attention
of the driver from his normal driving task and thereby con-
stitute a potential hazard. Given this hazard situation, the
possibility of roadway accidents exists and, in fact, accident
data reveal that many work-zone-related accidents do occur
causing injury to motorists, pedestrians, and workers, as well
as to machinery and equipment. The emphasis in this project
is an examination of the use of certain traffic control devices
that warn and channelize traffic about and through these
zones. In recognition of the apparent hazard potential of
the work zone, the question is how these devices may ex-
pedite or hinder the driver’s task of successfully negotiating
the zone. .

In approaching the problem, pertinent literature was re-
viewed in a step-wise progression, leading to the need to
experimentally evaluate the appearances and uses of the de-
vices in controlled and real-world settings. Thus, four topic
areas of the literature were analyzed: (1) accident data and
studies in work zones, (2) use of traffic controls in work
zones, (3) current status of effectiveness of traffic controls in
work zones, and (4) driver performance measures to find



measures to evaluate the driving task as applied to driving
through the work zone.

The first three areas are covered under the heading *‘Liter-
ature Summaries.’’” Here are found, in each subject area, the
reference citations (in alphabetical order) and a summary of
findings for each. Also included are an accumulation and
review of documents concerning accidents in work zones
and, more specifically, whether or not these are related to
use or effectiveness of traffic control. In some cases, number
of accidents is used as a measure of effectiveness. The report
summaries detail current use of traffic controls as reported.in
the literature. This documents current practice out on the
roadway today. A compilation of document summaries of
findings about the effectiveness of various traffic controls on
driver performance consists of research studies or observa-
tional study of traffic related to work zones and/or traffic
controls in work zones. The fourth area of the literature
research constitutes a broader look at driver performance
and the driving task to extract from pertinent documents
measures that may be used to experimentally evaluate the
effects of traffic controls in work zones. This discussion
considers how these measures were located (from what types
of sources) and bridges the gap between the literature base
presented as the status quo on the zone and the need
to further research the problems and gaps encountered
(Tasks 2 through 6 of the project). The end product of the
search for performance measures is a table listing (Table A-1)
of candidate measures and their projected suitability for
laboratory or field study.

The next section presents all of the documents reviewed
for the topic areas presented earlier in a Subject By Refer-
ence Matrix (Table A-2). The format and use of this matrix
is discussed immediately preceding its presentation.

The final section of this appendix lists the manuals on
uniform traffic contro! devices which were reviewed. The
information derived is presented in the body of this report in
which the literature findings are synthesized.

The complete references of the works cited in the follow-
ing pages of this appendix are given in the bibliography in-
cluded in Chapter Five of the report.

LITERATURE SUMMARIES
Accidents in Work Zones

Andrews, J. F. (1967). In this work four fatal accidents in
maintenance crews within one year caused a special investi-
gation of each accident. In three of the accidents the passing
traffic, for reasons unknown, left the traveled way and
plowed into the work areas. Negligence of maintenance em-
ployees was a major factor in two of the accidents.

Biggs (1975). This study indicates that incidents (accidents
and stalls) should be planned for to allow rapid removal and
recovery of traffic flow. Consideration should be given to
organizing a special group with the major activity of provid-
ing for traffic handling around maintenance activities on ur-
ban freeways.

Byrd, Tallamy, MacDonald, & Lewis (1975). National
Safety Council (1972) work injury data includes a rate of 17.5
work injuries per million man-hours for state highway em-
ployees, a rate of 15.0 work injuries per million man-hours
for construction employees and an all industry rate of
10.1 injuries per million man-hours. Work injury data for
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municipal employees includes a rate of 53 work injuries per
million man-hours for street and highway maintenance work
and a rate for all functions of 31 work injuries per million
man-hours.

Center for Auto Safety (1977). As FHWA has noted, *‘ac-
cident statistics consistently show an increase when traffic is
maintained through construction zones.”’ This increase is
generally associated directly with problems peculiar to con-
struction areas.

Frick (1972). New standards in Illinois for traffic control
for work areas resulted in a 33 percent decrease in accidents
per job site in the first year.

G.A.0.(1977). General Accounting Office’s review of con-
struction zone safety in seven states—Louisiana, Missis-
sippi, Missouri, New York, Ohio, Texas, and Washington—
revealed widely varying safety deficiencies at the 26 sites
visited. ‘

Graham, Paulsen, and Glennon (1977). This study shows
that in both the before-during construction accident number
analysis and the before-during construction accident rate
analysis there was a slight shift in accident severity toward
property damage only accidents. The proportion of night
accidents to the total number of accidents remained rela-
tively constant in both the accident number and accident rate
analysis.

Multiple regression analysis indicated a strong correlation
between types of traffic control devices and construction
fixed object accidents.

Accident rate increases for the construction zone control
status categories of Stationery (12 projects), Temporary —
moving weekly or monthly (45 projects), and Temporary
(moving hourly or daily) (18 projects) were +18.0 percent,
+10.0 percent, and +0.6 percent.

The before-during construction accident number in-
creased by 7.5 percent but the number of fixed object ac-
cidents increased by 38.9 percent.

The number of barricades should be minimized to reduce
fixed object accidents.

Hatton (1970). In 1969, Arizona experienced 278 accidents
of a construction and maintenance nature involving 18 fatali-
ties. Various spacings for traffic control devices are specified
as a minimum standard for construction and maintenance
work.

Juergens (1972). A 1965 study of construction zone acci-
dents in California revealed a 21.4 percent accident rate in-
crease during construction and a fatal accident rate increase
of 132.4 percent.

In 1970, after many new principles for construction zone
traffic control were put into practice, the total accident rate
increased only 7 percent and the fatal accident rate increased
only 1.6 percent.

Barricades are inherently fixed object hazards. Therefore,
they should not be used unless the construction hazard the
motorist may encounter is greater than the hazard of striking
the barricades. They should not be used as primary delinea-
tion to guide traffic.

Kahm (1974). In 1973, there were 579 traffic accidents in
construction areas and detour routes on the Colorado State
Highway System. In 1972, there were 659 accidents in similar
areas. Seven persons were killed in the 1973 accidents, and
17 were killed in the accidents occurring in 1972.

Lee (1969). Analyses of accident records in District 7 Cali-
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fornia Division of Highways reveal that fewer accidents oc-
cur during night construction periods than during ordinary
nights. Success in lowering night accidents was attributable
to 2,000 ft tapers versus 1,000 ft normally used and illumi-
nated traffic cones.

Lisle, Reilly, and Beale (1976). With due consideration of
the effects of the energy crisis, the frequency of accident
occurrence on I-495 during construction was 119 percent
higher than the frequency during a preconstruction baseline
period. Although the increased frequency of accident occur-
rence was experienced along the entire length of I-495 during
construction, high concentrations of accidents were noted at
interchanges and transition zones.

The amount of estimated property damage per accident
during the construction study period increased 41 percent,
rising to $1,364, compared to the before construction base-
line figure of $965.

There were shifts in crash distributions during construc-
tion toward crashes involving property damage only, fixed
objects, and impaired drivers. Also there was a greater per-
centage of accidents during the hours of darkness.

Mason (1970). Accident records from three sites in the
San Francisco Bay area indicate that the construction site
may divert the attention of the driver.

Migletz (1977). Accident rates increased from before
to during construction and decreased from before to after
construction.

Single vehicle fixed object accidents contained a signifi-
cantly high proportion of accidents involving construction
equipment, and these accidents primarily involved drums.

For the during construction period, single vehicle fixed-
object accidents are less severe than other types of
accidents.

Eighty-four percent of the accidents occurred while single
lane closure traffic control procedures were in effect. Others
occurred under shoulder closure or no closure conditions.

Ohio DOT (1973). Case studies were made of two fatal
injuries in a work zone. In one accident a worker was killed
by an errant vehicle that did not have functioning brakes.
Factors in this accident were stationing of the flagman too
near the crew and lack of a device for the flagman to warn the
workmen of a dangerous vehicle. In the other accident a
worker was backed over by a truck and killed. Factors were
poor physical condition of the worker and insufficient care
by the truck driver.

Rowe (1975). Studies have shown that in most construction
zone accidents, the driver received neither visual stimulation
nor sufficient warning and was unable to avoid the accident.

Construction zone safety may be achieved by improve-
ment of driver visibility, proper illumination of work crews,
safer work procedures in and around work sites, and legisla-
tion requiring mandatory compliance with various safety
precautions.

Russell (1969). This study provides information that in one
freeway project it was necessary to shift traffic from one
freeway roadway to the other a total of eight times. The only
delineating devices used were combinations of rubber tubes
and rubber cones, with and without reflective assemblies.
During the life of the project the roadway had a lower acci-
dent, injury, and fatality rate than it did the year before
construction started.

Transportation Research Board (1974). Although acci-

dents to maintenance workers are comparatively infrequent,
occasions do arise when vehicles in lanes adjacent to the
work areas go out of control and hit construction equipment
and workers, despite warning signs and traffic cones placed
before and around the work site.

Use of the new crash cushion trailer developed by the
Texas Transportation Institute has resulted in doubled pro-
ductivity by maintenance crews because they can concen-
trate on their work without having to watch for traffic.

Traffic Safety (1974), ‘*California Takes Steps to Reduce
Its Road Worker-Motorist Accidents.”’ From 1971 to 1973,
the California Department of Transportation had five of its
highway maintenance men and ten construction workers
killed in motorist-related accidents.

A task force studying this problem recommended that
CALTRANS develop a safety information system that would
allow the department to quickly retrieve accident data and
alert it to problem areas.

The Use of Traffic Control Devices in Work Zones

Armour (Undated). This manual outlines the traffic control
measures to be employed by public and private organizations
when temporary disruptions of traffic are necessary for street
repairs, public utility work, or similar projects. Details are
given on the use of cones, lamps, signs, signals, and road
layouts for the control of traffic under these circumstances.

The use of paint or asphaltic liquids was not found to be
effective as a means of pavement marking obliteration on all
highway construction projects, and their use was dis-
couraged. Where mechanical means of marking removal
were employed to completely remove the marking and its
reflectivity, paint of a color matching the pavement surface
or used crankcase oil may be used, if necessary, as a means
of covering contrasting pavement texture.

Where pavement markings have been obliterated, night-
time inspections are needed to verify the continued effective-
ness of the pavement marking pattern.

Where temporary pavement strips are required, a product
such as removable tape may be used in lieu of paint, where
appropriate.

Beecroft (1977). This study is an evaluation of the use of
raised pavement markers as a means of controlling traffic
through construction areas.

Biggs (1975). A check of traffic volumes on Houston’s
freeways revealed that very few selections were capable of
handling the excess demand created by lane closures needed
for maintenance operations. Two methods were used to re-
duce the demand through the work zone; upstream entrance
ramps were closed and traffic in the outside lane was
removed to a frontage road prior to the work zone.

In this maintenance operation, where the two inside lanes
were closed, traffic on the outside lane was routed over a
temporary ramp to a frontage road. The other two lanes of
traffic were merged to the shoulder and outside lane until
past the work zone.

Policemen, especially dressed flagmen, standard warning
signs, special message signs, cones and arrow boards were
used to direct traffic around and through the work zone.

The author believes that special, creative signs are needed



to capture drivers’ attention because of visual interference
about them.

The use of mobile signs should be required to minimize the
time needed to set up traffic control devices.

Brunner (1977). The objective of this study was to evaluate
the use of raised day/night relfective pavement markers as a
means of providing improved delineation in construction
Zones.

Byrd, Tallamy, MacDonald & Lewis (1975). Example
problem areas in traffic control include inadequate delinea-
tion/guidance and ambiguous pavement markings. A need
exists for improvement in devices and uniformity: (1) use of
cones and tubes (to guide motorists through hazardous areas,
cause a minor impedance to traffic flow); (2) use of drums (at
sites of longer length, generally used to delineate a zone, give
the appearance of a more formidable obstacle); (3) use
of barricades (present a more formidable obstruction than
cones or drums, give a good target value, close off work area,
can be used to mount signs and warning lights); (4) use of
vertical panels (where space is at a minimum, for traffic
separation, shoulder barriers); (5) use of delineators (to guide
motorists through hazardous areas, to indicate horizontal
and vertical alignment of roadway, to outline intended vehi-
cle path during hours of darkness); (6) use of pavement mark-
ings (to guide motorists through hazardous areas, markings
which no longer apply must be covered, obliterated, or
removed); and (7) spacing of channelizing devices in feet
should equal speed in mph.

Crumpton (1977). This study is an evaluation of the use of
raised pavement markers as a means of controlling traffic
through construction.

Chipps, Doyle, Franklin, and Kuykendall (1976). This
study provides information that may be useful to govern-
mental jurisdictions and other agencies in implementing uni-
form control and safety measures at construction and main-
tenance sites. Its application is directed toward both urban
and rural worksites. Special attention is devoted to urban
operations. Suggested traffic control procedures are pre-
sented for general and specific traffic conditions. The nec-
essary traffic control devices are described. Twenty-one
typical worksite setups depicting common conditions are il-
lustrated. Information on such areas as advance planning,
public information needs, project management, training, and
recordkeeping are covered.

This study developed three separate volumes. Volume I,
Project Report, is a presentation of the stewardship of the
data, and information collection and development phases of
the study. It describes the data collection methodology and
the general findings.

Volume II, Office Functions, contains information that
will be useful for *‘office’” personnel engaged in determining
traffic controls at construction and maintenance worksites.

Volume 111, Field Functions, contains information that has
been written and produced in an innovative and informal
style to readily assist ‘‘field’’ personnel in their objectives of
providing adequate traffic controls and safety in the general
work area.

Federal Highway Administration (1974). In maintaining
two-way traffic on an interstate bridge structure in Ohio, the
contractor was required to install tubular-type traffic cones
at 100-foot intervals along the bridge deck. After opening the
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bridge to traffic, the tubular cones were also added to both
approaches to the bridge.

On the Dan Ryan and Calument Expressways in Chicago,
3,500 to 4,000 Type II barricades were used to separate traf-
fic from work areas. The barricades were spaced 100 ft
center-to-center, except that lane tapers and lane transition
barricades were spaced at 50 ft. All median crossover barri-
cades were spaced at 10 ft center-to-center. Seventy to one
hundred barricades per day were destroyed in this project.
Plastic barricades did not remain upright in warm weather.

The use of 55-gal drums as traffic control devices proved
to be very effective in guiding traffic through construction
areas in Ohio. In one resurfacing project, drums used in
conjunction with barricades with attached steadily burning
lights, signs, and flagmen were used to delineate the roadway
from the construction area.

Federal Highway Administration (1975). This notice from
FHWA creates an awareness of hazardous highway condi-
tions that may result from inadequate removal or obliteration
of inappropriate pavement markings, and recommends desir-
able practices. Acceptable methods of pavement marking
removal include: sand blasting using air or water; high pres-
sure water; steam or superheated water; mechanical devices
such as grinders, sanders, scrapers, scarifiers, and wire
brushes; and solvents and chemicals.

Federal Highway Administration (1977). This notice pro-
vides guidelines for the use of ‘‘Timber Barricade’ traffic
control devices. ‘‘Timber Barricades’’ are not approved for
use on direct Federal or Federal-aid projects as a positive
barrier at any speed. The use of these devices should be
approved for delineating work areas only on an exception
basis, and only for city street types of improvements where
operating speeds of 20 mph or less can be expected. When
positive barriers are needed to control traffic in construction
zones, devices such as concrete safety-shape barriers and
metal beam systems are recommended.

Graham, Paulsen, and Glennon (1976). This report.con-
tains state-of-the-art information on traffic controls in work
zones. It identifies many specific problems and suggests
some recommendations for improvement. Standard traffic
control devices which are described include: signs, traffic
signals, hand signaling devices, channelization devices, vehi-
cle barriers and crash cushions, high level warning devices,
lighting devices, and new devices. Maintenance of traffic
control devices is also discussed.

Graham, Paulsen, and Glennon (1977). This report con-
tains the results of two studies of construction zone traffic
control; traffic accident analysis and speed reduction meth-
ods. The results relative to traffic control procedures used in
construction zones included: (1) Enforcement patrols and
lighted sequential arrow panels decreased vehicle speeds
near where they were installed, but their speed reduction
effect was only effective over a short length of highway.
(2) Based on time-trend analyses, the initial period of con-
struction zone traffic control was not more hazardous than
the later periods. (3) Drivers adjusted speed and position
based on the environment (geometrics of zone, lateral clear-
ance, and devices) more than on signing. (4) Basic national
standards for traffic control layouts in work zones were
found to be often violated.

HRB (NCHRP Synthesis No. 1) (1969). Various ap-
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proaches to the problem of providing proper traffic control
devices for work performed by contract provide that they be
(1) furnished and retained by the contractor; (2) furnished by
the contractor but turned over to the highway agency upon
completion of the work; (3) furnished by the highway agency
on consignment to the contractor; (4) furnished, placed,
maintained, and operated by the highway agency; and
(5) furnished by a rental agency at contractor expense or at
agency expense.

Where potential conflict with large volumes of freeway
traffic is a prime consideration, night work has been em-
ployed to meet maintenance needs. This generally is accom-
panied by additional signing and lighting at the work site, as
well as reflectorization of all work site signs. Electric lights
placed under translucent plastic traffic cones have been used
for additional nighttime delineation of the work zone. Suc-
cessful emergency traffic control procedures require the
ready availability of suitable traffic control devices and the
prearrangement for emergency duty of qualified personnel.
Electronic equipment and computer coordination offers ad-
ditional opportunities for emergency planning.

On shoulder work sites, the adjacent lane is sometimes
closed or a short cone taper is used to barricade the shoulder
and additional cones are placed along the pavement edge to
delineate the work area. For recovery area work sites most
agencies use a single warning sign immediately ahead of the
work. Where work operations are located on the right-of-way
outside of the recovery area (such as mowing operations)
flags, signs, or flashing or rotating lights are used on the work
vehicle. Some agencies also position signs at intervals along
the shoulder or near the operation.

Barricades are used to protect the work site from traffic or
to protect traffic from hazards within the work site area.
Traffic cones are used for closing lanes and channeling traffic
around or through work sites. Special sign trailers or trucks,
equipped with vehicle-mounted generators, flashing or rotat-
ing lights, and storage areas for cones, flags, signs, and
ground mounting devices, are frequently employed.

The most commonly used barricade devices usually follow
the standards prescribed in the MUTCD with the following
major differences: (1) Many agencies use a 1-in. rail instead
of the 2-in. rail prescribed in the Manual, and several agen-
cies use a 10 by 10 in. or 12 by 12 in. timber curb as part of
the barricade. (Timber curbs have been found to be hazard-
ous and are no longer allowed on Federal-sponsored projects
and are not included in the MUTCD.) Unfortunately, the
heavy curbed barricade often is used when only delineation
is required, and where lighter barricades or cones would be
safer. (2) Most agencies use traffic cones for closing lanes
and channeling traffic around or through work areas. The
knocked-over cone problem has been solved by one highway
district by placing a used automobile tire, coated with reflec-
torized paint, around each cone. Another agency places
lights under translucent plastic cones for night delineation of
tapers and traffic lanes. The cones are also reflectorized to
provide a fail-safe system. Mechanical equipment is also
used by several agencies, both to place and to pick up cones
at a reasonable rate of speed. Plastic barrier rails have been
used with the 36-in. cones to provide light barricades for
traffic lane delineation. (3) Pylons are used to replace cones
for lane delineation and traffic channeling. The pylon’s prin-

cipal advantage is the small amount of lane space it uses,
because its small base usually can be fastened to the pave-
ment with an adhesive. (4) Both painted and adhesive pave-
ment markings are used to designate temporary lanes at long-
term work sites. They may replace or supplement traffic
cones. Very few agencies elect to use painted temporary
lines on finished surfaces because of the differences in pave-
ment texture after the line has been removed. (5) Steel bar-
rels are used on construction projects as both barricades and
delineation devices. The maintenance organizations’ use of
barrels normally is limited to semipermanent lane closures
and temporary lane drops. They are also used to channel
traffic at points where the pavement ends.

Johnason (1977). The use of raised pavement markers as a
means of controlling traffic through construction areas is
evaluated in this project.

Juergens (1972). Two studies were made of construction
zones to compare the accident rate during construction with
the rate for the same portion of highway prior to construc-
tion. Results relating to traffic control procedures include the
following: (1) Old pavement markings should be completely
removed. (2) Where detours of asphaltic concrete paving
meet diagonally with portland cement concrete, the longitu-
dinal joint should be covered over with asphaltic concrete to
reduce the contrast between the two types of pavement.
(3) Barricades should not be used unless the hazard is greater
than the hazard of striking the barricade. They should not
be used as primary delineation devices to guide traffic.
(4) Delineation devices must be maintained or they will be-
come ineffective. (5) Too many signs may cause confusion
and inattention.

Kessinger (1977). In this study, the use of raised pavement
markers as a means of controlling traffic through construc-
tion projects is evaluated.

Lisle, Reilly, & Beale (1976). There is a need for a national
standard to provide guidance in designing a system for the
safe movement of traffic through construction zones. Func-
tional criteria and guidelines are needed for the appropriate
use and placement of cones, pylons, barricades, barrels, bar-
riers, impact attenuators, etc. The choice of the timber barri-
cades for use on 1-495 was part of a good faith attempt to
provide safety for both motorists and workmen. The use of
timber barricades where no roadside hazard justified their
use or where no construction activity was in progress was
contrary to the principles set forth in the MUTCD.

The high concentration of accidents at interchanges and
transition zones identifies those roadway locations where
extreme care and meticulous effort must be exercised in the
selection, use, and maintenance of the traffic control
devices.

The timber barricades did not prove to be effective as
positive barriers for the traffic conditions in the 1-495 con-
struction zone, inasmuch as 73.5 percent of the vehicles im-
pacting the barricades straddled or penetrated them. Use of
the precast concrete traffic barriers in place of the timber
barricades on I-495 would reduce each of the traffic lanes by
approximately 4 in.

Lynch (1977). The use of raised pavement markers as a
means of controlling traffic through a construction project is
evaluated in this study.

National Safety Council (1974). Some of the major sources



of injuries resulting from the improper use of barricades and
warning devices are: collision with construction equipment,
collision with other vehicles, pedestrians falling into open
excavation work, driving into work areas, driving into con-
tractor personnel, and loss of car control because of minor
road repairs.

The horizontal members of Type I barricades should be 8
to 12 in. (20.5 to 30.5 cm). The supports for the rails can be
built of lumber, metal, or other suitable materials and shaped
in the correct manner. In either case, the support should
contain, at the correct height, a notch or loop into which the
horizontal members are inserted. Rapid assembly and dis-
assembly of this type is an essential ingredient. This barri-
cade is usually found in 6 to 8 ft (approximately 20 m) lengths.

Type 11 barricades can be made of wood, metal, or other
components and combinations. The supports are of the *‘A-
Frame’ type, or hinged to permit easy folding. This is to
allow for stacking and convenient transport from location to
location. Because this portability is of prime importance, the
materials should be as lightweight as possible; yet they
should provide the necessary strength and durability. (This
type has a high center of gravity and is easily blown over.
Sandbags, folded over the lower board, can provide the
needed ballast.) The Type II barricades are usually used for
a permanent location and, therefore, should be built of
substantial material. If they are built on bases instead of
ports, consideration should be given to providing additional
ballast in the form of sandbags.

Traffic cones and tubular markers are often useful adjuncts
to barricades for marking the outer limits of a travelable
roadway, which is adjacent to a ditch or an unfinished
shoulder. Where lane obstructions occur and adequate ad-
vance warning has been provided, cones can also be used to
funnel traffic into appropriate lanes.

The predominant color used in cones should be orange.
Traffic cones and tubular markers should be a minimum of 18
in. (46 cm) high, with a broad-ended base, and be constructed
of materials that will withstand any damage either to design
or to vehicles striking them.

Larger sized cones should be used where traffic speeds are
tight or where more conspicuous guidance is needed. All
cones should be kept clean and bright. When they are used
during the night, they should be reflectorized or equipped
with lighting devices for maximum visibility.

When cones are used, precautions are necessary to assure
that they will not be blown over or displaced. This may be of
particular importance when they are adjacent to lanes of
moving traffic where there will be a wind created by passing
vehicles. Some cones are built with a base that can be filled
with ballast. With other types, it may be necessary to double
the cones in order to increase the weight, or to fabricate
weights that can be added to the cone for extra stability.

Traffic cones have a greater target value than the tubular-
shaped devices. The target value of either device can be
increased by the addition of an orange flag in the top end and,
at night, by colored delineators or interval lights.

Delineators, as used here, means all types of reflector units
that are capable of reflecting light from either the upper or
lower beam of automobile headlights. They are used primar-
ily for guidance rather than for warning.

Properly installed, delineators will indicate the horizontal
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and vertical alignment of the roadway and, thereby, outline
the path that vehicles must take. They should be spaced
sufficiently close to outline clearly their intended path during
night hours. (They should always be used in combination
with other traffic control devices.) -

Another traffic channelization device is the metal, 30- to
55-gallon (114 to 208 liter) capacity drum. They are set on
end, and they are used as an expedient channelization
method.

The color and marking should be the same as those for
barricades—orange and white or black and white. (The
colors should not be intermixed in the same area.) The color
should be black or orange with at least two horizontal, cir-
cumferential white stripes 4 to 6 in. wide (10.5 to 15 cm).

Drums should be reflectorized for use at night and never be
placed in a roadway without advance warning signs. In addi-
tion, a flashing warning light should be added when drums
are used singly, and steady warning lights should be added
when they are used in series.

One application of drums is to show an unusual vehicle
path made necessary by construction activity. Another effec-
tive application occurs on road-widening projects, where a
row of barrels is used at night to mark the edge of pavement
and to direct traffic away from an open excavation at the
edge. During working hours, the same barrels are moved
further onto the pavement to provide working room for con-
struction activities.

These barrels are heavy, bulky, and not easily transported,
but they do provide a good visual warning. They give the
appearance of being formidable obstacles and, thereby, com-
mand the respect of the drivers. However, they do not inflict
undue damage to a vehicle in the event they are struck.
Barrels may be weighted-down to resist wind forces, but they
should not be so heavy as to present a hazard to motorists if
struck.

Vertical panels used as channelizing devices should con-
sist of at least one panel, 6 to 8 in. (15.5 to 20 cm) in width
and 24 in. (61 cm) in height. They are striped and reflector-
ized in the same manner as barricades, and they are mounted
with the top a minimum of 36 in. above (91.5 cm) the roadway
on a single, lightweight post.

These vertical panel devices should be used for traf-
fic separation or shoulder barricading where space is at a
minimum.

Tiemann (1976). This report is concerned with deficiencies
in construction zones. Some examples are: inadequate
planning, coordination, and control of safety features for
traffic services; inadequate signing for construction activi-
ties; improper use of barricades; failure to adequately re-
move obsolete pavement lane markings; unprotected storage
of construction material and equipment along the roadway;
and inadequate taper distances for lane changes.

Transportation Research Board (1974). In establishing
traffic controls for rehabilitation work sites, the available
alternatives include roadway closures and off-site detours,
detours within the right of way, and lane closures or lane
constrictions. Lane reversals in conjunction with median
crossovers have been successfully employed by a number of
agencies, but safety considerations necessitate special design
features when this alternative is selected.

In Detroit, comprehensive studies have indicated that the
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closing of segments of the freeway system during night hours
permitted reconditioning work to be performed at the opti-
mum rate and cost. (A 36.1% savings was indicated as com-
pared to work conducted under traffic during daylight hours
for a project on the John C. Lodge Expressway in June 1968.)

The Effectiveness of Traffic Control Devices

Bailey & Nail (1977). The objective of the study was to
make an initial determination of the advantages and/or dis-
advantages of the chevron versus the diagonal pattern on the
top rail of barricades. Although the diagonal pattern is more
‘distinct’’ at a closer distance than the chevron pattern, both
are judged the same for target value. It was also concluded
that the diagonal pattern conveys no directional message to
the driver, whereas the chevron does convey a directional
message, but only at distances of 200 ft or less. It is recom-
mended that the current MUTCD guideline using the diag-
onal pattern be maintained until further research evidence
warrants change.

Bates (1976). In this study tests were conducted during a
serious traffic congestion at a bridge construction site, where
two truck-mounted arrowboards were used at the north-
bound merge point.

The results show that arrowboard trucks placed near the
merge point of two lanes have a profound effect on moving
vehicles from the closed to the open lane farther in advance
of the detour than without the arrowboard trucks. This pro-
duces a more efficient lane merge by moving vehicles into the
through lane at a higher speed, and also provides motorists
a longer period of time in advance to merge.

It was concluded that arrowboard trucks are a definite aid
in the merging of traffic lanes and should be used at other,
similar locations. Although this study definitely showed the
effectiveness of arrowboard trucks for merging traffic, it did
not provide guidelines for when they are needed.

It suggests that arrowboard trucks may be more effective
in moving vehicles to the left than to the right.

Brewer (1972). Brewer conducted a study to evaluate the
speed control effectiveness and safety of a traffic sign/traffic
cone/traffic barricade pattern, developed by the Iowa State
Highway Commission, which forces traffic through a weav-
ing pattern in a single lane prior to a lane closure (commonly
referred to as the ‘“‘Iowa Weave’’). Three test sites were
evaluated. Sites 1 and 2 employed the weave pattern,
whereas site 3 used a standard taper, with the following
results: (1) Analysis of the speed data showed site 2 to be far
superior to sites 1 and 3 in reducing speeds. Construction
activity was easily visible at site 2, but not at sites 1 and 3,
and is probably the reason for the large difference. (2) Skew-
ness of the distribution of vehicular speeds was examined,
and all sites had aproximately normally distributed speeds.
(3) Analysis of the rate of merging was conducted at sites 1
and 2 but not at site 3. The only significant difference be-
tween the two sites was during a 1,000-ft section within the
advance warning sign system which included an exit ramp at
site 1. As expected, there were significantly more vehicles in
the outside lane for site 1 than for site 2 over this portion of
the roadway. (4) Photographic data on 1,363 vehicles showed
that only about 0.03 percent of the vehicles were involved in
hazardous or unusual maneuvers. Therefore, the weave pat-
tern did not appear to result in unsafe operations.

Enustin (1972). This study was initiated to measure the
effectiveness of transverse plastic pavement stripes with
gradually decreasing spacing. Speed change was selected as
an acceptable indication of the effectiveness of these devices
in alerting the driver to an impending danger or maneuvering
requirement.

Colored stripes alone resulted in a numerically small
reduction in average speeds. Larger reductions in average
speeds were caused by rumble bars than by colored stripes.
In general, paint stripes are applicable for situations where a
hazard cannot be readily eliminated.

Low-profile rumble bars are recommended for use in con-
struction areas as well as at other locations that require maxi-
mum driver awareness, provided that special precaution is
taken not to damage them during winter maintenance.

Graham, Paulsen, and Glennon (1977). This study eval-
uates several speed reduction methods employed at two
sites, one urban freeway and one rural freeway. Data col-
lected include speeds, erratic maneuvers, and slow-moving
conflicts.

Rural freeway results indicate that the presence of enforce-
ment (police) depressed mean speed by 2.77 mph, reduced
the erratic maneuver rate by 25 percent, and reduced the
slow-moving conflict rate by about 25 percent. The presence
of an arrowboard panel reduced mean speed by 0.87 mph,
reduced the erratic maneuver rate by 25 percent, and in-
creased the slow-moving conflict rate by about 20 percent.
The presence of active warning of speed zoning reduced
the erratic maneuver rate by about 30 percent, and increased
the slow-moving conflict rate by about 20 percent. The pres-
ence of speed zoning (either advisory or regulatory) in-
creased the slow-moving conflict rate by 35 percent as com-
pared to no speed zoning.

Because of a loss of data from one of the four urban free-
way experiments, it was not possible to determine the effect
of any of the experimental treatments at this site.

Graham & Sharp (1977). This study was a comparison of
speeds, erratic maneuvers, slow-moving conflicts, weave or
slow-to-weave conflicts, and encroachment rates for the
standard taper length formula (shown below, as specified in
the MUTCD) and a new proposed taper formula:

Standard Formula: L = WS
Proposed Formula: L = W52/60

where L = minimum length of lane-drop taper, ft; S = speed
limit or 85th percentile speed, mph; and W = width of the
offset, ft.

In general, speeds were higher for the shorter length taper,
but by small amounts (less than 1 mph difference).

No site showed that the shorter proposed taper created
more erratic maneuvers than the standard taper length.

Only at one of the four test sites were slow-to-weave con-
flicts higher under the proposed taper as compared to exist-
ing taper lengths (the existing taper was shorter than the
proposed taper at this site).

McAllister & Kramer (1974). The California Department of
Transportation conducted a study to determine the most ef-
fective size and operation for arrowboards. The measure of
effectiveness of the arrowboards was the percent of decrease
in lane occupancy of the median lane at various distances



upstream from the boards. Presumably, more effective
arrowboard operation will result in lane changes occurring
farther upstream. Significant results included: (1) Larger
arrowboards were more effective than smaller boards during
the daytime. (2) A sequencing pattern was the most effective
during the daytime, but a flashing pattern was recommended
for night. (3) Speed measurements revealed a drop in speeds
of 5 mph due to the arrowboards.

Seymour, Deen, & Havens (1974). This study examined
the effect of standard yellow contractors’ signs; new yellow
signs, and new orange signs on driver compliance at lane
closures in construction zones. The measures used to eval-
uate driver compliance were spot speeds, traffic conflicts,
and merging maneuvers. The study results were as follows:
(1) The original contractors’ signs were the least effective in
reducing speeds. There was no significant difference be-
tween the new yellow and the new orange signs. (2) In this
study, conflicts were defined as: (a) abnormal brake applica-
tions, (b) forced merges, and (c) complete stops. All three
types of signs were analyzed for both right and left lane
closures. For the right lane closures, the conflict rate with the
contractors’ signs was significantly higher than the rate with
the new yellow or orange signs. Comparing the new orange
and the new yellow signs, there was no significant difference,
although the new orange signs generally had fewer conflicts.
(3) For right lane closures, the contractors’ signs had a sig-
nificantly higher number of merges within 500 ft of the first
traffic cone than the yellow or orange signs. For left lane
closures, only the new orange signs were significantly lower
than the contractors’ signs in the number of merges within
this distance. There was no significant difference between
the yellow and orange signs, although the orange was found
to be slightly superior.

Shah and Ray (1976). This report discusses the effect of
certain variables, such as sign size, height of installation, and
legend, on the driver responses measured by speed, conflict,
and queuing parameters.

Speed decrease at two land locations was greater for the
30-in. (0.762 m) signs than for either the 36-in. (0.914 m) or
the 48-in. (1.22 m) signs. At interstate locations, the 36-in.
signs yielded better overall response than the corresponding
30-in. signs. The height of the sign installation and sign
legend did not indicate any statistical difference in the
measured responses. Sequencing accumulative bidirectional
chevrons greatly enhanced the compliance of the driver to
warning signals.

DERIVATION OF DRIVER PERFORMANCE
MEASURES FROM LITERATURE RESOURCES

A driver’s successful negotiation of a construction work
zone is a function of his ability to adjust his speed and path
to unexpected roadway conditions. In construction zones,
the information concerning the needed adjustments in speed
and path are provided through the use of construction signs,
arrowboards, and channelizing devices. This section of the
literature review concerns the development of a list of driver
performance measures that could be used to evaluate the
effectiveness of channelization devices in providing drivers
with the proper speed and path information.

Two separate bodies of literature were surveyed to obtain
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a list of candidate performance measures. The first type of
literature reviewed was research reports in the area of driver
perception of highway guide signs and traffic control devices.
Pertinent studies which used drivers in real-world roadways,
in controlled roadways, and in laboratory driving situations
were examined and then analyzed. Unfortunately, few
studies relate directly to work zones. Most are peripheral to
this area (i.e., field- and controlled-field tests of the effective-
ness of other types of visual displays such as signs, flashing
lights, traffic signals, and so on). Inferences about driver
performance through work zones are appropriate, however,
because the same types of decision-making tasks are in-
volved as in other driving situations. The second approach,
human information processing, recognizes that a driver is,
first of all, an information processor, and takes into consider-
ation the basic foundations of his perceptual needs. These
studies are conducted in a laboratory setting, and generate
implications for the general characteristics which various
stimulus arrays may have in order to be effectively and ef-
ficiently perceived.

The measures of individual performance in the information
processing tasks have been extracted from these two sets of
documents. The result is a list of candidate performance
measures (Table A-1) appropriate for use in evaluating
human performance in field, controlled-field, and laboratory
settings.

Obviously, every measure cannot be used to empirically
research and evaluate channelizing devices as perceived by
drivers. Therefore these measures must be reviewed and
given careful consideration to determine which measures are
the most effective in determining how drivers respond to
various configurations of channelizing devices. This is the
objective of Task 2 (App. B).

LITERATURE SUBJECT BY REFERENCE MATRIX

Table A-2 contains an alphabetical listing of every docu-
ment reviewed pertinent to the evaluation of channelizing
devices and barricades in construction work zones, and this
listing is presented in a matrix format. The matrix consists of
the documents on the left side, with 42 subject headings in 16
general areas on the right side. Reading across, left to right
for any given document, those subject areas addressed
in that document are marked. Thus, at a single glance, a
reader can recognize the subject matter of any listing or,
conversely, select a certain subject area of interest and find
documents relating to that area.

As stated, 16 categories define the documents. The first
three categories relate to the context in which the traffic
control device (TCD) in work zones was reviewed, current
practice, experimental performance evaluation, and opera-
tional evaluation. The fourth category contains the driver
performance measures. These are measures of effectiveness
(MOE:s) used in previous research studies in the evaluation
of TCD and highway guide signs. Fifth are documents relat-
ing to the theoretical principles underlying human perception
of information displays and information processing as related
to traffic control devices. The sixth category covers specific
documents that review work zone procedures relating to the
placement of traffic control devices. The seventh category
includes type of highway contexts the document reviews.
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The eighth category covers variation in design of TCD and
lists documents that review TCD other than those specified
in the Manual on Uniform Traffic Control Devices
(MUTCD). The ninth category, application of devices,
relates to documents that discuss the planning for traffic
control in work zones, procedures to install and remove TCD
in work zones, and how TCDs are used in maintenance oper-
ations. The tenth, type of channelizing devices, classifies the
document into which TCDs were reviewed. The remaining
six document classifications refer to subject areas used in the
analysis of safety problems in work zones. Finally, a classifi-
.cation of the documents themselves is given so that a reader
may know if a particular report is a research study, a general
discussion, a status report, and so on. If a particular docu-
ment is of interest, the reader is referred to the ‘‘Literature
Summaries’’ section, which contains the references and an
abstract of these documents, again, in alphabetical order.
The complete references are given in the bibliography in-
cluded in the main body of the report (Chapter Five).

REVIEW OF SELECTED STATE, LOCAL, AND
UTILITY MANUALS ON UNIFORM TRAFFIC
CONTROL DEVICES

The following manuals on uniform traffic control were
reviewed:

® Texas A&M University Traffice Control Manual (1977).
® [owa Traffic Control Handbook (1976).

® (California Manual of Traffic Controls (1977).

o Traffic Barricade Manual, Phoenix, Arizona (July 1974).
® Traffic Safety Manual, New York Thruway (April 1976).

- ® Work Area Protection, Ohio Department of Transporta-
tion (July 1975).

® Lousiana Maintenance Traffic Control Handbook (1973).

Australian Standard MUTCD (1975).

Canadian MUTCD (1976).
Nevada Traffic Control Manual (1974).

Traffic Control Manual, San Diego Chapter, American
Public Works Association.

North Carolina MUTCD (Oct. 1973).

Omaha, Nebraska Public Works Department, Manual
(Sept. 1973).

Traffic Barricade Manual, Shreveport, Louisiana (1971).
New Hampshire MUTCD (1972).

Maintenance and Operations, Traffic Control Handbook,
Maine DOT (1977).

Ohio MUTCD Part VI.

Tennessee MUTCD Part VI (June 1972).

Florida MUTCD Part VI (1972).

Minnesota MUTCD Appendix B Traffic Controls for Tem-
porary Lane Closures, Street and Highway Construction,
Maintenance and Public Utility Operations (1974).
Michigan MUTCD Part VI (1976).

Traffic Control for Street and Highway Construction and
Maintenance Operations, West Virginia Department of

Highways.

Safety Training Program, Work Area Protection, Pennsyl-
vania Power and Light Company (1973).

Work Area Protection Guide, Philadelphia Electric Com-
pany (1972).

Typical Traffic Control for Work Area Protection, Vir-
ginia Department of Highways and Transportation (1975).

Policy Manual, Maintenance Division, Virginia Depart-
ment of Highways, Revised (1974).
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Table A-1. Candidate performance measures.

c lled Used as MOEs to
Document / Me Laboratory o?:ti;?de Field Fv%uat: ;CDS
cu asures . N n Work Zones
Experiment Experiment Experiment VES No
ATSA, 1973 X
Observer Rating Scale/Judgmerts X
ATSA, 1974 X
Observer Rating Scale/Judgments X
Attneave, 1954 X
Frequency of Responses X
Errors or Extrapolation X
Banks & Prinzmetal, 1976 X
Reaction Time X
Errors X
Grouping Measure X
Caelli & Umansky, 1976 ' X
Forced Choice Detection of
Alternatives with Feedback X
Copple & Milliman, 1966 X
Detection Distance by Observers -
Ranking Scale X
DeGreene, 1970 - X
Error Types 'in System Failure X X X
Dewar & Swanson, 1972 X
Recognition Time X
Errors X
Dewar & Ells, 1974 X
Verbal Reaction Time X
Detection Distance - Classification
& Identification X
Dewar, 1976 X
Correct Recognition - Glance
Legibility (Error Scores) X
Dewar, Ells, & Cooper, 1977 X
Lane Choice (Errors) X
Reaction Time
Glance Legibility X
Frequency of Destination Change X
Stops ) X
Reversals X
Dewar & Ells, 1977 X
Semantic Differential X
Errors in Comprehension X
Dietrich & Markowitz, 1972 X
confidence Ratings (4 Pt. Scale) X X
Error Scores in Recognizability X X
Questionnaire for - Meaning,
Activity, Preference X
a’ X X
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‘Table A-1 Continued

Document / Measures

Laboratory
Experiment

Controlled
Field
Experiment

Field
Experiment

Used as MOEs to
Evaluate TCDs
In Work Zones

YES NO

Graham, Paulsen, & Glennon, 1977

Accident Rate/100 MVM
(17 Classifications)

Speed (MPH)

Mean Speed and Variance via
Tracc Analysis

Erratic Maneuvers

Slow Moving Conflicts - Observer
Counts/15 Min. Periods

Previous Conflict Rate

X

Growney, 1976

Rating viaMethod of Magnitude
Estimation

Hanscom & Berger, 1976
Mean Speed- (MPH)
Speed Variance
Mean Acceleration (Ft./Sec.)
Acceleration Variance
Spot Speed (1400-800~200 Ft. Advance)
Acceleration (Ft./Sec.)
Headway (200-800 Sec. Ft. Advance)
Gap, Ft. (200-800 Ft. Advance)

Front Closure Speed (200-800 Ft.,
Advance)

Rear Closure Speed (200-800 Ft.
Advance)

Max Front Accident Potential
(ft./sec.)

Max Rear Accident Potential
(ft./Sec.)

Distance Dri&ing Slowly
(300 Ft. Intervals)

Distance Driving Fast
(300 Ft. Intervals)

Two Second Headway Violations
One Second Headway Violations
Point of Maximum Speed Change
Point of Acceleration Maximum Change
Point of Maximum Rear Closure Speed
Point of Maximum Front Closure Speed

Size of Maximum Acceleration Change
Location of Exit Weave

:Merge Gap Acceptance Length
Acceleration Noise

Eye Movements/Eye Fixations
& Fixations

Lateral Acceleration
Brake Pedal Usage
Gas Pedal Usage
Subject Ratings
Erratic Mancuvers

Percent Lane Changes

Size of Maximum Speed Change Ft./Sec.

WX X X X X X X X

>

X X X X X

M OX X X X X X

XX X X X X X

X OX X X X X X X

>

KoM X XK X XK X X X X X X

XK X X X X X X
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Document / Measures

Laboratory
Experiment

Controlled
Field
Experiment

Field
Experiment

Used as MOEs to
Evaluate TCDs
In Work Zones

YES NO

Hochberg & McAlister, 1953
Frequency of Response/Stimulus Sets

X

Juargens, et al., 1972
Accident Rate/100 MVM

Klein, Allen, & Peters, 1976
Steering Wheel Position
Steering Wheel Rate
Throttle Pedal Position
Brake System Fressure
Forward Velocity
Wheel Rotation Velocities
Longitudinal Acceleration
Lateral Acceleration
Vertical Acceleratidn
Pitch Rate
Roll Rate

Vehicle Lane POsition (Lane
Position Tracker)

Electrocardiogram (ECG)
Electromyogram (EMG)
Electroencephalogram (EEG)
Galvanic Skin Response (GSR)
vehicle Side Slip

Path Angle

Eye Point of Regard

Yaw Rate

pistance Traveled

Lateral Position

Heading Angle

Roll Angle

Pitch Angle

Steering Error

MKOX M X X X X X XK KX

oM X X M X oM X MOX X X X X X

MO M oM X X M X X X X

5O X oM X M oM M oM X X X X X X

Ladan, Heron, & Nelson, 1974
dl

McAlister & Kramer, 1974

Percent Decrease in Volume (Lane
Evacuation)

Speeds at Set Distances

Erratic Maneuvers (Score vis Time
Lapse Movie Film)

Morton, 1976
Percent Merges at Various Distances

Osaka, 1975

Rating Via Method of Magnitude
Estimation

Pomerantz & Swaitzberg, 1975
Mean Sorting Times

Sorting Frrors
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Table A-1 Continued

Document / Measures

Laboratory
Experiment

Controlled
Field
Experiment

Field
Experiment

Used as MOEs to
Evaluate TCDs
in Work Zones

YES NO

Ruden, et al., 1977
Recognition of Signal (Errors)

Attention Value of Signal
(Preference)

Reaction Time

Hcad Movement Counts (Via Time
Lapse Camera)

Vehicle Deceleration (Via Radar)

Running Vs. Stopping in Obedience
to Signal (Vehicle Count)

Observed Braking Mancuvers

- Preferences

X

Shah & Ray, 1976
Average Speed in Critical Zone

Traffic Conflicts - Forced Merge &
Complete Stop

Vehicle Count - Properly Queued -in
Travel Lane Between Last Sign &
First Cone Taper

Shepard, 1971
Weave Counts in Various 2Zones
Speed Chanées
Volume in Lanes

>

Smith & Janson, 1976
Field Interviews
Accident Reports
Reaction Time
Error Scores

Reference Rankings (Pair
Comparison Method)

Swezey, 1974
Recall Scores/Specified Intervals

Tolhurst & Dealy, 1974
Errors in Detection and Judgment (%)

.
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1975,
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1976
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1974
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FHWA (Highway
)

Franklin, Kuykendall
Copple & Milliman

Cornette, D.

Crumpton
Manual No. 12)

FHWA (Temporary

Markowitz
Doyle

MUTCD. .

Barriers. .

Focus)
FHWA (Program

Center for Auto Safety 1976
Center for Auto Safety 1977
Dewar, Ells, & Cooper 1977

Chipps, Doyle,
DeGreene

Dewar & Swanson
Dewar,

Dewar & Ells
Dewar

Dewar & Ells
Dietrich &
Enustin

FHWA (Change in
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APPENDIX B

DERIVATION OF PERFORMANCE MEASURES

INTRODUCTION

The objective of the second task was to derive appropriate
measures of performance that reflect driver response and the
relative effectiveness of particular devices. These measures
were then to be used in the three subsequent tasks:

1. A laboratory experiment of individual device design
(Task 3, App. C).

2. A controlled field experiment testing alternative de-
vices used collectively (Task 4, App. D). -

3. An evaluation of selected devices applied to actual
work zone situations (Task 5, App. E).

Two activities were pursued to derive the appropriate per-
formance measures. The first was a review of the literature
to identify candidate measures. The results of this effort are
reported in Appendix A (see Table A-1) and served as *‘in-
put’ to the remainder of the task. The second activity was an
analytical assessment of the driving task requirements for a
typical work zone situation. By analyzing the driving task it
was possible to identify the desired driver and vehicle
responses and, in turn, translate these into performance
measures for evaluation. This driving task analysis was par-
ticularly useful in defining those measures that were relevant
to the field evaluation study.

The discussions of the performance measures used for the
laboratory experiment (Task 3) and the field controlled test-
ing (Task 4) are best presented in the context of their indi-
vidual reports. Hence the reader is referred to Appendixes C
and D for that information. This appendix will deal chiefly
with the driving task analysis and how it was used to develop
candidate performance measures.

WORK-ZONE DRIVING TASK AND
RELATED MEASURES

The technique followed in deriving performance measures
was an adaptation of the information-decision-action (IDA)
analysis technique used by Taylor et al. (/) in deriving road-
way delineation requirements. In that study, delineation de-
vices were considered part of the information requirements
which were determined in a sequential fashion by establish-
ing the required actions, identifying the decisions the driver
must make to implement these actions, and then identify-
ing the information necessary for the driver to make the
decisions. ’

By applying the IDA analysis to the problem at hand, it is
possible to identify appropriate performance measures by
first determining the task requirement sequence (i.e., action)
as the driver approaches and passes through a construction

zone. Then from identifying the information requirements, at
least in generic terms, it can be established whether or not
any of the devices being studied are a factor in eliciting the
appropriate driver response. Finally, the appropriate per-
formance measures can be identified based on driving tasks
and whether or not the devices being studied are likely to
affect the driving task.

This procedure can be illustrated using a typical work zone
situation—a lane closure on a divided highway (as shown in
Figure B-1. The first step in this analysis is to establish refer-
ence points, areas, or zones where driver actions may be
required or are likely to occur.

The areas labeled on the right side of Figure B-1 are those
defined by Graham et al. (2) as follows.

The term construction zone refers to an entire construction
project. The beginning and end of the zone are called the
project limits.

The warning area begins with the first information to the
driver that he is approaching a work area. On high-speed
expressways, the warning area may begin 1 to 2 miles up-
stream of the work area.

The approach area begins with the first information to the
driver about the actual condition of the roadway ahead and
the actions that will be required to travel through the work
area. Although no physical restrictions narrow the roadway
in the approach area, there are often slowing and merging
maneuvers as drivers adjust their speed and position based
on their concept of the safe path through the zone.

The entering transition begins at the point where the
normal roadway is altered laterally by devices such as cones,
barricades, or barriers in order to channelize traffic to the
part of the roadway open through the work area. In Figure
B-1, traffic must move from the right lane into the median
lane. In other types of construction zones, the entering tran-
sition may lead traffic onto a temporary bypass road or to an
alternate route.

The work area is that length of the roadway where work is
being done or is going to be done. The work area may be
completely closed to traffic, or a portion of the roadway may
be open through the work area. If the work area is open to
traffic, traffic control should provide for the separation and
protection of motorists and construction workers.

The exiting transition is the area downstream from the
work area where traffic returns to the normal roadway. In
Figure B-1, the right lane is reopened in the exit transition.
If the work area roadway is closed to traffic the exit transi-
tion leads traffic back to the normal roadway. Also in the exit
transition area traffic returns to the lanes that were closed
and resumes its normal speed. In this area traffic should be
informed if no further work areas will be encountered.



To these areas has been added another section which is
within the work area—the activity area where the actual
construction work is being done, as evidenced by workers
and machinery moving about. A distinction is made here
between the work area and the activity area because:
(1) motorists may drive more cautiously (which would be
reflected by some performance measures) where there is
work activity, and (2) it may be desirable to use a ‘‘stronger’’
barrier system where there is activity for purposes of worker
protection.

The labels on the left side of the figure are those from the
concept of positive guidance, which is operationally defined
as ‘‘information presented unequivocally, unambiguously,
and conspicuously enough to meet decision sight distance
criteria and enhance the probability of appropriate speed and
path decisions’” (3). Decision sight distance is defined as
‘“‘the distance at which a driver can detect a hazard in an
environment of visual noise or clutter, recognize it (or its
threat potential), select appropriate speed and path, and per-
form the required action safely and efficiently”” ¢).

In this study, construction zones can be considered
condition-type hazards because they represent a road condi-
tion that is unexpected and requires a maneuver. More spe-
cifically, in the case illustrated by Figure B-1, the devices
along the taper constitute a fixed object hazard for motorists
in the outside lane.

One of the activities of the positive guidance procedure is
to establish zones corresponding to the nature of the tasks
the driver must perform approaching, through, and leaving
the site (in this case, the construction zone). These zones, as
depicted in Figure B-1 are:

1. Advance zone—where hazards or inefficiencies do not
yet affect the driver’s task.

2. Approach zone —corresponding to the decision sight
distance (DSD) minus the stopping sight distance. (The dis-
tances shown in Figure B-1 are based on DSD criteria estab-
lished by McGee (§) for 60 mph.)

3. Nonrecovery zone—begins at the point beyond which
there is insufficient space to avoid a system failure (i.e.,
stopping sight distance).

4. Hazard zone—distance corresponding to the length of
the hazard (in this case it starts with the first device at the
taper and ends at the last device on the tangent).

5. Downstream zone—area beyond the hazard corre-
sponding to the distance it takes to safely leave and not be
affected by or affect opposite direction traffic.

With the various zones of interest having been defined,
task and information analysis can be made to arrive at the
required performance measures.

Advance or Warning Area

For practical purposes, this area (zone) begins with the
first information of a construction zone. In Figure B-2, the
ROAD WORK 1 MILE sign is the initial advance point. The area
terminates with the beginning of the approach area, which
could be defined as either:

1. The point where the signing informs the motorist what
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Figure B-1. Areas within construction zones related to driver action
(*Ref. (3); **Ref. (2)).

action is required (e.g., RIGHT LANE CLOSED) and where it is to
take place (e.g., 1/2 MILE).

2. The point of possible first sighting of the hazard (i.e.,
the taper devices).

3. The decision sight distance—an established distance
based on information processing.

In this area there is no special or unusual driving task
requirement. The primary task is to maintain a quasi-steady
driving state, which simply means maintenance of the
desired or required lateral (lane placement) or longitudinal
(speed, headway) control. Because the driver usually cannot
see the construction area ahead and cannot determine from
the advance signing what specific action is required, there is
not likely to be a significant change in his quasi-steady driv-
ing state, at least none that could be attributed to the devices

of interest in this study.
Performance measures to be obtained here, if at all, would

include those typical traffic flow measures which could be
used as base values to compare with other zones. These
include:

1. Speed, all lanes.
a. Mean.
b. 85th percentile.
c. Variance.
2. Headway, all lanes.
3. Placement, outside lane.
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Figure B-2. Task analysis for advance area.

A, Maintain QUASI-STEADY STATE —
No change in speed or path required

REQUIREMENT

Dr ver needs only to be made aware of con-
struction activity ahcad

SOURCES

1. Advance warning sign(s)
e.g. W201

2. Driver may have view of channeliza-
tion devices or flashing arrow board
if there is long sight distance

A. VEHICLE

F

1. Speed
@ mean, 85th percentile
® variance

2. Headway — all lanes

3. Placement

® mean

® variance

o

. Conflicts/Erratic Maneuvers

sudden speed reduction

b. brake light application
c.
d

swerving, weaving

. slow moving

. Volume (by lane)

— Base value for comparison with other areas

— Not diractly comparahie 1o vther aceas unless

number of lanes is continued thru zone

= Difficult to compare with other areas

B. DRIVER

~N

. Recognition of Signal —

® reaction time

® head/eye movements

o recall

w

. Preference

. Understanding

— Requires instrumented vehicle, test subjects




a. Outside lane with respect to edge line.
b. Inside lane with respect to median edge line.
4. Conflict (multiple vehicle) and/or erratic maneuvers
(single vehicle). (NOTE: none are expected to occur.)
a. Sudden deceleration, brake light application.
b. Slow moving, below one standard deviation.
c. Lane changing
5. Volume, all lanes

Approach Area

Figure B-3 shows the task analysis for this area. Several
tasks are required of the driver, depending on the lane in
which he is positioned. The first task, which is required of all
motorists but especially those in the lane to be closed, is one
of information processing and decision-making. At the up-
stream boundary, or very shortly thereafter, the motorist
should be able to detect and recognize the upcoming hazard
(i.e., the taper). After recognition, the driver will go through
a decision process. For the driver in the outside lane, this
means deciding when to change lanes. For the inside lane
driver it will be either to maintain speed and path or to adjust
his speed to accommodate those changing lanes. Motorists in
the outside lanes will scan the adjacent lanes for gaps and
merge when an acceptable gap becomes available. The initia-
tion of the lane change could vary from 420 to 700 ft (120 m
to 214 m) (based on the 5.7 to 9.5 sec until response at
50 mph) downstream of the beginning of the approach area to
nearly the beginning of the entering transition area.

The information sources available to the driver to aid
him in the driving task are the signs as shown in Figure B-3
(RIGHT LANE CLOSED 1/2 MILE), the pavement width transition
sign (W4-2), and the view of the taper devices, including the
flashing arrowboard, if used. Because the taper devices will
be an information source at this point, any modifications in
the quasi-steady driving state may be attributable to those
devices, and, therefore, any performance measures which
describe these modifications are candidate measures of ef-
fectiveness. These include:

1. Speed, all lanes.

a. Mean and/or 85th percentile—as discussed earlier,
motorists, after recognizing the devices, may begin
to adjust their speed. If so, this should be detected
by a difference in the mean or 85th percentile speed
when compared to the base value in the advance
area. Speed is also likely to be influenced by the
traffic flow itself. Therefore, this measure should
be obtained during ‘‘free flow’’ conditions where the
drivers are responding to the devices and not to
traffic conditions.

b. Variance —smaller speed variance is related to a
safer condition. As drivers approach the taper area,
greater speed variation can be expected, and this
measure by itself can be used to evaluate effective-
ness of devices.

¢. Change (mean or variance) from the advance
area—the difference between the mean or variance
obtained at the advance and the approach zone can
be used as a measure of ‘‘noise’’ or change.

2. Headway—at this point, headway is not likely to be
affected by the devices being studied. It is more likely to
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be affected by vehicle density as some of the vehicles in the
outside lane merge into the inside. Although listed as a per-
formance measure, it may not be appropriate for this area.

3. Placement—Ilane placement for vehicles in the outside
lane is likely to change in the approach area. However, it
may not be appropriate in this area because it will be biased
by those vehicles changing lanes.

4. Conflicts/erratic maneuvers—in the approach area,
especially near the downstream end, conflicts or erratic ma-
neuvers may occur as drivers change lanes. The frequency of
these measures will be related to traffic volume, average
point of lane changing, and signing, as well as the devices
being examined.

5. Volume—-counts by lane can be used to determine lane
distribution and as a gross indicator of merge location.

6. Merge point—one of the most meaningful measures
related to the taper design is how it affects where drivers in
the outside lane merge with the adjacent lane. This measure
is best defined as the distance upstream from the beginning
of the taper to where the vehicle’s left wheels cross the lane
line.

There are other measures related to driver information
processing, such as recognition, understanding (comprehen-
sion), and preference. Although these may be valid measures
for evaluation of the devices, they require the use of a driver
survey and/or an instrumented vehicle.

Entering the Transition Area

Figure B-4 shows the task analysis for this area, where
motorists should be making final adjustments in speed, path,
and headway prior to the actual work area. Ideally, all motor-
ists in the outside lane should have already merged into the
open, adjacent lane prior to the taper. If not, there will be
lane changing as the motorist follows the taper into the adja-
cent lane. Other drivers may adjust their speed to the new
speed limit if they have not already done so, positioning their
vehicles in the lane in response to the delineation provided by
the markings and channelization devices, and adjusting their
headway in response to vehicles ahead of them.

The only information requirement in this area is the need
for a clearly delineated path. This is normally provided by the
channelization devices, which are of primary interest in this
study. Other sources of information include other vehicles
and the construction area itself.

The anticipated performance measures relating to the driv-
ing task are shown in Figure B-4. Some additional comments
concerning these are:

1. Speed—same comments as noted for the approach
area.

2. Headway—although the motorist is directly influenced
by the channelization devices, headway may not be a good
measure because it is likely to be affected by lane merging
and by traffic density.

3. Placement—this measure may also be inappropriate
here because of lane merging and the continuously changing
reference line (i.e., the taper).

4. Conflict/erratic maneuvers —this area should have the
highest incidence of these measures as motorists attempt late
lane changes.

5. Volume—all traffic counted in two lanes in the up-
stream areas should be in the single open lane, but it may be
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2. APPROACH AREA

; Cptional Trader or Trucks -

1 w/Flasher

A. Information Processing by Driver:

— detection, recognition, decision making

= scanning for gaps in adjacent lane

B. Possible Speed Reduction — all lanes

C. Lane Changing — for outside lane

Figure B-3. Task analysis for approach area.

REQUIREMENT

Driver needs information indicating
situation ahead (e.g., Right Lane Closed
Ahead), location (% mile, 500 ft., etc.)
and action required. Within the decision
sight distance should be able 1o see the
hazard (channelization devices)

SOURCES

1. WARNING Signs
e.g. W20-5, w4-2

2. Possibly Flashing Arrow Board

3. View of construction area/channeliz-
ing devices

4. Other traffic

1. Speed (all lanes)
a. mean, 85th percentile
L. variunce
¢. change from advance area

2. Headway (all lanes)

3. Placement {also variance

MOE only under free-flow conditions (LOS A, B):
otherwise a function of capacity

Seo comment under advance area, also comment
above holds true
See comment for advance area

w
w a. mean
o b, variance
I o .
g c. placement “noise’ — change in
mean or variance from advance
< zone
4. Conflicts Same as for advance area
B. Volume (by lane)
6. Merge Point — distance upstream
from begin of taper where vehicle
merges
= 1. Recognition of Signal
g — Same comments as for advance: however, if in this
g 2. Preference zone, driver can sec initial channelization devices,
: these measures may be relevant
-]

3. Understanding

0L




INFORMATION

LOCATION ACTION TO BE TAKEN REQUIREMENT/SOURCE PERFORMANCE MEASURES COMMENTS
3. ENTERING TRANSITION AREA A. Late Lane Changing — outside lane REQUIREMENT 1. Speed — Same comment as before
‘ :-1-] B. Adjusting Speed, lane position and headway No new information is necded since driver is o m?"
"‘-_.L_h making fina! adjustments to enter the work b.. variance
‘ : ' area. Needs only path guidance (delinea- c. change from approach area
o tion).
i 2 2. Headway — See previous comment; difficult to measure at this
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2. Construction Area —
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Figure B4. Task analysis for entering transition ared.
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necessary to count those vehicles that still have not merged
by the beginning of the transition area.

6. Merge point—as previously noted, lane changing
should have occurred prior to the taper, but again, this mea-
sure should be obtained for late lane changes.

Work Area and Activity area

The task analysis for the work area and activity area is
shown in Figure B-5. By this time, the motorists should have
established a new quasi-steady driving state, although there
is likely to be more variation in speed and placement because
of possible flow perturbations. For example, the driver may
feel the need for more cautious driving in the areas where
work is actually being performed. Also, because there are
more situational cues (construction activity, barriers, etc.) to
monitor, there is likely to be more speed and placement
adjustment.

The driver’s information requirements consist of a contin-
uous reminder of the lane closure (or in more positive terms,
delineation of the lane which is open) and the speed limit.
Within the work area there may be specific situations (e.g.,
trucks crossing, use of flagmen, etc.) which will require spe-
cial signing. It may also be advisable to provide information
in areas where there is activity, especially if these are spaced
between long sections of nonactivity areas.

Because the driving task is similar to that described for the
advance area, the performance measures are also similar. In
this case, the measures are influenced by the barriers and,
therefore, are appropriate measures for their evaluation.

Exiting Transition Area

The final area of the construction zone is the exiting tran-
sition area, where the driver returns to the original highway
condition. Because the channelization devices being eval-
uated in this project are not employed 1n this area, a task
analysis is not presented.

SUMMARY OF PERFORMANCE MEASURES

Figure B-6 summarizes the previous analysis and specifies
where the appropriate performance measurements can be
collected. Again only one case, the lane closure on a divided
highway, is illustrated; but this time a three-lane, one-
direction case is used.

From the previous discussion, several potential data col-
lection points can be identified along with the appropriate
measures. These include:

A. Advance point—at or before the advance warning sign

advising motorists of construction ahead. Should be a
“normal’” driving condition; therefore, no data collection
requirements are anticipated here.

B. Control point—at or just before the beginning of the
approach area. The measures noted in Figure B-6 should be
used as control values to compare with other points.

C. Approach point—can be arbitrarily established as
the midpoint between the beginning of the approach area and
the transition area. In this general area, motorists are likely
to be involved in speed changes and lane changes. Measures
that should be collected include speed (lanes 1 and 2), volume
by lane, merge point, and conflicts or erratic maneuvers.

D. Transition point—same measures collected for the ap-
proach point should be collected at the beginning of the tran-
sition area.

E. Entry point—defined as the end of the transition area.
All of the measures noted in Figure B-6 should be collected
here.

F. Activity point—at some locations where there is con-
struction activity, the measures noted in Figure B-6 should
be collected to determine if they differ from those in a nonac-
tivity area.

G. Nonactivity point—can be any point between E and H
where there is no construction activity. The same measures
as listed in E should be collected. It is possible that measures
for E could be used for this point.

The other data collection points, H and I, are shown in
Figure B-6 for completeness but not for locations for data
collection, at least in this situation.
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4. WORK AREA
(including ACTIVITY AREA)

sl il

Oprionst Trailer or Trucks
w/Flasher

vTLIM
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A. Maintain new QUASI-STEADY STATE —
Speed, placement, headway

B. Monitor traffic construction activity for
possible speed/placement adjustments

Figure B-5. Task analysis for work area.

REQUIREMENT

Unless there is a change in alinement (curve,
cross-Over, etc.) driver needs only to be
reminded of lane closure and speed limit,
Driver should be made aware of areas where
ther is construction activity.

SOURCES
1. Barriers, cones, channelization devices
2. Lane markings

3. Construction activity

4, Other traffic

A. VEHICLE

1.

N

Speed
a. mean, 85th percentile
b. variance

c. change from approach area

. Headway

. Placement

a. mean, also centrality index
b. variance
c. noise

. Conflicts =

a thru e as defined previously

. Volume (by lane)

— Compare 1o headway in advance area

— Use barrier as referance point

— For more than one lane, determine percent in lane
nearest to construction area.

B. DRIVER

. Preference

. Anxiety, comfort

€L



Measurements
Possible
Data Collection Lateral Conflicts/
Points Speed Place- Head- Volume Mm:ge Erratic
way Point
ment Maneuvers
END ——mmpm———p———} o ; _
Tl 0) Downstream Point — area of return to pre N/A N/A N/A N/A N/A N/A
1 1 construction normal driving.
1 I
B o e i @ End Construction Point — end of construction and N/A N/A N/A N/A N/A N/A
therefore end of device.
1
e Gt T @ Non Activity Point — any area between E and
' H where there is no construction activity and
1 Lane 2 Lane 2 Lane 2 | Lanes 2 N/A Lane 2
o represents ‘‘'normal’’ speed/path thru con- &3
RK )
AREA 1 struction.
1
Bt st % -® Activity Point — area(s) of construction activity
i o where drivers may make further modifications Lane 2 Lane 2 Lane 2 | Lanes 2 N/A Lane 2
in speed/path. &3
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"__"""'{' T i @ Entry Point — end of transition where drivers
have stabilized their speed position, influenced
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1 1
P & 1 : e e @ Advance Point — represents ““normal”’ flow N/A N/A N/A N/A N/A N/A
@ @ @ measures un-influenced by construction
area.

Figure B-6. Data collection points and measures.
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OPTIMIZATION OF DESIGN CHARACTERISTICS

INTRODUCTION

This research consists of four laboratory studies to
examine the design and marking configuration of orange and
white stripes as displayed on a number of panel and barricade
type forms. The objective was to provide a quantitative eval-
uation to recommend optimal designs for use on actual work-
zone traffic-control devices. The purpose here was not to
generate the optimally detectable single channelizing device,
but rather to select for field testing those design elements
most conducive to detection and identification and eliminate
those soliciting consistently poor performance. This was be-
lieved to serve a need to standardize and make uniform the
displays on traffic controls through and around construction
zones, inasmuch as the safe and efficacious movement of
traffic through these zones is a crucial issue today.

A primary driver activity is acquiring visual information
about the highway and its immediate environs. A wide va-
riety of visual configurations confront the driver, who must
constantly search the roadway for appropriate guidance and
navigation cues. This search and detection process is particu-
larly important in a work/construction zone setting, where
there are unexpected changes in the roadway and often there
are many distracting visual cues.

A laboratory setting was used to investigate construction-
zone traffic-control device markings. Although a laboratory
experiment is not intended to be a direct simulation of the
driving task, it can be made more relevant if the subjects’
tasks are similar and the information load is similar to that of
driving. To accomplish this, a general experimental method
emphasizing search and detection performance was de-
signed, and four experiments were performed. The experi-
mental method, analyses, and results are discussed in the
following.

EXPERIMENTAL METHOD

A visually noisy and fairly abstract background picture
was created. Four of these pictures were placed together to
form a square, each quadrant of the square being the same
picture. Small stimuli (e.g., bar or panel of a particular stripe
width), orange-to-white color ratio, height-to-width ratio,
and stripe design (horizontal, vertical, 45° slant, chevron)
were placed on one quadrant of the square, and another
picture taken. The resultant slide was then projected tach-
istoscopically at a fast speed (0.4 or 0.8 sec). The subject’s
task was to search the four quadrants, identify the type of
design (horizontal, etc.), and identify the shape (bar or
panel). Figure C-1 is a substantially photoreduced copy of
the stimulus background (the original is in full color), and
Figure C-2 presents selected samples of the device stimuli

used for each of the four studies. The blotches of gray on
Figure C-1 are different colors on the actual slides. This
presents a total image of geometric lines overlaid with color
visual noise. In making the stimulus slides, the placement of
device stimuli was completely random, both for choice of
quadrant and placement within the quadrant.

The construction and projection of each stimulus on the
screen were accomplished in such a way as to simulate expe-
rience should the actual channelizing devices with 4-in.,
6-in., or 8-in. (10.15-cm, 15.3-cm, or 20.35-cm) stripe widths
be encountered. This was accomplished by computing the
approximate visual angle for each stimulus as it appeared on
the screen, then having respondents sit at distances approxi-
mating perception of these stimuli at 100 to 150 ft (31 to 46 m).
In the four experiments performed, the respondents were
seated at 10 to 15 ft (3.1 m to 4.6 m) to simulate this percep-
tual condition (figures are approximate).

The measures of performance by subjects responding to
these stimuli were, thus, a Q score (quadrant detection), a
C score (configuration identification), and an S score (shape
identification). A subject scored ‘*1° for correct response in
each, or zero if incorrect. These three were then summed for
each stimulus for each subject to obtain a combined index
score for performance for each stimulus. All subjects in each
experiment saw all stimuli; therefore, the same basic
subjects-by-treatments analysis of variance (ANOVA) could
be applied to the performance data obtained. This basic
model prevails in all four studies.

In addition, subjects were asked to indicate how confident
they were of their responses on a scale of 1 (low) to 5 (high).
All of these measures were collected on a response sheet,
samples of which may be seen in Figure C-3.

Thirty licensed drivers, ranging in age from 17 to 60 years,
were obtained and tested for each of the four experiments.
Subject information was collected after each experiment,
including age, sex, driving experience, and comments (if
any). The stimulus slides were shown and subjects marked
the response sheets.

EXPERIMENTAL ANALYSES AND RESULTS

Experiment 1

The purpose of the first experiment was to determine the
optimum stripe width for use on channelizing devices. Simu-
lated 4-in., 6-in., and 8-in. (10.15-cm, 15.3-cm and 20.35-cm)
stripes were studied. The mean index performance score, as
previously described, was analyzed by the subjects by treat-
ments ANOVA.

Before proceeding to the actual findings regarding stripe
width, a secondary purpose of this first laboratory study



Figure C-1. Background used for experiments.




must be discussed. In a sense this initial study was a proving
ground for the studies to follow, in that it examined some of
the potential effects of demographic and conditional environ-
mental variables impinging upon the primary factor (e.g.,
stimulus design). The following are these secondary factors:

Males versus females in the sample.
Ages of subjects in the sample.
Driving experience of subjects in the sample.
Exposure duration of stimulus slides.

5. Contrast of stimulus against background—dark versus
light.

6. Shape of stimulus device—Dbar versus panel.

7. Subjective confidence ratings by subjects for each
response.

S O B

Sex

Contingency tables were drawn up relating sex of respon-
dent to response scores for each slide. Table C-1 shows that
z-test scores achieved from both groups are significantly
higher than chance in only a few cases. Therefore, the
male/female factor for this task was deemed relatively in-
consequential. In fact, these empirical data support the find-
ings of most researchers (Eriksen (/), who used students to
study location of objects in a visual display as a function of
various stimulus dimensions and found no evidence of sex
difference on performance.

Age and Driving Experience

The effects of age and driving experience followed a simi-
lar trend. The sample used consisted of 30 subjects with the
following characteristics:

1. Fifteen males and 18 females.

2. Twenty one subjects under 25 years of age and 12 sub-
jects over 25 years of age.

3. Twelve subjects with 1 to 3 years of driving experience
and 21 subjects with over 3 years of driving experience.

For the purpose of this study, the sample of the general
driving population used was adequately representative to
account for any age, sex, or driving-experience-related
differences.

Exposure Duration

To examine stimulus exposure duration, the stimulus
slides were shown at two speeds, one high (0.4 sec) and one
low (0.8 sec). An analysis of variance (subjects by exposure,
speed by stripe width) was performed using the mean index
scores to determine if the speed of presentation interacted
significantly with the design characteristics being tested. The
results are given in Table C-2 (F ratios) and Figure C-4 (plot
of performance score means). Figure C-4 shows performance
scores on a scale of 0 to 100. This is a transformation of the
actual raw index score to achieve uniformity for this and
succeeding graphs so that they are comparable.

The F ratios indicated significance at the «0.001 level for
the exposure speed factor. The rationale behind speed con-
trolled presentations was to induce enough errors to discrim-
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Figure C-2. Samples of some stimuli used in each of the four experi-
ments.

inate between stimuli. Therefore, the higher speed (0.4 sec)
was chosen for subsequent tests because it showed more
clearly the difference between the three conditions of the
primary variable (in this case 4-in., 6-in., or 8-in. (10.15-cm;
15.3-cm; or 20.35-cm) stripe width). Table C-3 documents
this with the results of t-tests performed between the 4-in.,
6-in., and 8-in. (10.15-cm, 15.3-cm, and 20.35-cm) width
combinations and shows definite discrimination between
performance on 8 in. (20.35 cm) versus 4 in. (10.15 ¢cm) at the
faster speed.

Contrast

Another secondary factor under consideration was the ef-
fect of placing the stimulus against a dark background versus
placing it on a lighter background. An analysis of variance
(subjects by design configuration by background (dark/light))
was performed. Overall contrast was not a significant factor
in stimulus detectability (see Table C-4). Most of the vari-
ance in subject performance was due to differences in con-
figuration (see Fig. C-5). There was a significant interaction
between contrast and configuration, but this has little opera-
tional implication because the differences between dark and
light backgrounds were not significant.

Shape of Stimulus

An analysis of variance (subjects by design configuration
by shape) was performed to determine whether the de-
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Figure C-3. Sample subject response [data sheet for Task 3 laboratory studies.

vice shape (bar or panel) would play a significant role in
detectability.

It was found that device shape was not a significant factor
overall (Table C-5 and Fig. C-6). The differences seen in
Figure C-5 were not significant, excepting that for the hori-
zontal configuration, a t-test performed between the hori-
zontal bar and horizontal panel produced a t-ratio of 5.34
(df =31), significant at & = 0.001.

Because of this significant difference, it was decided to use
both bars and panels in the experiments.

As with the previous analysis, the F ratios showed a gen-
eral disparity in performance among the device configura-
tions (horizontal, vertical, slant, and chevron) with a smaller,
but significant, interaction between shape and configuration.

Subjective Confidence Ratings

A table of correlation coefficients was generated to deter-
mine whether any relationship existed between the subjects’
actual performance (index score) and their confidence in
their response (confidence rating) (see Table C-6). Generally,
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s Shape detection score

*Significance at .05 level (two-tailed)

subjects with correct answers showed more confidence in
their decision, with most coefficients being 0.45 or above.
A few exceptions to this were notable. Twelve percent
(6 coefficients) were below 0.25, as shown by asterisks in the
table. These were all for stimuli shown against a light back-
ground. This could be contradictory to the background ver-
sus configuration results in Figure C-3, or it could simply

Table C-1. Comparison of male—female performance in ex- Table C-2. Analysis of variance comparing exposure
periment 1. speed and stripe width.
e - > i Source of sum of Mean
S E— = Female = Sl EMETe . Variation Squares daf Square F-Ratio
Stimu- of Nunber Number | Percent
lus Score | Subjects | Correct | Correct | a. | b. c. z Value Subjects 6919.6458 31 - -
L ot 18 - 44.4 | 16 |11 | 68.8 | -1.4249 Speed 1575.5208 1| 1525.5208 | 136.7545%
c 18 8 44.4 | 15| 8 [53.3|-0.5088
S 18 9 50.0 |15 |12 |80.0 | -1.7843 Stripe Width (size)| 806.1563 2 403.0782 32.2666%
2 Q 18 11 61.1 | 16| 7 |43.8| 1.0125 Speed x Size 161.9479 2 80.9740 7.6836%
s 18 9 50.0 | 16 | 8 |50.0| 0.0
s 18 | 10 55.6 | 16 |13 |Bl.3 | -1.5988 Error Speed 357.1459 | 31 11,5208 | . =~
3 Q 18 4 22,2 | 15| 5[33.3|-0.7138 Error Size | 774.5104 | 62 12.4921 | -
c 18 2 11.1 | 15| 2 |13.3|-0.1948
s 18 El 27.8 | 15| 5 |33.3|-0.3458 Error Speed & Size| 653.3854 | 62 10.5385 -
4 0 18 10 55.6 | 16 | 10 | 62.5 | -0.4108 Total ’ 11248.3125 | 191 - T |
¢ 18 2 11.1 | 16| 8 |50.0 | -2.4846%
s 18 12 66.7 16|13 |81.3 | =0.9623 *Significance at the .001 level.
5 | Q 18 15 83.3 | 17 |12 | 70.6 | 0.8977
| c 18 11 61.1 | 17 |11 |64.7 | -0.2199
i s 18 13 72,2 | 17 | 14 [82.4 | -0.7135
6 0 19 12 | 15| 11 | 73.3 | -0.6299 Table C-3. t-Ratios—4-in. vs. 6-in. vs. 8-in. widths.
c 18 17 | 94.4 | 15|11 |73.3| 1l.6844
s 18 16 88.9 | 15|15 L00.0 | -1.3330
.| Exposure|Width | Sample Standard
7 Q 17 14 82.4 | 16| 9 [56.3| 1.6308 speed |(in.)| Size | Mean Deviation t-value*
c 17 14 82.4 | 16|13 |81.3  0.0820 4 | 32 25.56 6.45555
1 s 19 15 78.9 | 16 | 15 | 93.8 | -1.2471 | 1.8631
‘ ' [ High | 6 | 32 | 28.81 | 7.4636
| 8 o | 18 6 33.3 | 16| 4 |25.0| o0.5324 2.3626%* e,
c 18 13 72.2 | 16 | 14 | 87.5| -1.1001 8 32 32.75 5.7698
3 18 15 83.3 | 16|12 [75.0| 0.6000 : .
| '
9 0 18 11 61.1 | 17 | 13 | 76.5| -0.9785 i | a2 33.13 7.0058
| c 17 6 35.3 | 17 | 13 | 76.5 | =2.4180% 1.1836
[ [ s 17 12 70.6 | 17 | 15 | 88.2| -1.2726 | Tk 6 | 32 15.22 | 7.1199 | !
| I | 0.4221
10 Q 17 9 52,9 | 16|13 [ 81.3 | -1.7245 | | | :
c 17 11 §4.7 | 16|12 | 75.0 | -0.6432 | 8 | e | 3543320 || 7adB60
5 17 6 35.3 | 16| 9|56.3|-1.2085 |
11 0 16 12 75.0 | 16 |13 [81.3 | -0.4276 |
¢ 16 e 25¢0 | L6 |14 |BToa ) ~0.3029 * ¢ -i dent gr were used here and in subsequent analyses (2).
= 1e 5 12.5 1e 1 6.3 0. 6065 t-tests for non-independent groups q y 2]
| ** Gignificant at the .05 level between 4 in. and 8 in. and 6 in. and 8 in. for the fast speed.
12 0 17 14 g2.4 | 15 [12 |80.0 | 0.1702
C 17 | 8 47.1 16 6 40,0 0.4017 **# Significant at the .01 level between 4 in. and 8 in. only for the fast speed.
[ s iz 13 76.5 |15 | 9 |60.0 | 1.0033
13 0 17 10 58.8 |15 | 7 |46.7 | 0.6878
¢ 17 11 64.7 |15 | 7 |46.7 | 1.0268
s 17 11 64.7 |15 | 8 |53.3 0.6538 |
14 0 17 10 ss.8 |15 7 467 o.es7s | Table C-4. Experiment 1 summary of ANOVA subject vs.
c 17 8 47.1 |15 | 8 |53.3 | -0.3543 . : -
5 i il a7 | 32 |13 [Bes | Aaladen design configuration vs. background.
‘
15 o} 17 9 52.9 | 15 | 8 |53.3|-0.0222
C 17 10 58.8 | 15 |10 | 66.7 | -0.4574 | Source of Degree of Sum of Mean
s 17 15 88.2 15 | 14 | 93.3 | -0,4938 | variation Freedom Squares Square F-Ratio
|
16 Q 17 9 52,9 | 15 |13 |86.7 | -2.0544*% |
c 16 12 75.0 | 15 |11 |73.3| 0.1060 contrast (A) 1 3.5156 3.5156 0.8720
s 16 10 62.5 | 15 |13 [86.7 | -1.5371
| Configuration (B) 3 551.5469 183.8490 32.8205%
17 Q 15 2 13.3 14 | 4 [28.6 | -1.0126 |
c 14 9 64.3 | 15| 5 [33.3| 1.6671 | Subjects (C) k) 1192.9844 38.4834
s 14 5 35.7 | 15 |12 [80.0 | -2.4200
‘ AB 3 107.0469 35.6823 6.5138*
18 ) 16 2 12.5 | 15 | 7 |46.7 | -2.0945*
c 15 5 33.3 | 15| 6 |40.0|-0.3790 | AC 31 124.9844 4.0318
s 15 9 60.0 | 15| 5 !33.3| 1.4640 |
| | BC 93 520.9531 5.6016
19 Q 17 9 52,9 | 15 |12 | 80.0 [ -1.6085
e 17 9 52.9 | 15| 8 |53.3|-0.0222 ABC 93 509.4531 5.4780
s 17 12 70.6 | 15 |10 | 66.7 | 0.2389
Total 255 3010.4844
20 0 17 10 58,8 | 15| 5 [33.3| 1.4422
c 17 9 52.9 | 15|10 | 66.7 | =0.7890 S LaRTER
5 16 12 75.0 | 15 |12 |80.0 | -0.3328 Significant at .01 lsvel
S T - 1 ' 1 —
3 Q = Quadrant detection score
C = Configuration detection score

point to a guessing phenomenon. An examination of the
placement of these 6 stimuli on the slides revealed that 5 out
of 6 of these were located at the very periphery of the quad-
rants, 4 out of the 6 along the bottom edge. This is an entirely
new dimension of the consideration, namely, peripheral ver-
sus central fixation and target search behavior. Detailed
examination of this phenomenon is outside the scope of this



80

Table C-5. Experiment 1 summary of ANOVA subject vs. de-

sign configuration vs. shape.

Table C-6. Correlation coefficients total index score X con-
fidence level.

Source of Degree of Sum of Mean Configurationr Horizontal _Vertical ! Slant Chevron
Variation Freedom Squares Square F-Ratio | Contrast Dark [Light | Dark | Light | Dark [ Light | Dark |Lignt
Shape J Width / ﬁ;? /
Shape () 1 7.5625 7.5625 0.5761 T e
P 4 .63 | .59 .60 | .12% | .81 | .88 | .62 | .21%
i i B 551.54 .84 32.8205* A =
Confignration: (B) ? £ 193,8400 i N 6 .59 | .45 | .59 | .64 | .44 | .63 | .48 | .66
Subjects (C) 31 1192.9844 38.4834 B
L 8 .60 | .30 .49 | .19% | .52 | .40 .66 | .81
AB 3 149.2500 49.7500 10.2988*% 77 : 7/7/ 7 777
AC 31 406.9375 13.1270 4 .43 .10* | .30 +57 .58 .70 .58 .35
B 1 —
BC 93 520.9531 5.6016 A 6 .73 | .16* | .54 | .60 .55 | .78 .78 | .50
R -
ABC 93 449.2500 4.8306 8| .74 | .47 .40 | .23% | .54 | .63 .64 | .41
Total 255 3278.4844 Balow:Q.25
*Significant at .01 level
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and low confidence simply because of missed targets or,
conversely, some spuriously good scores due to chance
guessing.

With respect to the primary findings of the experiment, the
investigation of device stripe width, because there was a
question of interaction between stripe width and device
shape (bar or panel) separate ANOV As were performed for
each. Tables C-7 and C-8 and Figures C-7 and C-8 present the
results obtained. The primary finding in each of these sets of
data is that the 4-in. simulated width is clearly inferior to the
6 in. and the 8 in. widths; in most cases, there is statistical

Figure C-5. Contrast vs. configu-
ration.

significance between the 4 in. and the 8 in. widths. Discrimin-
ability between the 6 in. and the 8 in. widths is not as clear
nor is it significant, suggesting that either would be accept-
able for use on devices in the real world. The 8 in. would
seemingly be preferable (especially for larger size devices),
because, particularly in the case of the panels, the 8-in scores
are all superior to the 6 in. and 4 in. However, the 8-in. stripe




is not consistently or significantly so superior to the 6 in. to
justify discarding the latter.

The general superiority of the 8 in. width with the concur-
rent acceptability of the 6 in. does not address smaller issues,
such as the discrepancy between horizontal bar versus panel
detection, and the emerging inferiority of the slanted, and
more apparently, the chevron configurations. Even though
performance in 8-in. detection is clearly superior or at least
equivalent in all cases, the general poor detectability of the
chevron, and to a lesser extent, the slanted design, as well as
the horizontal bar with 4-in. and 6-in. stripes is apparent.
These underlying trends that surface as a subset of the pri-
mary finding account for the significant interactions between
width and configuration. Although they do not discount the
impact of the basic finding of 8-in. superiority, they do sug-
gest the need for a more detailed analysis of the data, an
invitation to hypothesize in a more complex, factorial fashion
about the elements actually operating in the perceptual stim-
ulus characteristics of these designs. This was beyond the
scope of this study, but its implications are discussed in the
concluding sections of this appendix.

Experiment 2

The purpose of the second experiment was to determine
the optimal color ratio (white to orange) to be used on barri-
cades, panels, and drums. Each design configuration exam-
ined in experiment 1 (horizontal, vertical, slant, chevron)
was prepared in a simulated 6-in. stripe width using white-to-
orange color coverage of 1:2, 1:1, and 2: 1. Because many
demographic and methodological variables were considered
and mollified in experiment 1, one high-speed stimulus expo-
sure was used (0.4 sec) for all of the slides in this study, and
the responses were analyzed directly relating to the primary
objective, color ratio. The analysis of variance (subjects by
configuration by color ratio) was performed, again using the
total index score achieved for each stimulus presentation.
Table C-9 and Figure C-9 present the results of this analysis.
Clearly, the significant F ratio for color ratio indicates suf-
ficient performance differences due to this factor. In general,
the 2: 1 white to orange is slightly advantageous although not
generally significant from the 1:1. The 1:2 white to orange,
essentially an overabundance of orange, is in general in-
ferior, although again, in most cases, not significantly. Logic
explains these findings in part. The stimuli were generally
seen against a multicolored, visually noisy background,
simulating some cluttered construction areas to be found in
the real world. The bright white best stands out against this
general dim melange of background noise. Were the bright
orange to be viewed in a cleaner, open white pavement type
situation, results would surely reflect a superiority. Thus, the
laboratory conditions have more effectively addressed the
more common, visually cluttered and/or dim ambient condi-
tion in which equal or more white than orange contrasts with
the background.

The general trend wherein the horizontal and vertical con-
figurations effect higher performance scores than the slant
and chevron patterns continues as in experiment 1. Notably,
however, the traditional slanted pattern in current use does
emerge as superior in the 1: 1 ratio. In fact, t-tests performed
between various parts of designs reveal the significant supe-
riority of the vertical and horizontal patterns over the chev-
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ron design. Although this is not the primary problem at hand,
the small but significant F ratio for the interaction between
color ratio and configuration again emphasizes an invitation
to examine more complex issues not within the scope of this
study.

Experiment 3

This experiment had as its purpose the close examination
of the actual effectiveness and possible inherent meanings of
these device configurations. The first part of the experiment
looked at effective detection of some new and old designs,
and the second part searched for some meanings within these
designs.

Part 1

Here, each of the four standard configurations (horizontal,
vertical, slant, chevron) and two shapes were tested, but two
distractor configurations (double chevrons and X's) and one
distractor shape were tested. Figure C-2 shows examples of
these distractor stimuli. The detection and identification pro-
cedures for these stimuli were identical to that for experi-
ments 1 and 2. Therefore, an analysis of variance (subjects by
configuration by shape) was performed. Table C-10 and
Figure C-10 present the results of this analysis. F ratios for
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Table C-7. Experiment 1 summary of ANOVA stripe width vs. panel.

Source of Degree of Sum of Mean
Variation Freedom Squares Square F-Ratio
width (A) 2 31.1302 15.5651 9.1297
Configuration (B) 3 158.9453 52.9818 30.5782%*
Subjects (C) 31 240.7891 7.7674
AB 6 27.0156 4.5026 2.4194**
AC 62 105.7031 1.7049
BC 93 161.1380 17323
ABC 186 346.1510 1.8610
Total 383 1070.8724
*Significant at .01 level
Table C-8. Experiment 1 summary of ANOVA stripe width vs. bar.
Source of Degree of Sum of Mean .
Variation Freedom Squares Squares F-Ratio
Width (A) 2 72.2500 36.1250 22.4912*
Configuration (B) 3 74.6536 24.8845 14.2624*
Subjects (C) 31 292.5182 9.4361
AB 6 96.1667 16.0278 9.1822*
AC 62 99.5833 1.6062
BC 93 162.2630 1.7448
ABC 186 324.6667 1.7455
Total 383 1122.1016

*Significant at .01 level

the main effects, namely configuration and shape, are signifi-
cant, but not nearly so as in previous analyses. The inter-
active effects of configuration by shape also produce a sig-
nificant F, again underscoring the persistence of underlying
factors operating in a complex way rather than in simple
incremental levels of one dimension, shown in Figure C-10.
Although the horizontal and vertical configurations still exhi-
bit a certain amount of superiority, they also fall below the
average scores in certain cases. The chevron design reaches
two high peaks on panel and bar shapes, but falls dramati-
cally when placed on the new shape. The new shape, in fact,
is the more stable operator within the study because it favors
horizontal, vertical, and slanted configurations and declines
sharply in performance when containing all the chevron or
new designs. The panels and bars are inconsistent in per-
formance as compared to the findings in the previous studies.
The general superiority of the horizontal, and particularly the
vertical, panel is still established, however.

This task essentially shows performance degradation due
to subject confusion by virtue of these distractor stimuli. The
basic perceptions of the up-and-down and side-by-side of the
horizontals and verticals have effectively been interfered

with such that performance has strayed across various
dimensions. The distraction elements, in fact, add the touch
of realism to the laboratory setting, inasmuch as the real
world usually consists of many distractors impinging on any
given primary task at hand. The addition of the distractor
elements seems to have made the task more difficult for the
subjects and resulted in guessing. The findings of Part 1 do
not confirm or refute the results of the configuration versus
shape study of experiment 1.

Part 2

The second part of this experiment was conducted to
determine what, if any, inherent meaning was conveyed by
the stimuli presented in Part 1. For example, do the chevrons
and stripes indicate a particular direction or path to follow if
a driver encounters them in the real world? The test of this
question was a forced lane choice, left or right divergence
from the center lane of travel on encountering one of the
devices in the center lane ahead.

To do this, the subjects were shown a slide of a roadway
containing a barricade in the center lane and necessitating a



move to the right or left. In this experiment, the background
consisted of a drawing of a 6-lane (3 in each direction) free-
way. An artist’s rendering of this (shown as a substantially
reduced black and white picture—the original is in color) is
shown in Figure C-11. Models of barricades of the four stan-
dard configurations were placed, one by one, in the center
lane, and a photograph taken. The slides of the slanted and
chevron configurations were made with the pattern pointing
to the left and to the right. This allowed for control of pos-
sible driver bias to consistently choose one lane over the
other.

Subjects were instructed to think of this situation as if they
were driving down the middle lane and suddenly came upon
the barricade. A slide showing just the roadway was on con-
tinuously before the stimulus slide appeared. Subjects were
to assume that there was no traffic behind, and were asked
which way they would go around the barricade. The configu-
rations were shown in random order, each one being shown
twice. Stimulus slides were shown for 1 sec, and the subject
had 8 sec to check Left or Right Lane on the response sheet.
Thirty subjects participated in this phase of the experiment.
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In this task, 24 devices were presented twice in a random
order. Therefore, two trials were obtained for each stimulus.
Simple frequency counts of the number choosing the right
lane versus the number choosing the left lane were accumu-
lated. Then z-test scores were computed to see whether
these proportions differed significantly from the chance ex-
pectation, 50-50, that no particular lane bias exists given any
particular stimulus design. Table C-11 gives the 24 devices
shown and the proportions and z-scores obtained for each.

The significant z scores are marked as shown with aster-
isks. Three basic trends may be seen in these data: (1) the
chevron effectively indicates a direction on bars and panels,
without question; (2) the ‘‘new’’ shape device with one side
pointing left instead of being straight, clearly indicates a
direction to the left regardless of the design; and (3) the
slanted and even horizontal and vertical lines seem to indi-
cate a direction to many drivers in the bar shape but not in
the panel.
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Table C-9. Experiment 2 summary of ANOVA subject vs. configuration vs. color

ratio.

Source of Degree of Sum of Mean

Variation Freedom Squares Square F-Ratio
Configuration (&) 5 336.7795 67.3559 21.9871%*
Color Ratio (B) 2 80.4306 40.2153 7.8983*
Subjects (C) 31 896.4288 28.9171
AB 10 184.4444 18.4444 4.5351*
AC 155 474.8316 3.0634
BC 62 315.6806 5.0916
ABC 310 1260.7778 4.0670
Total 575 3549.3733

*Significant at .01 level

Table C-10. Experiment 3 summary of ANOVA subject vs.
configuration vs. shape.

Source of Degree of Sum of Mean F-Ratio
Variation Freedom Squares Sgquare Model Three
Shape (A) 2 51.5035 25.7517 7.3259*
Configuration (B) g 83.2431 16.6486 8.6537*
Subjects (C) 31 446.2153 14.3940
AB 10 212.2674 21.2267 11.1350%*
AC 62 217.9410 3.5152
BC 155 298.2014 1.9239
ABC 310 590.9549 1.9063
Total 575 1900.3264
*Significant at N1 level

The foregoing points are easily explained in a logical fash-
ion. The chevron, viewed in isolation against a reasonably
uncluttered background (as was the case here), looks exactly
like a series of arrow heads indicating a direction to the right
or left. In fact, this is exactly how responses occurred: in one
case a chevron bar pointing to the left elicited an unambig-
uous left lane choice on both stimulus trials.

The shape or form of the ‘‘new’’ device induced many
drivers to select the left lane because its point’s edge indi-
cated this direction. This shows the stronger impact of sign
forms, even when the design configuration within the form
did actually point to the right (i.e., slant right design). In this
case, the power of the chevron configuration was diminished
by the power of the shape of this form, because as many
drivers selected a left lane as did a right lane when right-
pointing chevrons appeared on the new form. This, inciden-
tally, is in accordance with the basic perceptual principles
stating that form perception and response are more basic
than design symbology, which, in turn, is more basic than
verbal message.

The bar shape sitting in the center lane is apparently a
more realistic-looking channelizing device (looking like an
actual barricade) than the panel shape appears as a panel or
drum. Many drivers selected a right lane choice on seeing a

vertical or horizontal bar. This may well indicate the natural
tendency to avoid obstacles to the right rather than the left.
The single barricade is a fairly common urban arterial sight,
and many drivers may be fairly used to circumventing it
around to the right rather than risk oncoming traffic to the
left.
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Note that these conclusions are based on choice and com-
mon sense data rather than on actual performance data as in
the preceding portion of the experiment and the previous two
experiments.

The detection and identification of the chevrons and
slanted patterns were, in general, poorer than that of the
horizontal and vertical designs. However, chevrons (and to
some extent, slanted lines) seem to convey some directional
meaning. The vertical and horizontal designs seem to evoke
meaning only when couched in a fairly realistic form
recognizable as a barricade. The fact that a chevron carries
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a strong meaning, but is not as easily detectable as some
other patterns which apparently have no meaning, is not
discouraging, however, because the ultimate fate of these
channelizing devices is not generally to stand alone and be
detected as a single unit, but rather to stand as one small part
of an entire device array. It is likely that a big enough, bright
enough chevron barricade would be highly detectable, but
this is not a cost-effective approach. The larger question is
the effective detection of these device elements as a part of
a larger array.

It is noteworthy that some manufacturers have made de-
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Figure C-11. Background used for phase 2 of experiment 3.

sign modifications to the chevron display (i.e., incorporating
black outlines of the arrowheads) for enhanced detectability.
These new devices have not yet been empirically evaluated.

Experiment 4

The final experiment of Task 3 was designed to determine
the most effective height-to-width ratio of barricades and
vertical panels. The four quadrant background with em-
bedded stimuli was again projected tachistoscopically to sub-
ject drivers. The design configuration was held constant,
using the traditional slanted stripes on the barricades and
panels. Thus, the only detection parameters were stimulus
location (quadrant) and stimulus shape (Type I barricade,
Type Il barricade, or vertical panel). These stimuli are shown
in Figure C-2.

The data were subjected to two analyses of variance, sub-
jects by width by barricade type or, for panels, height, using
the index score. Tables C-12 and C-14 and Figures C-12 and
C-13 present the results of this analysis.

Table C-12 provides F ratios for the Type I and Type II
barricades in conjunction with increasing rail width. A glance
at the graphic representation, Figure C-12, immediately re-
veals that the main effects are not significant. A divergence
occurs between rail width and number of rails beginning with

width number 2. This suggests that there is some type of
interaction occurring between these parameters, and, in fact,
the F ratios for these are significant. The nature of this func-
tion is not entirely clear from the data; however, no simple
principle can be derived stating that increasing area of dis-
play should be separated from one into two rails of a given
visual area for optimal detection, because it appears that
there are too few data points to define the exact function. A
fairly simple conclusion from those data is evident, however.
With very small area, or very large area, one-rail or two-rail
displays are reasonably interchangeable. Within the medium
range of areas—widths 2 and 3—a breakdown does occur.
To test these conclusions, t-tests were performed comparing
the various rail and width combinations as pairs. These ratios
are given in Table C-13. As can be seen, the two extreme
widths (1 and 4) do not significantly differentiate between
Type I or Type Il barricades. The divergence occurs in the
middle, as previously suggested. At first a one-rail Type I
barricade is significantly better at width 2, then this reverses
at width 3. The suggestion here is that the individual rails
must be at a minimum width before they are fairly detectable;
then, if there are two instead of one, this presents a larger
total image which is easily detectable. This is supported by
noting the significant t-ratio between the two rail widths,
2 versus 4 and 2 versus 3 comparisons that are highly signifi-
cant; yet, the one-rail width, 3 versus 4, is significant at
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Table C-11. Directional decision proportions and z-scores Table C-12. Experiment 4 summary of ANOVA subject vs.

obtained for channelizing devices. height vs. barricade types.
Trial #1 Trial #2 Source of Degree of Sum of Mean F-Ratio
proportion Proportion Variation Freedom Squares square
Description L R Z L R Z Rails (A) Type I
or Type II 1 0.1856 0.1856 0.2589
25 1 Horizontal Panel .42 .58 | 1.00 .37 .63 [1.53 e i Fize 3 5.0720 1.6907 2.6261
26 2 Vertical Panel .27 73 |:2.83%* | 439 .61 [1.34 3
j .1667 .6302
27 3 Slant Right Panel .41 | .59 |0.96 .23 | .77 |2.96%% subjects: (C) 3z Sz b
28 4 Slant Left Panel .53 | .47 |0.32 .58 | .42 |0.89 AB 3 49.6477 16:5492  20.7062%
29 5 Chevron RightPanelfl .06 .94 | 4.98%*% | .06 .94 | 4.92%% AC 32 22.9394 0.7169
30 6 Chevron LeftPanel -97 .03 | 5.14%* | .97 .03 |5.14%* BE 96 61.8030 0.6438
31 7 Dbl. Chevron Panel .40 .60 [1.09 .33 .67 |1.86
ABC 96 76.7273 0.7992
32 8 X Panel .34 BB | ‘1.2 .29 7L | 2.32%
33 9 Horizontal Bar .27 | .73 | 2.63*% | .37 | .63 |1.53 Total 263 68,5417
34 10 Vertical Bar .26 | .74 |2.79%% | .32 | .68 |2.01* *significant at .01 level
35 11 Slant Right Bar*#**| ,23 .77 | 3.13%% | .26 T4 | 2.79**
36 12 Slant Left Bar****| .52 .48 | 0.11 .37 .63 |1.53
37 13 Chevron Right Bar .09 .91 | 4.64*% | .06 .94 | 4.92%*
38 14 Chevron Left Bar 1.00 .00 | 5.66** 1.00 .00 |5.59%*%*
39 15 Dbl. Chevron Bar .38 .62 | 1.53 .45 .55 | 0.55
40 16 X Bar .39 .61 | 1.34 «33 .64 |1.86
41 17 Horizontal New .97 | .03 | 5.20%*% | .94 | .06 |4.80%% 100 1
42 18 Vertical New .88 12 [ 4:19%* | 597 =03 [:5520%%
43 19 Slant Right New .91 .09 [4.53*%* | .84 <16 | 3.69%%
44 20 Slant Left New .84 .16 | 3.85%* | .94 .06 | 4.80%*
45 21 Chevron Right New .53 .47 | 0.36 -48 .52 | 0.22 90
46 22 Chevron Left New .47 .53 (0.45 .48 .52 |0.22
47 23 Dbl. Chevron New .60 .40 | 1.09 .84 .16 | 3.69**
48 24 X New +78 w22, | 2./83%% | Bl <19 | 3 35%* m"
Significance:
* g = .05 (Z > 1.96)
**g = .01 {Z > 2.58) 70
***Stripes slant from lower left to upper right corner.
**x*Stripes slant from lower right to upper left corner. )
w i
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Table C-13. t-Ratios—number of barricade rails vs. rail w
height.
Pair of Conditions t daf Significance 30 1
Type I vs. Type II Ratio 1 0 32 n.s.
Type I vs. Type II Ratio 2 6:.95 3z .01 20
Type I vs. Type II Ratio 3 4.05 32 .01
Type I vs. Type II Ratio 4 1.50 32 n.s.
Ratio 1 vs. Ratio 2 Type I 451 32 .01 10 1
Ratio 1 vs. Ratio 2 Type II 2.60 32 .05 only
Ratio 1 vs. Ratio 3 Type I 3.73 32 .01 0
Ratio 1 vs. Ratio 3 Type IL 1.29 32 n.s.
~ Sy Ve R 5 LR S N
Ratio 1 vs. Ratio 4 Type I 0.14 32 n.s. _; o] n‘:j ‘.EJ
Ratio 1 vs. Ratio 4 Type II 1.60 32 n.s. 9; 9( 9‘ 9('.[
Racic . “TBar [ B Eehi e B B OLi
atio 2 vs. Ratio 3 Type I 5.96 . b L &3 gq:
¥ @ o2 o«
Ratio 2 vs. Ratio 3 Type II 4.37 32 .01
R TS T T P R | R | ne Rail
Ratio 2 vs. Ratio 4 Type I 3.81 32 .01 ® TYPEI (O !
Ratio 2 vs. Ratio 4 Type II 4.54 32 .01 .
e i : U L — B A TYPE Il (Two Rails)
Ratio 3 vs. Ratio 4 Type I 2.41 | 32 .05 only
Ratio 3 vs. Ratio 4 Type II 0.36 | 32 n.s. Figure C-12. Rail height vs. Types |
ol

n.s. = not significant and II barricades.
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Table C-14. Experiment 4 summary of ANOVA subject vs.
panel width vs. panel height.

Source of Degree of Sum of Mean F-Ratio
Variation Freedom Squares Square
Panel Height (A) 1 0.0076 0.0076 0.0111
Panel wWidth (B) 1 10.3712 10.3712 20.2627*
Subjects (C) 32 33.5606 1.0488
AB 1 0.0682 0.0682 0.1486
AC 32 21.7424 0.6795
BC a2 16.3788 0.5118
ABC 32 14.6818 0.4588
Total 131 96.8106 R

*significant at .0l level
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a = 0.05 only. Essentially, with a two-rail, after a minimal
area is achieved, two rails containing this area are optimal,
whereas one rail is only adequate in one certain case. The
very smallest width (1) seems to present a problem in detec-
tion for both one and two rails.

It is fairly obvious that a more complex set of factors,
besides simple area of display as seen in one or two rails, is
operating here. Apparently, the total image projected by the

barricade with bars and stripes that slice up the visual back-
ground is related to the way this is embedded in the back-
ground, where it is against the background, etc. A simple
height-to-width function does not adequately describe all of
the factors operating in this situation.

Table C-14 and Figure C-13 provide the results for the
height-to-width analysis for vertical panels. Here the findings
are clear. A narrow image, whether short or tall, is more
easily detected and identified. There is no significant inter-
action between factors of height and width. This finding is in
harmony with data from the previous laboratory studies indi-
cating the overall superiority of the vertical panel as a detec-
tion stimulus. Apparently the eye best detects a clear vertical
image against the cluttered, dim background of the display.
Those targets with more width than height not only within the
design but in their forms seem to be generally less effective
in detectability.

RECOMMENDATIONS FOR APPLICATION
AND FURTHER RESEARCH

On the basis of the laboratory studies reported herein,
several conclusions applicable to channelizing devices and
recommendations for further testing them in field studies are
presented.

1. In terms of shape, the vertical panel is somewhat supe-
rior to the barricade on the basis of detection. Because the
differences were not extensive, field testing is highly recom-
mended. This testing should consider the effect of a long
array of devices as opposed to the single devices seen in the
laboratory studies.

2. For vertical panels a tall narrow shape is recommended
over a shorter, wider device. This clear-cut laboratory result
should be tested further in the field, with the device located
in an array and also in a visually cluttered work zone situa-
tion in the real world.

3. No clear-cut distinction between Type I and Type II
horizontal barricades was found in the laboratory. Both
types seem equally detectable. It is recommended that field
testing be carried out using Type I barricades. Manufacturing
cost and logistical convenience were important considera-
tions underlying this recommendation. (Qualifications: Stim-
uli were only seen against a dim background with high visual
noise. Another background may produce somewhat different
results.)

4. No one stripe pattern was clearly optimal in the labora-
tory test; however, the chevron was consistently the least
detectable. It is recommended that further study in the field
be carried out with all the stripe configurations. If this is not
possible, it is suggested that field studies compare the most
detectable combinations of stripe pattern and shape
(horizontal stripes on a vertical panel and vertical stripes on
a horizontal bar) versus the least detectable patterns
(chevrons on either shape).

5. For denoting direction the optimal stripe pattern of the
six tested is the chevron. No other pattern gave directional
meaning consistently enough to be considered a source of
directional information. Because these configurations have
only been tested singly, it is recommended that they be
studied when arranged in device arrays in the field.
(Qualifications: The general detection and identification of



the chevron was poor. Unless the strong directional image
can be more successfully projected, the use of chevrons on
barricades and panels of the size simulated in the laboratory
is not recommended.)

6. The unusual design used (double chevrons and “*X"
configurations) was either ineffective or spurious and is not
recommended for further consideration.

7. The optimal stripe width is an 8-in. or 6-in. stripe.
(Qualifications: The 8-in. stripe is preferable, particularly
on larger devices, but the 6 in. width is currently used and
the evidence is not strong enough to warrant a costly
changeover.)

8. The desirable ratio of white to orange on horizontal
bars, vertical panels, or drums is equal white to orange (1:1).
The results were not highly significant, but this is the ratio in
current use, and the cost and logistics of change would not be
warranted according to these findings. Use of more orange
than white is discouraged. (Qualifications: This recommen-
dation is in the context of somewhat dim, visually noisy
background as opposed to an open, white concrete pave-
ment, which could optimize a higher ratio of orange. One
exception to the foregoing finding is that the stripes in current
use today (slanted) are more easily detected when in a white-
to-orange ratio of 2:1.)

CONCLUDING REMARKS

The preceding results, discussions, and recommendations
have been based on four short laboratory experiments of
rather limited scope and purpose. As with most research,
more questions seem to be uncovered in the process of con-
ducting the investigations than are answered. A larger prob-
lem of greater scope than siniple discernments of stripe
widths, shapes, and configurations seems to underlie the
data. The perception of lines, angles, and edges as they geo-
metrically increase in size is not, apparently, a straight line
function perfectly correlated with increased detectability.
Rather, the actual image configurations achieved as these
lines and forms interact with the display background draw on
basic perceptual organizational principles that deserve
further investigation. Quite simply, more data points are

needed to describe and model the functions of optimal

detectability as the parameters of size, height, width, design
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stripe widths, angularity of designs, appearance against vary-
ing ambient backgrounds, position within the entire visual
field, and so on, are altered. The search for a “figurally
good’’ image for detection necessitates the testing of many
display sizes and configurations to better approximate the
continuum of better detection as a function of perceptual
stimulus elements. Apparently, a certain arrangement of the
design elements against a certain type of background pro-
duces optimal detectability. Specification of these param-
eters based on present data, however, is not possible unless
it can be augmented by further study.

A final word may be said regarding the purpose of this
study. The determination of optimal stripe widths, color
ratios, and height-to-width ratios for barricades, panels and
drums, was executed as the driver detected and identified
these device simulations in isolation, against a background of
visual clutter designed to simulate real world informational
loadings. In reality, these devices are not generally perceived
standing alone, but as a cluster or array protecting and chan-
nelizing traffic away from hazardous zones. Therefore, the
design recommendations and findings are “inputs’’ to field
tests which examine these individual devices in combination
rather than alone. To reiterate, the purpose here was not to
generate the optimally detectable single channelizing device,
but rather to select for field testing those design elements
most conducive to detection and identification, and eliminate
those elements soliciting consistently poor performance.
(Specifically, further testing in controlled and real-world set-
tings was performed as Tasks 4 and 5.) These laboratory
studies suggest the best and the worst to be tried in the field
under real driving conditions to evaluate their ability to effec-
tively display the hazard situation and channelize drivers
around it with the least perturbation of their normal driving.
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APPENDIX D

CONTROLLED FIELD STUDIES

INTRODUCTION

The objective of Task 4 was to study parameters of chan-
nelizing devices which could not be studied in a laboratory
setting (e.g.. reflectance, device size, and device spacing).
This task also was to further validate certain findings from
the Task 3 laboratory studies and to incorporate testing of
steady-burn lights.

This task was conducted in two phases. During both
phases, a device detection study (experiment I) was con-
ducted. The purpose of this was to determine maximum
detection distance day and night while driving, for each of the
devices used in the other experiments. In Phase I experiment
2 was conducted to test 12 channelizing devices set in a
standard one-lane closure array. No other signs or markings
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were used in conjunction with the array. The purpose of the
experiment was to examine driver responses in the presence
of a particular set of channelizing devices. Phase II consisted
of a series of four experiments (numbers 3 through 6) testing
device combinations, use of steady-burn lights, and varia-
tions on device spacings and design.

METHODOLOGY

Experimental Treatments

In Phase I (experiment 2) 12 devices were compared.
These were:

Barricades
1. 3" x 12" Type I
2. 3 x 12" Type 11
3. 2" x8" Typel

All with 6 in. diagonal
stripes and engineering
grade retroreflective

4. 2' x8" Typell sheeting
Panels
5. 8"x 24" with 4 in. diagonal stripes and en-
6. 12" x 24" . ! gineering grade retro-
th 6 in. : :
0 il 36”} i . flective sheeting
Cones
8. 28" post . :
9. 42" post } with reflective collars

I0."8 regular} with reflective collars at night

11. 36" regular
Drums

12. plastic—with horizontal stripes, engineering
grade retroreflective sheeting

In Phase I, several comparisons were made, each com-
parison representing a separate experiment. The following

are the treatment conditions tested:

Experiment 3—Steady-Burn Lights and Reflectance

Steady-burn lights on 2’ x 8" Type I barricades.
Steady-burn lights on alternate barricades.
Steady-burn lights only in the taper.

High intensity reflective sheeting on 2’ x 8" Type I
barricades.

These conditions are also compared with the 2’ x 8"
Type I barricades with no lights and engineering
grade retroreflective sheeting from experiment 2.

Experiment 4 —Device Spacing

Half the speed limit spacing (7). y 8" x 24
Double the speed limit spacing. } panels
Half and double the speed limit spacing 2’ x 8" Type 1
barricades.
These conditions are also compared with experiment
2 data from the same devices at speed limit spacing.
Experiment 5—Mixed Devices

2" x 8" Type I barricades in taper and 36" cones in
tangent.

8" x 24" panel in taper and 42" post cones in tangent.

These conditions are compared with the correspond-
ing single device arrays from experiment 2.

Experiment 6—Best/Worst Validation of Task 3

Markings

Chevrons on 2’ x 8" Type I | This marking was

barricades. successful in the
Chevron on 8" x 24" Task 3 test
panels.

Panel (8" x 24") with
horizontal stripe.

Barricade (2’ x 8" Type I)
with vertical stripe.

These represented
the optimal markings
from Task 3

Each of these devices is shown in Exhibit D-1.

A factorial design was used as the basic experimental plan.
In this, a group of ten subjects were exposed to one array.
Each subject drove a 6-mile test course and was exposed to
two arrays. The arrays were separated by 3 miles of driving
and several other driving maneuvers (e.g., stop at a stop sign,
turn around, etc.). Because of this separation, the assump-
tion was made that exposure to one array had an incon-
sequential impact on responses to the second array. In addi-
tion, devices and array sites were counterbalanced. Thus,
about half the subjects exposed to a particular device saw it
in array 1 and the other half in array 2. A completely new
group of subjects were exposed to the same device arrays at
night.

A discussion of the technique used to collect the data in
this controlled field test follows.

Data Collection Techniques

Each subject drove an instrumented car around the closed
highway used as the test site. (This car is part of the Driver
Performance Measurement and Analysis System (DPMAS)
developed by the National Highway Traffic Safety Admin-
istration and loaned for use on this project.)

Existing literature fully describes the DPMAS (2). In sum-
mary, the car is a 1974 Chevrolet Impala with automatic
transmission, power brakes, power steering, radio, and air
conditioning. A wide variety of driver behavioral and physio-
logical responses, vehicle characteristics, and vehicle
motion/position parameters can be measured and recorded.
These measures, along with distance and time measures and
subject/run identifying information, are digitized and multi-
plexed onto a magnetic tape mounted on a tape drive in the
car’s trunk.

Each subject was tested individually. When the subjects
arrived at the test site, they were given a short introduction
to the test course, the instrumented car, and their roles as
subjects. After entering the car, a subject was briefed on the
car and driver tasks during the 6-mile drive. The experi-
menter rode with the subject and gave more specific direc-
tions as required. The experimenter operated the data acqui-
sition system (sensors and magnetic tape unit) and lane
tracker video recorder; made keyboard entries; and noted
any unusual conditions, subjects’ comments, etc. The exact
instructions given, plus the experimenter routine, are shown
in Exhibit D-2.

At the end of the test course, the subject was given a
questionnaire, signed a receipt, and was paid and thanked.
Twenty to thirty minutes were required to cycle one subject.
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EXHIBIT D-1—Devices Used as Treatments in Task 4

28" Post Cone with Two 4" Reflective Bands

Daytime subjects were run between 10 a.m. and 2 p.m.;
early morning and late afternoon hours were not used be-
cause the rising and setting sun created unique lighting condi-
tions. Evening sessions began at 7:40 p.m. in experiment
2 and 8:40 p.m. for experiments 3-6, and ran until 11:00 p.m.
and 11:40 p.m., respectively.

Subjects

Each group of ten subjects exposed to a treatment (de-
vice) condition was theoretically composed of two young
(16-24 years), two elderly (60 plus years), and four midrange
(25-59 years) age people. Half of each group was male, and

36" Cone — Day Glo Orange

42" Post Cone with Two 4" Reflective Bands

half female. In fact, scheduling difficulties (e.g., males during
the day, females during the later evening hours) did not per-
mit strict adherence to the subject mix for each group of ten.
The desired proportions were adequately approximated
when each experiment was taken as a whole. Exhibit D-3
gives a more detailed account of the subjects. Each group of
ten did have a mix of age and sex groups, but not always in
the desired proportions. Because of rain or car failure, 300
subjects were run to obtain the desired sample of 240. After
editing and checking data, 10 complete data sets were not
available for every condition. However, adequate data were
obtained to conduct the planned statistical analyses. Testing
could not be extended further because the test course was
opened to public use, the DPMAS had to be returned, and the
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EXHIBIT D-1 Continued

8 x 24" Type | Barricade
with 6" Reflective Diagonal Stripes

12" x 36" Type | Barricade
with 6" Reflective Diagonal Stripes

8" x 24" Type |l Barricade
with 6 Reflective Diagonal Stripes

task would have severely exceeded its time and dollar
budget.

Measures

The following measures were taken during the field
experiments:

1. Speed—actual vehicle speed; sample rate = 2/sec.

2. Throttle pedal position—excursion, in inches, of ac-
celerator pedal; sample rate = 2/sec.

3. Steering wheel position—Ilocation, in degrees, of
steering wheel; sample rate = 20/sec.

4. Steering wheel rate—rate of movement in degrees per
second of the steering wheel; sample rate = 20/sec.

12" x 36" Type [l Barricade
with 6" Reflective Diagonal Stripes

5. Lateral lane placement—position of vehicle relative
to centerline or pavement edge; sample rate = continuous in
the daytime and four per array for selected night trials.

6. Brake applications—number of times brake was ap-
plied; sample rate = 1/sec.

7. Distance—distance in 1-ft increments the vehicle
travelled; sample rate = continuous.

8. Point of lane change—the distance from the first de-
vice in the taper to where the left front wheel crossed the
centerline while moving from right to left lane.

9. Array detection—distance from the first device in the
taper that the subject reported seeing the array.

10. Device detection—distance from a single device
placed on the shoulder of the road that subjects first reported
seeing the device.




EXHIBIT D-1 Continued
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8" x 24" Panel

with 6’ Reflective Diagonal Stripes

12" x 24" Panel
with 6’ Reflective Diagonal Stripes

12" x 36" Panel

with 6" Reflective Diagonal Stripes

These measures were collected for every subject beginning
5,200 ft before the start of the taper. A note about the lateral
placement data: the lane tracker instrument on the DPMAS
was not readily usable, therefore a videocamera measuring
stick system was attached to the car to gather these data.
Lateral placement (in inches from centerline or edge line)
was manually coded from the videotape at three set distances
prior to the taper, and at four points along the array. The
night-only conditions (i.e., steady-burn lights) required a dif-
ferent technique, therefore thin strips (3 ft long) of tape were
placed on the road. The distance from the edge of the tire
tread to the concrete edge was measured and recorded and
the tape replaced after each subject drove past the array.

55 Gallon Drum (simulated)
with 8" Reflective Horizontal Stripes

The point of lane change was manually entered by the
experimenter via a hand-held keyboard. To reliably detect
when the left front wheel hit the centerline, a small **sight’’
was attached to the hood of the car. When the centerline was
visible in the sight, the left wheel was touching the centerline.
Array detection was also recorded by the experimenter
through the keyboard in response to the subject’s indication
that the array was sighted. Distance to the taper or tangent
could be calculated readily because total distance measure-
ment always began at the same marked point.

Finally, each subject completed a short questionnaire after
driving the test course. There was a slight difference between
the survey instruments used in experiment 2 and experi-
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EXHIBIT D-1 Continued

8" x 24" Type | Vertical Barricade 8" x 24" Type | Chevron Barricade
with 6" Vertical Reflective Stripes with 4" Reflective Chevron Stripes

TR 3 e s T ﬁ

8" x 24" Type | Horizontal Panel 8" x 24" Chevron Panel
with 6’ Reflective Horizontal Stripes with 4" Reflective Chevron Stripes

8" x 24'" Type | Barricade
with 6" Diagonal Reflective Stripes
Shown with Steady Burn Light
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EXHIBIT D-3

INSTRUCTIONS TO SUBJECT DRIVERS

I. Welcome to instrumented wvehicle. Drive this car as you

would any other. Please:

¥ Buckle seat belt

¥ Check mirrors

Y Adjust seat and test brake pedal

Let's drive a little for practice so you can get used to

the car. Practice accelerating and braking around here.
(Point to ramp)

Ready to begin test drive?

II. Ready to Begin
Drive through this course as you normally would drive
out on the open highway. This means that you will

generally stay in the right lane and maintain a speed

of about 50-55 mph. As you go along, you will see
various ordinary highway signs and devices such as

stop signs, cones, barricades, barrels, etc.

You will need to do three types of things during the

drive-through:

(1) At times, apply the brakes and come to a full stop
at a stop sign or if I direct you to stop.

(2) Tell me at once - immediately - whenever you first
see any signs or traffic devices ahead of you.
This is very important.

(3) Finally, drive as you normally would whenever you
encounter any signs or devices ahead. You may be
forced to change lanes.

specific instructions and reminders will be given to you

all along the way so that you will know what to do. It

is important to generally maintain a speed of about

50-55 mph unless you are engaged in a specific maneuver.

specific Instructions for Each Site Type

I. Rural Stop
Here I would like you to accelerate so that you are
driving at normal speed, 50-55 mph. When you hear this
tone (beep), apply the brakes and stop, as fast as you
can without losing control or skidding.
II. Negotiate Array of Devices
The very first time you see a traffic sign or device
ahead, please tell me at once. Continue driving and
maneuvering as you would on an open highway.
III. Device Detection
Remember to tell me at once the point at which you see
any sign or device ahead. This is the very first time
it appears to you on the horizon, even if you cannot
tell what kind of device it is.
IV. Set Stop at Stop Line
Be sure to keep up your speed.
ahead, apply your brakes and come to a full stop at the

stop line as fast as you can without losing control or

skidding.

As we approach these cones

Subject Characteristics Summary

Phase I Phase II
(177 subjects) (111 subjects)

Age:

25 or under 68 41

25 = 55 82 60

56 or over 27 10
Sex:

Female 70 53

Male 107 58
Nu@bgr of Years
Driving Experience:

0-6 56 27

6.1 or more 121 B4
Vision:

Wear glasses 82 59

Bifocals 6 2

Contact lenses 15 5
Miles driven per year:

Under 2,000 18 13

2,001 - 4,000 32 11

4,001 - 6,000 23 17

6,001 - 8,000 15 10

8,001 - 10,000 18 20

10,001 - 12,000 26 18

Over 12,000 45 22

ments 3-6. The questionnaires used in Phase I and Phase II
of Task 4 are shown in Exhibit D-4.

As mentioned earlier, a device detection study was con-
ducted concurrenty with experiments 2-6 during the 6-mile
drive. The purpose of the study was to record detection
distances for each of the devices used in the other five experi-
ments. Subjects were instructed to tell the cxperimenter as
soon as they saw any kind of roadway sign, marker, or de-
vice. The experimenter noted the report with a keyboard
entry onto the magnetic tape. A similar entry was made as
the car went by the device. Thus, simply subtracting the
distance (point seen from point of passing) gave the detection
distance measure (in feet). These data were taken day and

night.
Test Site

To perform the six experiments, a site was required which
had long sight distances (over 5,000 ft), was a realistic
freeway-type setting, and was not open to the general public.
Pennsylvania State Route 322 by-pass, near State College, a
four-lane, divided, limited access facility was complete ex-
cept for signing and had the required sight distance at two
points. It was in a rural setting, therefore there were no major
competing light sources.

Figure D-1(a) is a photograph of the array 1 site taken over



EXHIBIT D-4 — Questionnaires Used in Task 4

SUBJECT INFORMATION & QUESTIONNAIRE

SUBJECT # 4.
MALE FEMALE 5.
DATE

AGE

NUMBER OF YEARS

DRIVING EXPERIENCE

Which of these devices did you see on the road?

Check where appropriate.

A

easily

with moderate ease

ZrE M 0

with difficulty

249 8

easily

with moderate ease

ZEmn

with difficulty

Why do you think such devices are used?

Check all those that are correct.

To indicate to the driver:

to change lanes

that there was a
hazard present

to slow down

Other. Please specify:

to stop
to speed up

to continue driving
at the same speed

8. How many miles do you typically drive in a year?

___ Under 2,000 ____ 6,001 to 8,000
___ 2,001 to 4,000 8,001 to 10,000
4,001 to 6,000 ___ 10,001 to 12,000
___ Over 12,000
9. Do you wear glasses?_____ Bifocals?___ Contact Lenses?

10. You will be given a set of photos of construction zone marking
devices. Please rank the devices in the order in which you think
they are most easily seen.

Daytime

Easy to see

| (W~

Difficult to see

11. Please repeat the same procedure with the second set of photos.

Nighttime

Easy to see

(= B IS B VI S

Difficult to see

12. Have you any comments about any of the construction zone marking
devices shown?

Thank you for participating in the experiment.
We appreciate your help



EXHIBIT D-4 Continued

SUBJECT INFORMATION & QUESTIONNAIRE 9,
SUBJECT # 4, AGE
MALE FEMALE 5. NUMBER OF YEARS
DRIVING EXPERIENCE
DATE

How many miles do you typically drive in a year?

Under 2,000 6,001 to 8,000

2,001 to 4,000 8,001 to 10,000

4,001 to 6,000 10,001 to 12,000

Over 12,000

Do you wear glasses? Bifocals? Contact Lenses?

You will recall seeing some traffic control markers our on
the test drive such as barricades, orange cones, and so on.

Did you have any problems seeing these?

If yes, what?

Did you have any problems getting around these? Yes

No

1f yes, why?

Yes No 10.

You will be given a set of photos of construction zone marking
devices. Please rank the devices in the order in which you
think they are most easily seen,

Easy to see 1.

2.

Moderately easy to see 6.

10.
1l
Difficult to see 12.
Do you have any comments or complaints about construction/

work zone set-ups and markers that you see as you ordinarily
drive around streets and highways?

Thank you for participating in the experiment.

We appreciate your help.

L6
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a. View looking toward array 1

Figure D-1. Overall view of the sites where arrays were located.

5,000 ft from the beginning of the taper. Figure D-1(b) is a
photograph of the array 2 site from a similar distance. These
figures show that the geometry is virtually identical for each
array site. Figure D-2 is a photograph of the layout about half
way through a device detection site.

Figure D-3 shows the layout of each array site. The device
detection site was in the first mile of the test drive. Array 1
was approximately 2 miles from the start of the test drive.
After passing array 1, subjects drove another mile before
coming to the end of the road. The median was crossed on a
gravel strip and subjects drove back on the other side of the
road about a mile before encountering array 2. The second
device detection site was in the sixth (and last) mile of the test
drive. Stopping maneuvers were performed after device
detection site 1, array 1, array 2, and device detection site 2.
These maneuvers, although not performed near the arrays,
were included to provide a somewhat more varied test drive.

Finally, Figure D-4 (a through d) shows a device array
from each of the major types tested set in “*speed limit"’
(55 ft) spacing arrays (/).

Data Reduction

The data were multiplexed and packed on magnetic tape in

Figure D-2. Single device detection site.

b. View looking toward array 2

the DPMAS car. The software available to unpack the tapes
was designed for very small sample sizes (i.e., all data chan-
nels for one file for one subject were unpacked). Because
there were 288 subjects, each with eight or nine files but only
five relevant data channels, the time and dollar costs to use
the existing software were considerable. Therefore, a new
program had to be written and debugged to unpack only the
data of interest to this project.

After the data were unpacked, various parametric, non-
parametric, and graphical analyses of the data were per-
formed and/or prepared. The following section presents the
analyses performed and the interpretation and discussion of
the results. Because of the rather large sample sizes and the
relatively large number of treatments tested, the 99 percent
(0.01) level was used throughout this task as the criterion for
a significant difference.

RESULTS AND DISCUSSION OF
INDIVIDUAL EXPERIMENTS

Experiment 1

The single device detection experiment was designed to
answer the question: Is there any difference in the detection
distance of single channelizing devices? Detection distance
in this case refers to point of first seeing a device but not
necessarily recognizing the pattern on, or type of, device. All
the devices tested in the other experiments were also tested
in this experiment both day and night.

As subjects drove the test course, they were to tell the
experimenter as soon as they saw any signs, markings, or
traffic control devices along the test route. The experimenter
coded the response through the small keyboard and entered
the point the car passed the device. Spurious responses such
as, “Oh, I forgot to tell you I could see it,”’ were noted in the
log and the data eliminated from the analysis.

Data reduction was simply taking the distance, as meas-
ured by the DPMAS, at the two code entry points and sub-
tracting. This gave actual detection distance in feet.

Several statistical comparisons were performed. One-way
analysis of variance was applied to the day and again to the
night area. The outcome, given in Table D-1, indicates
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Figure D-3. Layout of array sites.

significant differences between devices both day and night.
A t-test comparing day and night data was not significant
(t = 0.5, 30 df); however, the performance of specific devices
shifted dramatically. To ferret out specific differences be-
tween devices, least squared differences (LSD) tests (3) were
performed. Table D-2 gives the results. The differences are
best visualized by referring to Figures D-5 and D-6 which plot
the mean detection distance for each device day and night.
Several points can be made about these findings.

Daytime Results

Of the barricade devices, the 2' x 8" Type II barricade has
significantly shorter detection distances than the 3’ x 12"
Type 1. For vertical panel devices, size appears related to
detection distance in that the two larger panels are seen
further away than the 8” x 24" panel. The size or visible area
factor was not significant in the laboratory studies of Task 3.
However, when real distance and detection, not detection
plus recognition, are involved, size does have an impact.
Also, the laboratory results did not result in differences
between the panel and barricade shape. In terms of detec-
tion distance, the panels as a group are clearly the least
satisfactory.

Cones, except for the 28" post, and the drum, perform
similarly to the 3’ x 12" Type I barricade. These devices are
significantly better than the panels.

The devices used in experiments 3 through 6 had different
patterns but were of identical size as the experiment 2 de-
vices. A comparison of the 8" x 24" panel with the chevron
and horizontal panels, both also 8" x 24", indicates that the
three panels are not significantly different from each other
and are clearly the least detectable devices in daytime. A
similar comparison between the 2’ x 8" Type I, with non-
operating light on it, and 2’ x 8" Type I with chevron pattern
reveals no significant differences, suggesting that the dis-
tances reported herein are replicable and reliable.

Table D-1. ANOVA results for device detection experiment.

af F-ratio P
Day 15/142 10.47 15 g
Night 15/180 7.00 .01
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a. 12" x 36" panels at array site 2

b. 36" cones at array site 1

¢. Drums at array cite 1

Figure DA, Sample deviee arrvays.

Nighttime Results

At night there are no statistical differences between the
barricades. The 12" x 24" panel is detected significantly
closer than the 12” x 36" panel and 3’ x 12" Type I barricade.
The 12" x 36" panel appears, in Figure D-6, very detectable,
but it is not statistically different from the barricades or
8" x 24" panel. The comparison between the 8” x 24" diagonal,
horizontal, and chevron pattern panels revealed no statistical
differences. This was also true for the 2’ x 8" Type I diagonal,
vertical, chevron, high intensity diagonal and the 2’ x 8" Type
I with steady-burn light. Again, the detection distances ap-
pear highly replicable and consistent.

The major, and statistically significant, difference between
day and night is in the detection distance of posts and cones.
All four posts and cones dropped in detectability at night. As
a device group, they were the least effective at night, even
with their reflective collars.

Subject Variability

Mean detection distance, although an interesting and use-
ful measure, does not provide a complete picture of driver

d. 8" x 24" Type | Barricades with steady burn lights

detection behavior. Variability around the mean is equally
important. Two devices may have the same mean detection
distance, but the variability (or spread) of the scores around
that mean could be very different. An extreme example is
shown by the following two sets of scores which have the
same mean: (1) 45 50 55; (2) 10 50 90.

On the basis of the Task 2 information analysis of work
zones, the optimum performance for detection is maximum
distance with the least variation. This is the case because
increasing variability may lead to driver uncertainty about
what to expect from other drivers relative to the devices;
inadequate time to detect, decide on an action, and execute
a response; and therefore last minute slow downs, weaving,
or other flow perturbations or hazardous maneuvers by
drivers close to the device.

Operationally, the decision sight distance concept ¢¢) pro-
vides guidance as to the minimum distance at various speeds
a hazard must be detected to allow adequate recognition,
decision, and response execution time and distance. When
this concept is specifically applied to work-zone traffic-
control devices (5), a minimum detection distance at 55 to 60
mph is approximately 1,000 ft. Thus, 1,000 ft is the minimum




Table D-2. Summary of differences in detection distance between channelizing devices.

4”%0"» 1|2|3|a|s |6 |7 |8 |9 [10]1n]12]|13][14 |15 |16 17 [18B
3’ x 12" Type | Barricade 1 #u | oww | s | a0 x | **]* | x -
3" x 12" Type Il 2 X | ** X
2' x 8" Type | Barricade 3 X [ X | X b K| tEpEr X
2' x 8" Type | Barricade 4 \ % | wx | wn | ws X X
8'' x 24" panel 5 wn | oww | wn | wa X X
12" x 24" panel 6 s x| wx | wn X | ** X
12" x 36" panel 7 s \ wx | %% X X
28" post P . . - e \ re x | = X
42" post 9 X x | x X | x x | x |x \ x | **|* | x -
28" cone 10 ke [ww |ww wn | owe | ws \ we | oy | o x | **
36" cone 1 T ETEED e e \ X | oww | ew | x| *=
drum 12 - s x| wn X | 2w |ee ] x | =
Steady burn light on 2" x 8" Type | 13 xn % wu | ww \ X |+ « | x
High intensity sheeting on 2' x 8" Type | 14 wn | ww | ww \ X
8" x 24'* panel w/horizontal stripe 15 * . e | own \ X | =
8" x 24" panel w/chevron 16 - P P [ \ %
2' x 8" Type | w/vertical stripe 17 - - .
2’ x 8" Type | w/chevron stripes 18 oy 4
* Based on the least squared difference (LSD) test (3)
**Sig «.01
X No data

desirable detection distance for devices used on 55-mph high-
way facilities. This distance decreases for lower speeds.

Now the variability of detection, calculated as a standard
deviation, can be subtracted from the mean to determine
what percentage of drivers will be able to detect a particular
device above or below 1,000 ft. The mean minus 1 standard
deviation (SD) encompasses 84 percent of the drivers (all
distances above the mean are included in this percent), and
minus 2 SD encompasses 97.59 percent of the drivers.
Because 1,000 ft is a minimum, all (100 percent) drivers
would be a desirable criterion. That is not a realistic goal,
however, because many driver factors are not under the
highway engineers’ control. Therefore, 2 SD or 97.59 percent
might serve as a goal.

Applying this criterion—97 percent of the drivers can de-
tect the device at 1,000 ft—to the experiment 1 data results
(Table D-3 gives means and SD), only four devices at night
(12" % 36" panel, drum, steady-burn light, and 8" x 24" panel
with chevron) and three in the day (42" post, 36" cone, and 28"
cone) were successful. An interesting point here is that no
device meets the criteria both day and night. Cone detection
variability remains relatively low at night, but detection dis-
tance is also low. The successful nighttime devices have

relatively high mean detection distances in the day, but they
suffer from high standard deviations. In terms of detection
distance, no device is an unqualified success. However, the
major concern in work zones is not with individual devices,
but with arrays. A question of particular interest is, What
changes in detectability are wrought by placing devices in
arrays?

Array Detection

This measure will be discussed as one of several measures
used in each of the experiments. However, the comparison
with device detection is covered here.

The dashed lines of Figures D-5 and D-6 show the mean
array detection distance for each device used in experiments
2.6. An F,,., test showed the means and SD’s of the night
data to be heterogeneous, therefore parametric statistics
comparing all devices were not warranted. A chi-square test
(x* = 3,825 with 10 df, p < 0.001) indicated a significant
difference between day and night distributions of mean
scores. A similar result occurred using the medians as
scores. Generally, arrays at night were not seen as far away



LEGEND

LEGEND

A----4 ARRAYS

A----A ARRAYS

@——e SINGLE DEVICES

e——e SINGLE DEVICES

(1 3dAL 8 X Z)
r3AVIIHHYE NOHAIHD

(1 3dALB X Z)
[ 3AVIIHHVE TVIILHIA

(vZ % 8)
T 13NVd NOHAIHD

(¥Z x 8) 13NVd
I TY.LINOZIHOH

{13dAL8XZ)
FALISNILNI HOIH

| siHON
NHNE AQV3LS

B Wnya
B 3NOD ..8E
k. 3NOD .82
™ 150d ..2¢

® 150d .82

single devices vs. arrays (night).

CHANNELIZING DEVICES

FI13NVd 9E X Z1

-F13INVd ¥Z X ZL

r 13NVd ¥Z X 8

r 3dALB8XZ

- 13dAL8XZ

~ Il 3dALZL XE

F 13dALZL*XE

50004

4500
40004
3500
3000+
2500‘l
2000

(1334 NI) H3dV.L 40 ONINNIDIE WOY L 3ONVLSI

R / |
""" i

1500+

[a]

1000

T

50004

45001

T
o
i=1
(=]
o~

T T
[=] [=]
[=] (=}
[=] wn
< ™

(L334 NI) H3dV1 40 ONINNID38 WOH4 3ONVLSIA

3000+
2500
1500+

1000 4

500

[ NHNB Aavals

500
Figure D-6. Mean detection distance

(13dALBXZ)
3AVIIHHVYE NOHAIHD

(13dALBXZ)
3AVIIHHVE TVIILHIA

(PZ x 8) 1INVd
NOHAIHO

(¥Z x 8) 13NVd
AVAINOZIHOH

(1 3dAL 8 X Z)
ALISN3LNI HOIH

S1HOIT
WNHa
aNO0D ., 9€
3iNDD ..8Z
150d .2y
180d .82

T13INVd 9E X ZIL

CHANNELIZING DEVICES

T3NVd ¥Z X ZL

TANVd tZ X 8

113dAL8XZ

13dAL8XZ

11 3dALEZL X E

13dALZL XE

Figure D-5. Mean detection distance —single devices vs. arrays (day).

<01




as arrays in daylight. The major exception was the steady-
burn light array at night which was seen farther than any
other device, day or night (X = 4,565 ft).

At least one device array in each category was detected
over 4,000 ft away in the daytime. Generally, these were the
larger devices—3’ x 12" barricades, 12" x 36", 28" x 36" cones
and drums. The point of this finding is that not all devices
performed in arrays as would be expected from the single
device detection data. This was true of the two smaller panels
and the 42" post.

The device size and array detection relationship was not as
clear at night. As in the single device detection situation, the
cones reversed their position at night and, as a category, had
the lowest array detection distance.

The impact of white reflectorization at night is apparent
from the post and cone data. Although these devices had
reflective collars, this did not compensate for the smaller
visual area. The orange in the daytime provided the needed
contrast against a light, bright pavement, but there was insuf-
ficient contrast area at night to be seen at great distances.
This interpretation is further confirmed by the relatively low
standard deviations for the posts and cones at night. Cone
SD’s were under 700 ft at night; the other device SD’s ranged
from 750 to 1,250 ft. Such a finding lends credence to the
laboratory finding that a 1:1 (white-to-orange) color ratio is
optimum when a device must function day and night.

Note that all of the foregoing data refer to detection, not
recognition distances. The number of subject comments re-
flecting the perception of images, specks of light, or patterns
of orange or silver lines ahead indicated subjects’ detection,
but it was not until they were much closer to the array that
they could recognize devices, markings on devices, and the
fact that the lane was closed. This will be evidenced in
experiments 2-6 by the point of lane change which is much
closer to the devices than one would expect given the array
detection distances.

Summary of Experiment 1 Findings

The findings of this experiment can be summarized as
follows:

1. Day—Seven of the devices have mean detection dis-
tances of 2,000 ft or better. The remaining devices vary from
550 to 1,750-ft mean distances.

2. Night—There was no significant difference between
day and night mean detection distances for single devices
in general (i.e., all devices pooled together). However,
there are changes for specific devices between day and
night. Cones and the 42" post, although detected from 2,400
to 2,500 ft in the day and similar in performance to drums and
the Type I barricades, shifted to the least detectable device
category at night (520 to 1,250 ft) even with reflective collars.

3. Arrays—Array detection distance was significantly
higher in the daytime than single device detection. Array
detection distance at night was significantly higher than sin-
gle device detection only for certain devices (3" x 12" barri-
cades, 12" x 24" panel, 28" post and cone, steady-burn light,
2' x 8" Type I with chevron stripe). Array detection in the
day was significantly farther than at night. Single device
detection scores were not necessarily predictive of array
detection distances.
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Table D-3. Mean and standard deviation of device detection
data for experiment 1.

Detection Distances
Night Day
Device Mean (FT) SD (FT) Mean (FT) SD (FT)
Barricades:
3'x12" Type I 2311.1 814.81 2543.00 1284.28
3'x12" Type II 2048.25 979.05 1986.20 639.26
2'x8" Type I 20987.50 853.50 2178.70 900.71
2'x8" Type II Not avail Not avail 1438.70 821.55
Panels:
B"x24" 2019.23 674.56 1037.13 630.49
12"x24" 1343.29 414.24 1633.89 854.80
12"x36" 2874.80 291.34 1667.40 460.75
Posts:
28" 1223.78 261.21 1781.75 748.97
42" Not avail Not avail.| 2521.20 668.18
Cones:
28" 520.28 297.08 2543.19 445.80
36" 1045.94 638.12 2490.31 640.92
Drum: 2700.22 645.50 2448.73 822.73
Combinations:
2'x8" Type I +
Steady burn
light 2151.50 292.82 1857.00 815.66
2'x8" Type I +
High intensity
sheeting 1616.13 708.41 Not avail | Not avail
i
8"x24" Panel + !
Horizontal
stripe 2378.14 721.11 549.11 476.79
8"x24" Panel +
Chevron stripe 2407.00 591.84 1048.57 532.86
2'x8" Type I +
Vertical
stripe 2288.00 894.78 Not avail | Not avail
2'x8" Type I +
Chevron stripe 1977.50 1148.66 1525.00 1144.39

4. Variability in Detection—Considerable variability
around the mean detection scores was evident. Using a
1,000-ft detection distance as a minimum, the 12" x 36" panel,
drum, steady-burn light, and 8" x 24" panel with chevron
could meet the criterion of 97 percent (2 SD’s) of drivers at
night. In the day only the 42" post, 36" cone, and 28" cone met
the criterion for 97 percent of drivers.

Experiment 2

Several questions were addressed by this experiment in-
cluding: (1) What effects do various categories of channeliz-
ing devices have on driver behavior? (2) Are channelizing
device effects on driver behavior different under day and
night visibility conditions? (3) What effect does device size
have on driver behavior? (4) Does device shape have an
impact on driver behavior?

To verify the laboratory findings of Task 3, specific hy-
potheses were generated that are related to the four general
questions. With respect to question 4, in the laboratory find-
ings there were no consistent differences between the bar
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and panel shape. Hypothesis: There will be no difference
between barricade and panel shaped devices.

With reference to question 3, the laboratory results indi-
cated no differences between narrower, shorter, and longer
wider panels. Hypothesis: There will be no driver perfor-
mance differences between the 8"x24”, 12"x24", and
12" % 36" panels. Differences between larger and smaller bar-
ricades with one or two rails were not clear-cut in the labora-
tory and smaller one-rail barricades were recommended over
two-rail, mainly for logistic and cost reasons. Hypothesis:
There will be no differences in driver behavior elicited by
one-vs. two-rail or large (3’ x 12" rails) vs. small (2" x 8" rails)
barricades.

One hundred seventy-seven subjects participated in the
experiment and it was conducted as described in the
**‘Methodology’” section. The treatments used were the 12
devices noted earlier and described in Exhibit D-1.

The DPMAS generated continuous and vast amounts of
data per subject. To reduce the data for further statistical
analysis and to gain insight into the effect of the channelizing
devices, each array site was divided into four distance groups
defined as:

Distance group 1= 1,000 ft beginning at the start of the
array site (see Fig. D-2).

Distance group 2 = 800 ft from the point of the taper
upstream.

Distance group 3 = 660 ft from the beginning to the end
of the taper.

Distance group 4 = 800 ft from the beginning of the
tangent and extending downstream.

Data for each subject were summed and divided by the
total number of data points to arrive at a mean for each
distance group. The mean for each driver was used as a
performance score and served as the input to further data
analysis. This same procedure was followed for experiments
2-6 analyses.

Speed Data

A three-way analysis of variance (ANOV A) for repeated
measures (6, 7) was applied to the speed data. The three
variables tested were day vs. night, the 12 devices, and the
repeated measure, distance groups. Table D-4 summarizes
the results. The significant differences were between dis-
tance groups, the day/night by distance group interaction,
and the interaction of the three variables. Thus there are no
general differences in speed elicited by the channelizing de-
vices. Neither is there any difference between driver speed
performance in the day and at night. Figures D-7 and D-8 are
useful in assessing these findings.

To determine the elements contributing to the effect of
distance, Sandler’s A statistic (8), a test of differences be-
tween correlated samples, was used. There were no signifi-
cant differences in speed between distance groups | and 2
(A =1.4,23df) or2and3 (A = 0.57, 23 df) day, night, or
combined. The significant difference between distance
groups is attributable to the significant decrease in speed
from the taper to the tangent (A = 0.05, 23 df, p < 0.001) both
day and night. As drivers came closer, particularly in a lateral
direction, to channelizing, they reduced speed.

The two significant interactions suggest that devices elicit
different behavior in the day and night between the two dis-
tance groups. Again, Sandler’s-A was used to elicit specific
effects. In the daytime, there were no differences between
categories of devices. However, when the devices were
separated into large and small categories (see Table D-5),
there was a significant decrease in speed (A = 0.199, 5 df,
p < 0.01) between distance group 3 and 4 only for the large
group. Thus, size of device is the predominant factor in elicit-
ing speed reduction as the driver approaches and enters the
tangent section of a work-zone lane-closure device array.

At night both large (A = 0.189, 5 df, p < 0.01) and small
(A = 0.209, 5 df, p < 0.01) devices induced significant speed
reduction. See Table D-6 for mean speeds. A parameter
other than size was affecting behavior. Tests of device cate-
gories showed that barricades (A = 0.27, 3 df, p < 0.01) and
panels and drum (A = 0.25, 3 df, p < 0.01) elicited significant
speed reduction, but cones (A = 0.4, 3 df, p > 0.05) did not.
Such a differential effect of devices in day and night illumina-
tion explains the two significant ANOVA interactions.

In summary, the channelizing devices tested have little
impact on driver speed behavior until the driver reaches the
tangent section of a lane closure work zone (i.e., next to the
devices). During daylight, the larger devices, regardless of
device category (cone, panel, barricade, drum), elicit a sig-
nificant reduction in average speed (approximately 2 mph),
whereas smaller devices do not have such an effect. At night,
size is not a controlling variable; rather, barricades, panels,
and drums (but not cones and posts) cause speed reductions
averaging 2.5 mph from drivers.

Lateral Placement

These data were manually reduced from the videotapes of
the measuring stick extending perpendicular from the side of
the car. Readings were taken at three points along the ap-
proach to each array; 5,000 ft, 2,500 ft, and 800 ft prior to the
start of the taper. Five equidistant readings were taken along
the tangent section, beginning with the first device in the
tangent. All data reported here were taken as part of the
daylight tests.

A one-way analysis of variance showed that there were no
significant differences in mean lateral placement between the
12 devices along the tangent (F = 1.09, 11/128 df). The spread
of mean scores for the 12 devices was under 5 in. However,
devices have a distinct impact on lane placement. Figure D-9
shows the mean (across all devices) lane placement at each
measurement point. Before the array placement averaged
21 to 24 in. from the centerline, but in the tangent section,
placement was 49 to 52 in. from the centerline. Channelizing
devices had the effect of shifting vehicle placement in the
lane by 28 in.

Means do not give a complete picture of driver perfor-
mance. Equally important is the distribution of individual
driver data around the group mean for each device. Such
variance is an indication of the consistency of the effect by
a channelizing device on lane placement. First, a Sandler’s A
test showed there was a significant decrease (A = 0.124,
11 df, p < 0.01) in the size of the standard deviations (6.5 to
4.12) from the approach to the tangent section of the array.
The range or spread of standard deviations reflects this ef-
fect. Standard deviations (SD’s) in the approach were 4.98 to
10.12 in., while in the tangent they were 3.23 to 5.55 in.
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Figure D-7. Mean speeds for devices in experiment 2 (day).

Table D-4. Summary of experiment 2 ANOVA for speed data.

[

Source of Variation ineqrees of Freedom { Sum of Squareggﬁ Mean Square F-Ratio

Between Subjects | 217 ‘ 12708.0243
pay/Night (&) | 1 | .3657 .3657 .0062
Device Groups (B) ‘ 11 ! 810.4445 73.6768 1.2590
AB ‘ 1 544.5486 | 49.5044 .8460
Subjects within | ! :
Groups 194 | 11352.6655 58.5189

Within Subjects f 654 [ 5390.1584

| Distance Groups (C) 1 3 | 478.8101 i 159.6034 22.9274"
AC 3 | 176.3380 58.7793 8.4438 " |
BC i 33 ‘ 275.3802 8.3449 i 1.1988
ABC 33 | 408.1812 12.3691 | 1.7769""
C Subjects within |

L Groups l 582 { 4051.4489 6.9613

**significant at p <.0l
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Figure D-8. Mean speeds for devices in experiment 2 (night).

Table D-5. Devices classified into large and small size
groups.

Large Small

3'x12" Type I barricade 2'x8" Type 1 barricade
P

3'x12" Type II barricade 2'x8" Type II barricade

12"x36" Panel 12"x24" Panel
Drum 8"x24" Panel
42" Post 28" Post
36" Cone 28" Cone

co1
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Table D-6. Mean speed and standard deviations for each device and distance group.

Group 1 Group 2 Group 3 Group 4
N X o N X o N X o N X g

Day

3x12 Type I 7 52.80 2.65 7 52.26 | 2.29 7 51.27 | 1.67 7 48.34 | 1.23
3x12 Type II 10 53.20 4.23 10 50.92 | 9.02 10 51.13 | 5.89 10 50.30 | 4.40
2x8 Type I 8 48.80 9.69 8 49.34 | 3.62 8 49.82 | 4.03 8 48.59 | 3,22
2x8 Type II 10 46.36 7.62 10 48.78 | 3.47 10 49.72 | 2.86 10 49.83 | 2.40
8x24 Panel 9 51.40 2.46 9 47.50 [12.37 9 51.03 | 3.90 9 50.11 | 3.49
12x24 Panel 7 47.80 7.94 7 51.45 | 5.78 7 52.15 | 3.80 7 50.43 | 4.14
12x36 Panel 10 50.15 2.43 10 50.71 | 2.55 10 50.20 | 4.39 10 47.45 | 4.65
28" Post 9 47.85 5.86 9 49.32 | 4.99 9 50.49 | 5.09 9 49.96 | 4.07
42" Post 10 49.89 3.78 10 51.59 | 4.55 10 51.36 | 3.87 10 49.45 | 4.01
28" Cone 10 50.39 3.62 10 50.94 | 2.97 10 51.31 | 2.67 10 50.12 | 2.52
36" Cone 9 51.62 2.42 9 51.01 | 4.62 9 50.84 | 4.28 9 50.06 | 4.49
Drum 10 48.63 3.02 10 49.36 | 2.61 10 49.27 | 4.05 10 47.43 | 4.54
Night

3x12 Type I 7 50.18 2.78 7 51.21 | 4.02 7 52.28 | 3.09 7 48.65 | 3.74
3x12 Type II 10 53.10 1.67 10 51.41 | 2.90 10 52.07 | 2.72 10 50.46 | 2.58
2x8 Type I 8 52.32 3,31 8 51.68 | 3.71 8 51.76 | 3.63 8 49.53 | 3.66
2x8  Type II 10 50.36 6.61 10 48.07 | 4.7 10 49.07 | 5.67 10 46.95 | 6.39
8x24 Panel 9 49.94 4.31 9 50.44 | 4.27 9 51.22 | 3.85 9 48.96 | 4.59
12x24 Panel 7 52.16 2.71 7 50.70 | 2.53 7 50.98 | 1.60 7 48.52 | 1.54
12x36 Panel 10 49.03 2.98 10 48.95 | 4.32 10 48.80 | 5.48 10 45.98 | 7.18
28" Post 9 54.21.| 2.34 9 50.98 | 3.40 9 51.66 | 2.63 9 48,97 | 3.28
42" Post 10 50.16 2.47 10 49.42 | 3.18 10 48.83 | 2.92 10 48,87 | 2.52
28" Cone 10 48.61 4.72 10 48.33 | 5.23 10 45.38 | 6.77 10 45.59 | 5.68
36" Cone 9 52.69 1.80 9 53.04 | 2.65 9 52.40 | 4.20 9 49.50 | 6.03
Drum 10 52.62 2.02 10 49.70 | 3.81 10 50.05 | 4.11 10 47.00 | 6.96

Another indication of device impact is driver weaving or
wandering around some point. The displacement of each
vehicle from lane centerline was calculated for each driver at
each measurement point along the tangent. By squaring and
summing the displacements for each device, an index of the
magnitude of weaving was developed. The result is shown in
Figure D-10. The devices clearly fall into three groups, as
given in Table D-7.

In summary, channelizing devices effect a shift in driver
lane placement, but there is no difference between devices in
the magnitude of the shift. The devices reduce variability in
lane placement and certain devices are more effective than
others in reducing in-lane weaving or wander.

Point of Lane Change

Figure D-11 shows the mean point of lane change data. A
chi-square test of the mean scores indicates that there is a
significant difference between the day and night distribution
(x* = 563, 11 df, p < 0.001). An examination of Figure D-11
reveals the difference is due to the two Type II barricades,
12" x 24" panel, and the posts and cones. In the day there

were significant differences between the 3’ x 12" Type I and
2" x 8" Type II barricades and the 42" post and 28" cones. At
night there were no differences between devices within cate-
gories, but there are differences between the 3’ x 12" Type II
barricade and the posts and cones.

The 12" x 24" panel is clearly out of line with the other data
and this is because of three subjects who detected the array
over 4,000 ft away and changed lanes very early. The more
interesting finding, consistent with the array detection data,
is the lower point of lane change at night for all cones and
posts. During the day cone and post detection distance is
high, but falls dramatically at night. The lack of visibility at
night apparently influences the point of lane change. Another
indication that detection distance is controlling here is the
low variability around the mean point of lane change, partic-
ularly for the cones. With a standard deviation in the 160 to
170-ft range, 97 percent of the drivers would not change lanes
beyond 550 ft upstream of the array.

The impact of reflectivity combined with device size
apparently influences the variability of lane changing at
night, but not in the daytime. Figure D-12 shows the tight
distribution of standard deviations in the day versus the
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Figure D-9. Mean lateral placement scores before the array and
along the tangent section.

greater spread of SD’s at night. The larger devices, panels
and barricades, reflect the higher variance.

Another type of variability not reflected in Figure D-12 is
the range of scores within each group of subjects that saw a
particular device type. With only one exception (12" x 24"
panel at night), there were one, two, three, or four subjects
in all of the other 23 subject groups that waited until the last
minute to make a lane change (i.e., were within 0-300 ft of the
taper). Table D-8 gives the score ranges. This phenomenon
has been observed around operational work zones (9), where
traffic flow and volume create small or infrequent gaps.
Under traffic congestion it seems reasonable to interpret
rushing up to the taper before merging as being in a hurry or
areaction to congestion or delay. In the closed field test there
was no traffic pressure of any kind. The wait-till-the-last-
minute behavior was apparently not a function of the high-
way environment. Rather, such behavior is generated inter-
nally by the driver. Correlations of point of lane change with
sex and age of driver were low (r = 0.20 — 0.25 range) and,
although significant because of large sample sizes, only ac-
counted for roughly 5 percent of the variance in the data.
Because no other data on the drivers were available, no
causative conclusions could be drawn. However, two
hypotheses were considered. First, visual functions such as
depth perception or dynamic visual acuity might be related to
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Table D-7. Devices ranked by sum of squares lateral dis-
placement score.

High Middle Low
12"x24" Panel 28" Cone 3'x12" Type II
28" Post 2'x8" Type I1II 8"x24" Panel
42" bost 2'x8" Type L 36" Cone
12"x36" Panel Drum

3x1 2" Tipe I

point of lane change. However, because age, which is more
strongly related to visual functioning, does not explain the
behavior, it seems unlikely that vision will prove to be the
major factor. The second hypothesis is that changing lanes
close to the taper is related to individual cognitive style and
personality factors. Some drivers, regardless of what devices
or obstructions they detect in their path ahead, are simply
“*late lane changers’’ or ‘‘high risk takers’’ and some other
drivers are not. Some researchers have attempted to relate
this to the concept of field dependence/field independence as
a cognitive style in driving behavior, demonstrating that indi-
vidual personality characteristics can account for the wide
variability in driver responses to certain stimuli (/0). Current
research does not suggest any obvious ways highway design,
and specifically work zone channelizing devices, can modify
this type of behavior. Clearly this is an area warranting
further research.

In summary, point of lane change occurs farther away
from the array at night compared to day for barricades,
drums, and panels. However, distance and variability are
greatly decreased for cones and posts. Variance around the
mean point of lane change increases substantially at night for
larger devices. Few other differences were found between
devices.
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Figure D-11. Mean point of lane change.

Array Detection

These data were introduced in experiment 1 and will be
briefly reiterated here. There was a significant increase in
array detection distance for 9 of the 12 devices when day was
compared to nighttime data. This is somewhat surprising in
light of the fact that point of lane change is somewhat farther
away from devices (except posts and cones) at night com-
pared to daytime. The impact of reflectorized light from the
larger visible surfaces seems to elicit a response at night that
is somewhat different from seeing those same devices in the
daytime.

Without directly querying subjects, a definitive answer
cannot be given here. However, one explanatory hypothesis
is that drivers have greater uncertainty at night about what to
expect around or before the array. In other words, all they
can see are the devices and they do not know what other
equipment, holes, etc. are present. Therefore, the uncer-
tainty leads them to change lanes relatively soon after they
detect the array. During daylight such uncertainty is not
present because drivers can see what is around and behind
the devices. In this experiment there was nothing behind the
array so the ‘*hazard value’’ of the work zone was very low,
particularly in the daytime. This may be one of the few situa-
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tions where driver uncertainty may be considered to have a
beneficial result.

In the daytime array, detection is controlled by device
size. The arrays of larger devices in all categories were seen
further away than the smaller devices. At night, where the
controlling factor was device type and not size, the amount
of reflectorized area was apparently important. The cones
deteriorated the most compared to daytime detection.

As in the case of point of lane change, subject variability
was noticeably high (e.g. SD’s ranged from 480 to 1,250 ft at
night and 270 to 1,360 ft in daylight). Figures D-13(a) and
D-13(b) plot the distribution of SD’s and means. Examination
of these figures reveals that very few devices result in con-
sistently far array detection distance but low SD’s—the most
desirable type of performance. Applying the concept of deci-
sion sight distance and the 1,000-ft criterion as explained in
experiment 1, only four devices meet or exceed the criterion
both day and night; these are given in Table D-9. Drums were
included in Table D-9 even though night data are not avail-
able because performance on other measures remained so
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Table D-8. Point of lane change—range of scores for the
measure (in feet from beginning of taper).

Device Day Night
3'x12"-Type: L 203-927 15(::20;;—
3'x12" Type II 102-739 136-1968
2'x8" Type I 273~1255 275-987
2'x8" Type II 120-540 22-1578
8"x24" Panel 70-1062 169-748
12"x24" Panel 213-1050 692-2234
12"x36" Panel 73-716 41-1404
28" Post 283-845 40-844
42" Post 185-1005 51-679
28" Cone 172-771 17-431
36" Cone 114-1009 20-481
Drum 169-761 194-1228
e

consistent day and night. Thus it is safe to assume that drums
will be consistent on this measure and meet the 1,000-ft crite-
rion at night.

The final point to be made concerning array detection is
that single device detection data do not predict array detec-
tion nor are daytime findings predictive of nighttime results,
particularly for smaller devices.

Driver Preference Data

The questions asked in the Phase I and Phase IT question-
naires dealt with drivers’ reactions to various device cate-
gories, specific devices, and the purpose of such devices (see
Exhibit D-2 for complete questionnaires). In the first ques-
tionnaire, drivers were asked to rate any of the devices pic-
tured that they had seen on the road. Outline drawings of a
cone, post, Type I barricade, Type II barricade, panel, and
drum were shown. Table D-10 gives the pictures and percent
responses. Size and visible area appear to be controlling
driver responses.

A question in Phase II asked drivers to rank each of 12
devices on a scale from **Easy to See” to “*Difficult to See.”
Drivers had pictures of the 12 devices used in experiment 2
before them when responding to this question. The data were
converted to proportions of drivers ranking each device in
each of the 12 possible scale positions. These proportions
were multiplied by the scale number (**1"" being easiest and
12°" most difficult to see), summed, and the mean deter-

Table D-9. Arrays detected by 97 percent of drivers at the
1,000-ft criterion (day and night).

’7 ~ | Mean petection Distance
Device Array minus 2 SD's (in feet)
e Night Day i
12"x24" panel 2727 1968
3'x12" Type I barricade 1580 2992
12"x36" panel 1163 2888
Drum Not avail. 3160 J
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Figure D-13. (a) Distribution of mean array detection distances (in Sfeet); (b) distribution of standard devia-

tions (in feet from beginning of taper) for array detection.

mined. Devices were then ordered from lowest to highest
mean. Table D-11 gives the final ordering. Again, the physi-
cally largest devices were considered most easily seen. As in
the device and array detection data, the largest device from
each of the four categories was among the top four devices.
Within the first four devices, they are ordered from physi-
cally largest visible surface to smallest. Although size of

visible area is the major factor, drivers were responding to
shape as well. Shape appears to play a secondary role in that
cones, although relatively small in visible area, ranked higher
than other barricades (e.g. 2’ x8” Type I or II), which are
larger.

A final question asked drivers concerned what they
thought was the purpose of channelizing devices. Table D-12
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Table D-10. Device category preference data (percent responses).

Seen
Easily
With moderate ease
With difficulty

Seen
Easily
With moderate ease
With difficulty

67%
22%
1%

3.5

L
1% 67%
20% 21%
9% 12%
2 35
64% 49%
29% 38%
7% 13%
5 6

* -
Devices are ordered from most to least preferred.

Table D-11. Ease-of-seeing ranking of devices by drivers.

Table D-12. Driver understanding of device purpose.

Ranking

Device (Weighted Means)

easiest to see

\

most difficult to see

Drum (299)

12"x36" panel (370)

3'x12" Type II barricade (392)
36" cone (465)

12"x24" panel (487)

3'x12" Type I barricade (493)
2'x8" Type II barricade (567)
28" cone (604)

g"x24" panel (658)

2'x8" Type I barricade (668)
42" post (723)

28" post (799)

Why do you think such devices are used?
Check all those that are correct.

To indicate to the driver:
165 tc change lanes 31 to stop

174 that there was a 0 to speed up
hazard present

150 to slow down 10 to continue driving
at the same speed

gives the results. The total responses sum to more than the
number of respondents because more than one category
could be checked by each driver. Clearly, devices are as-
sociated with a hazard and a need to slow down. Somewhat
surprising was the high number of drivers who thought
“‘change lanes’” was implied by the devices. This is likely to
be spuriously high because drivers had just finished a test
where devices were used to close a lane and they associated
the tests. A disturbing number of responses were given to the
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“stop” alternative. Although there are work zone situations
where stopping may be required, this is not the information
function of any of the channelizing devices used in this study.
This finding again exemplifies the importance of defining the
purpose of a traffic control device, establishing a driver ex-
pectancy for that device through proper use of the device,
and not violating or eroding driver expectancy through
misapplication of the device.

Drivers were asked for comments about work zones and
channelizing devices. One hundred seventy-three comments
were offered, whereas 120 drivers made no comment. Of the
comments made, 45 percent were positive, 48 percent were
negative or a complaint, and 7 percent made suggestions. A
content analysis of the responses revealed that the majority
of negative comments revolved around two themes. The first
was that drivers are not given enough advance information
about the existence and type of work zone they are approach-
ing. Second was a complaint about the condition of devices
and work zones. Drivers felt that device maintenance was
critical and that trying to keep the roadway through a work
zone as neat and uncomplicated as possible was important
for safe driving. The positive comments primarily concerned
drivers’ satisfaction with the brightness of devices (reflective
and steady-burn light arrays) and the resulting ease of nego-
tiating a work zone at night. )

In summary, drivers felt the largest devices from each
category were easiest to see and to associate with hazards
and slowing. Problems with work zones are not enough
advance information and poor device/array maintenance.
Drivers find the levels of reflectance and brightness at night
quite helpful.

Other Measures

Several of the measures collected were found insensitive
or insufficiently discriminating. Brake applications may be
used where more rapid speed adjustments are required in
actual traffic, but in the relatively ‘‘pure’” environment of
this experiment, brakes were never applied around the array
sites. Throttle pedal position reflects speed to only a limited
degree. Throttle pedal position was highly sensitive to terrain
(hills and curves) characteristics. Because hills were in-
volved in the test drive, any impact of devices was hidden in
the more potent effect of hills on this measure. Steering
wheel position was collected at the most sensitive setting.
Analysis of variance with these data showed all treatments
and interactions to be significant. However, the greatest
range of difference in position was less than 30 deg (20 deg to
right and 10 deg to the left of center position). Given the car
used and the power steering, such differences do not repre-
sent interpretable or major steering results; rather, these are
within the range of fine steering adjustments normally used
to guide the vehicle. Also, this measure did not relate to
lateral lane placement which is the outcome performance of
concern. Finally, steering wheel rate was not used, essen-
tially for the same reasons just noted. The purpose of using
the steering wheel measures was to find a reliable and
consistent substitute for lateral lane placement which is rela-
tively difficult to measure. Unfortunately, neither variable,
as measured in this experiment, proved to be that substitute.

Synthesis of Results

Several parameters reflecting the impact of channelizing

devices on driver behavior were used in this experiment. The
results from each measure do not unanimously point to one
device or even category of devices as best according to all the
measures. Therefore, a more convenient way of organizing
the findings to develop an overall assessment of the devices
is necessary.

The technique used essentially divides performance of the
devices into three categories for each measure. The criteria
used for the division are explained as part of Table D-13.
These can then be summed for day, night, or the combina-
tion. Table D-13 presents the synthesis. Several conclusions
are evident when the table is examined. Device detection
was not included because it is irrelevant to the array situa-
tion. No simple device category is superior to another in the
daytime. At night, the categories are similar except for posts
and cones which clearly do not perform as well as other types
of devices. The real differences impacting driver behavior
occur within device categories.

Table D-13 is useful only after considering the assumptions
that have been made. First, reducing speed along the tangent
section is a desired behavior. There is no definitive research
specifying the safest or most efficient speed profile through
a work zone. Maintaining speed through the tangent may be
desirable to help minimize a slowing wave which eventually
induces congestion in the approach and taper sections. Sec-
ond, it is assumed that the straightest, least wavering path
through the tangent was the safest. Third, variability in point
of lane change may be desirable. The mean, however, should
be as far away from the devices as possible and the distribu-
tion should be skewed upstream from the mean. This, in
effect, is spreading lane changing out over the longest pos-
sible distance and as far away from the taper as possible.
Analytically, this seems desirable; however, research is
needed to empirically define the best safety/efficiency be-
havior profile.

Given these assumptions, Table D-13 can be used in
two ways. First, individual devices can be ranked for day,
night, and combined performance. The results, as given in
Table D-14, demonstrate that the largest devices from each
category are the most successful in the daytiine and at night
with the exception of posts and cones. A second use of the
table is to select devices that elicit behaviors most suitable to
a particular work zone or situation where the assumptions
previously noted are not suitable. For example, if a work
zone at night was created where traffic flow was critical (i.e.,
speed maintenance was important), a 2’ x 8" Type I or II
barricade would come closer to eliciting such behavior than
the larger devices.

Experiment 2 Conclusions

The conclusions can best be addressed as answers to the
questions posed at the beginning of the experiment:

1. What effects do various categories of channelizing de-
vices have on driver behavior? The only difference between
the four major categories is that posts and cones do not
function as well as other devices at night. In terms of specific
behavioral effects, none of the channelizing devices elicited
unique or particularly hazardous behaviors. The effects
found include:

a. Long array detection distances (3,100-4,400 ft)
in the day and somewhat shorter at night
(2,050-3,650 ft).
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Table D-13. Synthesis of experiment 2 results.

from taper to tangent section. At night, barricades,




Table D-14. Rank order of devices based on eight synthesized dependent variables.

A. Assuming speed reduction desirable between taper and tangent

B. Assuming NO speed change between taper and tangent is desirable

Rank . Rank \ Rank Rank ; Rank . Rank
Bay Order Hlight Order Sarminey Order Bey Order Night Order SRR Order
36" cone-std 1 3" x 12" Type | 1.5 |3 x12" Type | 1 36" cone-std 1 3"x 12" Type | 25 3" x 12" Type | 1.5
3x 12" Typell | 2 Drum 1.5 | Drum 2 3'x12" Type |l 2 28" cone-opt 25 28" cone-opt 1.5
=
3'x 12" Type | 35 | 3'x12" Type ll| 4 3" x 12" Type Il 4 3'x 12" Type | 4 (Drum)** 25 42" post-opt. 35
Drum 3.5 | 12" x 24" panel 4 12" x 24" panel 4 Drum 4 I1l, cone 25 28" post-opt 3.6
— -
12" x 36" panel 5 12" x 36" panel 4 12" x 26" panel 4 28" cone-opt 4 12" x 24" panel 6 (Drum)** 5
- - -
28" cone-opt 6 2'x8" Type | 6 28" cone-opt 6 12" x 36"" panel 7 12" x 36 panel 6 I1l. cone 6
12" x 24" panel 7 28" x cone-opt 7.5 (42" tube-opt 7.5 42" post-opt 7 3'x12" Type Il 6 12" x 24" panel 8
42" post-opt 8 Ill, cone 7.5 | 28" tube-opt 7.5 28" post-opt 7 42" post opt 8.5 12" x 36" panel 8
b
42" post-std 9 42" post-opt 9.5 [, conz 9 Ill. cone 9.5 28" post-opt 8.5 3'x12" Type Il 8
—>
28" post-opt 10 28" post-opt 9.5 | 36" cone-opt 10 28" cone-std 95 2'x8" Type Il 10 36"’ cone-std 10
- - -
11l, cone*** 11.5 2'x 8" Type ll| 11 2'x8' Type | 115 12" x 24" panel 11.5 36" cone-std 1 2'x8" Type | 115
-
28" cone-std 115 | 8'x24" panel [ 125 | 2°x8 ' Typell | 115 8" x 24" panel 15 2'x8" Type | 12 2'x8" Type Il 115
8" x 24" panel 13 36" cone-std 125 | 8"x 24" panel 13 42" post-std 13 8" x 24" panel 13 28" cone-std 13
- -
2'x8" Type | 14 28" cone-std 14 42" post-std 14 2'x8" Type | 14 28" cone-std 14 8" x 24" panel 14
-2
28" post-std 15 42" post-std 15 28" cone-std 15 28" post-std 15 42" post-std 15.5 42" post-std 15
2'x8" Type | 16 28" post-std 16 28" post-std 16 2" x8Type Il 16 28" post-std 15.5 28" post-std 16

* std = 6" cone collar (MUTCD standard) opt = optimized design (see Phase Il findings).

—* indicates “‘natural’’ break points in the distribution.

** placed here tentatively because night array detection data not available — rationale for assuming “’high” performance in text.

*nn

ill cone - illuminated cone.
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panels, and drums—but not posts or cones—
elicited the speed reduction (around 2.5 mph).

j. Driver rankings of device pictures indicated people
think the larger devices (3’ x 12" barricades, drum)
are easiest to see.

2. Are channelizing device effects on driver behavior dif-
ferent under day and night visibility conditions? The follow-
ing differences were prominent:

a. Array detection distance was less at night.

b. Array detection variability was greater at night.

c. Point of lane change was farther away from the
taper at night except for posts and cones that were
closer at night than in the day.

d. Speed reduction at night from taper to tangent was
controlled by device type (barricades, panels,
drum), not by device size.

e. During day and night, drivers’ perception of the
array was one of a pattern or line of color (day) or
light (night). Drivers could not tell what type of
device or what pattern was used on the device when
they detected the array.

3. What effect does device size have on driver behavior?
Device size appears to have a more powerful impact on
behavior than the laboratory experiments suggested. This is
partially because device arrays are not simply an additive of
single device characteristics. Specifically,

a. Speed reduction in daytime is controlled by device
size. The largest devices in each category resulted
in speed reduction.

b. Device size appears to control driver perception of
ease of device detection.

c. At night, visible reflectorized area appears to be
critical in controlling point of lane change and speed
reduction.

d. Question 3 postulated no differences between the
8” % 24", 12" x 24", and 12" x 36" panels. The 8" x 24"
panel performed consistently poorer than the two
larger panels.

e. Question 3 hypothesized no difference between one
and two-rail or large and small barricades. (1) The
data indicate the larger devices (3’ x 12") are quite
superior to the smaller (2’ x 8”) barricades in every
respect. (2) Differences between one- and two-rail
devices were generally in favor of one-rail barri-
cades. From a driver behavior perspective, there is
no reason to use a two-rail device.

4. Does device shape have an impact on driver behavior?
This is stated in the null form because there will be no differ-
ences between bar and panel shaped devices.

a. This experiment supports the laboratory study in
that overall bar and panel shapes are highly compar-
able. Size appeared to control behavior more than
shape.

b. The larger barricades were more consistent across
measures and did not have some of the rather large
vascillations associated with the larger panels.

c. The round shape of the drum was apparently not
perceived at great distance so it, in essence, func-
tioned more like a large panel.

d. The triangular shape of the cone apparently
provides attention-getting geometric contrast in
daylight.
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From the results of this experiment there is evidence that
size and visible area control driver behavior more than
shape. Specific design recommendations supported by the
data are:

1. Barricades should be the larger 3’ x 12" size.

2. One rail is generally more effective than two rails.

3. Panels should be a minimum of 12 in. wide and no less
than 24 in. long.

4. Triangular cone shapes provide good geometric
contrast but need to be relatively large for maximum effect
(e.g., 36 in.).

Operationally, there appears to be no driver behavior-
related rationale for having more than one type of channeliz-
ing device available. In the daytime, any of the large devices
from all four categories are relatively equivalent. At night,
the same devices (but not cones or posts) are also equivalent.
Table D-13 gives the specific variations among these devices.

Experiment 3

This experiment specifically addressed the use of steady-
burn lights as part of the work zone device configuration at
night. The specific questions tested were: (1) Is there a differ-
ence in driver performance when steady-burn lights are
added to channelizing devices? (2) Do different configura-
tions of steady-burn lights impact driver behavior? (3) Do
differences between steady-burn lights and different levels of
reflectance affect driver behavior?

The experimental treatments used to test the three ques-
tions were:

Question Treatments and Comparisons

1 Steady-burn lights mounted on the 2’ x 8"
Type I barricades. Comparison treatment
is the 2’ x 8" Type I barricade.

2 Steady-burn lights mounted on every
barricade (55-ft spacing), only on barricades
in the taper and on alternate barricades
(taper and tangent).

3. 2’ x 8" Type I barricades with high intensity
retroreflective sheeting compared to all of
the foregoing treatments.

The experimental method and procedure were the same as
previously described. This experiment was conducted only
at night. To gather lateral placement data, strips of tape were
stretched across the road at five points in the taper and
tangent. After the DPMAS drove over the tape, the distance
from tire mark outer edge to pavement edge was measured.

Results

Table D-15 summarizes the data for each of the treatments.
A two-way ANOVA (devices by distance groups) for a re-
peated measure showed there was no speed difference be-
tween treatments (F =0.59, 4/30 df). Because the two-way
interaction was not significant (F = 0.81, 12/90 df), but dis-
tance group was (F = 16.7, 12/90 df, p < 0.01), the devices are
equally effective in eliciting a speed reduction from taper to
tangent sections.
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Table D-15. Experiment 3 summary of results.

High Intensity

Steady-Burn Steady-Burn Steady-Burn Engineering
Reg. Spacing Taper Only Alternate Sheeting Sheeting
Array [
Detection
(feet)
1 L Sii=oy
Mean 4565 J 3835 4369 1615 2229
f— — i = Ai — = - 4 - = = —1 ——at]
Point of
Lane Change [
(feet) |
Mean 1352 846 1280 474 637
Median 627 643 796 | 595 753
sD 1355 713 1440 268 297
Lateral
Placement [Tr** Tg** Tx Tg Tr Tg Tr Tg Tr Tg
(inches)
Mean 40.5 13.87 35.57 17.2 no data J42.37 14.49 W 13.55 l
b - [, S S 1 =
Speed in
tangent |
(mph)
Mean 45.45 45.81 45.3 45.85 | 48.84

* T 4

**Tr=Taper; Tg=Tangent

indicates a statistical difference p.<.01

***Data available for approach zone only - not comparable to taper data used here.

Another two-way ANOVA (treatment by taper/tangent)
using lateral placement data showed no difference between
treatments (F =0.096, 2/126 df), but a significant difference
(F = 0.98, 1/126 df, p < 0.001) in placement between taper
and tangent sections. Even though drivers are in the open
(left) lane in the taper, they are about 35 to 45 in. from the
pavement edge. By the time drivers enter the tangent, they
are 13 to 17 in. from the pavement edge. Driver response in
the taper is clearly to begin moving left as the devices come
closer and closer to the centerline.

Point of lane change data were heterogeneous, therefore
both parametric (t-test) and nonparametric (Kruskal-Wallis)
statistical tests were used. No significant differences be-
tween treatments were found with either test. However,
examination of the mean, median, and SD for each device
(given in Table D-15) reveals some practically useful differ-
ences. First, the median point of lane change is relatively
close together for all devices. The mean and SD show the
distributions of lane change scores for two of the steady-burn
light conditions to be very skewed. Several subjects in each
group are changing lanes quite far away from the devices.
This is possible because array detection is equally far away
(4,565 and 4,369 ft). But even the powerful stimulus of the
steady-burn lights did not deter a few drivers from waiting to
change lanes in the last 100200 ft before the taper.

The significant differences between devices for array
detection are given in Table D-15. Again, because of the
skewed distributions, the nonparametric Kruskal-Wallis test
was used. In this experiment, retroreflective sheeting was
not seen as far away as the steady-burn lights. However,
sight characteristics probably play an important role in this
finding. Both array sites go slightly downhill at the beginning,
level, and begin to rise during the taper. This creates a situa-
tion where headlights, particularly low beams, do not di-
rectly “*hit’’ the reflectorized material. Also, the high inten-
sity sheeting used had a narrow focus and, therefore, was not
particularly bright when viewed from an angle. For this rea-
son, the high intensity sheeting was not seen as far away as

the broader beam engineering grade sheeting. The steady-
burn light with the 5° x 9° radius of light spread was particu-
larly effective in this setting. This leads to the operational
implication that the geometric characteristics of a work zone
site must be carefully considered before deciding to use
retroreflective sheeting instead of steady-burn lights.

Conclusions

In response to the questions posed for this experiment, the
data indicate:

1. There are no speed or lateral placement differences
related to steady-burn lights. Point of lane change and array
detection occur further away in general. Some (but not over
half) drivers begin changing lanes much earlier in the pres-
ence of the steady-burn lights. This has the effect of spread-
ing lane changing maneuvers over a longer distance.

2. Again, there were no speed or lateral placement differ-
ences between steady-burn lights on every barricade, every
other barricade, or taper only barricades. Although the dif-
ferences in array detection between the three steady-burn
light treatments were not significant, they did correlate with
the total number of lights visible. The differences in point of
lane change were not significant, but again followed the
number of visible lights. In essence, any of the three steady-
burn light treatments are viable alternatives for work zones.

3. The differences in array detection and point of lane
change between steady-burn lights and retroreflective sheet-
ing previously reported appear related to angularity of the
high brightness sheeting and site geometrics. This was not an
adequate test of high angularity Type III sheeting. However,
the problems associated with narrow angularity of sheeting
were clearly demonstrated. Operationally, great care must
be taken in matching angularity and site geometric character-
istics when designing work zones. The steady-burn light was
seen further away than Type II sheeting, but there were no
speed, lateral placement, or point of lane change differences.



Experiment 4

The question posed in this experiment was: Is there a
difference in driver behavior when devices are spaced at
double or half the speed limit? Day and night tests using the
DPMAS as described earlier were run for the 8” x 24" panels
and 2' x 8 Type I barricades at 27.5-, 55-, and 110-ft
spacings.

Results

Figures D-14 and 15 show the mean speeds for all treat-
ment groups, day and night. Analysis of variance with a
repeated measure (distance groups) indicated no speed dif-
ferences between any of the spacing treatments. However,
the barricades day and night (F = 4.8, 3/120 df, p < 0.01) and
panels at night only (F = 7.9, 3/63 df, p < 0.01) elicited a
significant reduction in speed from taper to tangent sections.
Panels in the daytime did not have any speed reduction effect
(F = 1.29, 3/48 df). This is consistent with the experiment 2
findings that the smaller devices did not elicit speed reduc-
tion. An interesting trend appears comparing day to night.
The 110-ft spacing resulted in lowest speed in the day, but
changed position with 27.5-ft spacing at night. When driving
by devices at night in an otherwise dark environment, an
illusion is likely to be created in that suddenly a bright and
significant visual source is flashing by quite often. This has
a tendency to make the driver think he is going faster and he
tends to slow down. A similar illusion does not occur in
daylight because there are so many other visual anchors. The
British have used appropriately spaced lines across the road
before ‘‘round-abouts’ to create this illusion and effect a
speed reduction (/7).

Lateral placement did not vary significantly in the tangent
section between the spacings. All treatments resulted in the
now familiar shift towards the lane edge (away from the
devices) from approach to tangent.

Point of lane change exhibited only one significant dif-
ference. At night, drivers changed lanes significantly closer
to the barricade at 27.5-ft spacing than at 55-ft spacing.
Table D-16 gives the means, SD’s, and median for each treat-
ment. No other differences were significant. Because of
heterogeneous variance, the Kruskal-Wallis test was used
with this measure. Although there was only one significant
difference, a trend was evident. Generally, double spacing
reduced mean point of lane change, whereas half spacing
increased the average distance. This suggests that half-speed
limit spacing in the taper only may increase point of lane
change distance. Combined with regular or double spacing in
the tangent, this would not increase the number of devices
deployed.

Array detection data (Table D-17) are also heavily skewed
with a few responses occurring very far from the array.
Again, because the data are heterogeneous, the Kruskal-
Wallis test was used. The only significant difference was
between the regular and double-spaced barricades. As with
point of lane change, array detection shows a trend. Gener-
ally, the closer the spacing, the farther away the array is
detected. This trend was particularly evident at night.

Conclusions

In answer to the question posed for this experiment, the
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Table D-16. Means, medians, and standard deviations for
point of lane change.

8"x24" Panels 2_-'x8" Type I Barricades
Spacing (in f;et) - 7Spacing (in feet)
B35 55 116 27.s 55 110
DAY
Mean 692.6 425.5 Unusablel 647.2 559.5 462.1
Median 539 387 Data 570 494 530
sb 626.5 311.18 271 321 324
NIGHT il o B i
Mean 622.6 385.3 247.5 637.7 499.5
Median 633 279 221 753 525
SD 451 212.4 61.1 297.9 216.9

Table D-17. Means, medians, and standard deviations for
array detection.

8"x24" Panels . 208" Typé_-I-Barricades
Spacing (in Eeieit)i -Spacing (in feet)
| 27.5 55 110 27.s 55 110
DAY —

Mean 3650 3328 2936 3946 2726
Median 3869 3764 Unusablel 3265 4026 2559
SD 894 960 Data I 1101 272 880

NIGHT el i
Mean 1824 2128 1861 2330 2229 1504
Median 1887 1842 1294 2616 1994 1581
SD 968 954 1744 | 1245 1147 615

data indicate that the different spacings do not impact speed
or lateral placement behavior. There was a nonsignificant
trend for device spacing to be positively related to point of
lane change and array detection. Thus, device spacing does
not appear to heavily influence driver behavior. Given such
a finding, consideration in future research could be given to
improving detection and lane change behavior through closer
spacing in the taper but then widening spacing in the tangent.
This might be particularly effective if an appropriate edge
line were used along the tangent.

Experiment 5

The experiments so far considered only arrays made up of
one channelizing device. There are economic and logistic
savings possible by mixing device types in an array. Another
possible benefit may stem from combining devices to achieve
a particular driver behavior effect. For example, a large de-
vice could be used in the taper to obtain optimum array
detection and point of lane change distance, whereas small
cones could be used in the tangent to keep speed reduction
at a minimum (attempt to maximize flow through the
tangent). The question of this experiment addresses this is-
sue. Specifically stated, the null hypothesis was: there is no
driver behavior difference between arrays of mixed devices
and arrays composed of only one device.
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Figure D-14. Mean speeds for devices at dif-
ferent spacings (day).

Figure D-15. Mean speeds for devices at dif-
ferent spacings (night).




This experiment was conducted exactly as described for
the previous experiments. Here the treatments were an array
of 2" x 8" Type I barricades in the taper and 36" cones along
the tangent and another array of 8" x 25" panels in the taper
with 42" posts in the tangent. These combinations were com-
pared with the *‘pure’” arrays for each of the four devices
involved.

Results

The data for all measures are summarized and given in
Tables D-18 (day) and D-19 (night). Two ANOV As with re-
peated measure were applied to the speed data. The
Kruskal-Wallis and/or t-tests were applied to point of lane
change and array detection data. In the daytime there were
no significant speed differences overall. However, the panel-
post array resulted in a particularly low mean speed in the
tangent and, according to t-tests, was significantly (t = 3.01,
14 df, p < 0.01) lower than panel or post alone. Although
there were no other significant differences between the three
panel-post treatments, the trend of the data suggests a com-
bination effect of the two devices together. Performance
variability was generally higher than the panel alone.

The only difference between the barricade-cone treat-
ments was in array detection where the mixed device array
was seen at significantly less distance than the 36" cones
alone. This did not affect point of lane change. In all other
respects, the mixed and ‘‘pure’” arrays were the same.

At night, there was a significant speed difference between
distance groups (F = 20.8, 3/120 df, p < 0.01). The device by
distance group interaction was also significant (F = 2.9,
12/120 df, p < 0.01). The barricade-cone array elicited a
particularly low speed in the taper and tangent sections
(distance groups 3 and 4). Four of the five devices tested
resulted in a speed reduction in the tangent section. Because
of a malfunction of the DPMAS, no data are available for the
panel-post combination. At night, the speed reduction is
large, but the other two measures indicate combining devices
created a compromise. Barricades evoked greater array
detection and point of lane change distances than cones. The
devices, when combined, produced distances in between the
two extremes.

The results, particularly in light of results from experi-
ment 2, suggest that array detection and point of lane change
and array detection are controlled by the total perceptual
pattern and contrast provided in the taper and tangent. Using
the relatively ineffective cone at night definitely detracted
from the overall array performance. In essence, a larger,
brighter device in the taper does not totally compensate for
less effective devices in the tangent in terms of advance
detection.

Although dramatic speed reduction is suggested, the data
are not consistent enough to conclude that mixed device
arrays will always produce such an effect. Until further evi-
dence is produced, great care should be taken in mixing
devices where considerable speed reduction might create
hazardous or otherwise undesirable traffic conditions.

Conclusions

In the daytime, there are few differences between mixed
and one-type device arrays. The possibility of extensive
speed reduction is present, but further testing is necessary to

Table D-19. Summarized data for experiment 5 (day).

Table D-18. Summarized data for experiment 5 (night).
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adequately delimit this effect. At night, the same dramatic
speed reduction may occur and, again, further testing is war-
ranted. One effect of mixing devices appears to be that the
resulting performance is a compromise between the behavior
elicited by the two devices in one-device-only arrays.
Because some data were lost and the effects were not
consistent, the results of this experiment must be considered
suggestive and in need of further experimental verification.

Experiment 6

The final experiment of Task 4 was designed to verify the
laboratory findings regarding the pattern or configuration
used on channelizing devices. Because all combinations of
devices and configurations could not be tested in this experi-
ment, the best and worst were chosen for testing. The rela-
tionships found in the laboratory would, hopefully, be pre-
dictive of the closed-field test results. Specific predictions
tested were: (1) on barricades, a vertical stripe would out-
perform and a chevron would not perform as well as a diag-
onal stripe; and (2) on panels, a horizontal stripe would out-
perform and a chevron would not perform as well as a
diagonal stripe.

The experiment was conducted exactly the same as
the previous experiments. The treatments are given in Ex-
hibit D-1. In building these treatments, one compromise with
constant size had to be made. The configurations were made
with 6-in. stripe widths except for the chevrons. Given the
8" x 24" display size, a chevron pattern could not be accom-
modated. Therefore, a decision was made to keep display
size constant and use the narrower 4-in. stripe width.

Results

Table D-20 summarizes the data for all the dependent
variables. Analysis of variance applied to the speed data
revealed two significant differences. The chevron panel
elicited a significantly lower speed than the diagonal stripe
panel. This difference occurred only in the tangent section.
The change in speed for all the panels at night from taper to
tangent was significant (F = 10.8, 3/54 df, p < 0.01) and the
more rapid decrease in speed through distance groups 2, 3,
and 4 resulted in a significant device by distance group inter-
action (r = 43, 6/54 df, p < 0.01).

At night, there were no other differences between the
various configurations for point of lane change or array
detection.

Daytime differences between treatments all occur in array
detection. No other measures showed any significant differ-
ences. The chevron and vertical stripe in daylight were de-
tected at significantly (Kruskal-Wallis test) shorter distances
than the other patterns.

Conclusions

As predicted by the laboratory results, the chevron used
here was not as detectable as the other configurations in
daylight. This must be qualified by the fact that a 4-in. stripe
was used for the chevron and 6 in. for the remaining stimuli.
Because point of lane change was minimally affected and
lateral placement or speed not at all, it is equally likely that
the poorer performance was due to stripe width, not configu-

ration. At night, the chevron performed as well as the other
devices. This suggests that brightness or contrast character-
istics, not configuration, control driver behavior at night.
Such an interpretation is supported by the experiment 2
results.

The vertical stripe on the barricade does not appear prom-
ising because it was seen at significantly less distance than
the diagonal stripe. However, the horizontal stripe on the
panel appears to have potential. The trend of the data, al-
though not significant, suggests that the panel was seen
further, and variability in point of lane change and speed
were reduced in daytime. At night, detection distance and
point of lane change were above the other two panels.

In general, more definitive research with the chevron is
necessary. This is particularly true because it is the only one
of the configurations tested in this project which consistently
conveys directional meaning. The horizontal stripe on panels
appears equally as good as, and perhaps superior to, the
diagonal pattern. Further testing with larger panels may pro-
duce more definitive results. On the basis of the results at
hand from this experiment, there is no conclusive evidence
for considering the diagonal inferior to the other configura-
tions tested.

COMPARISON OF TASK 3 AND
TASK 4 RESULTS

The purpose of Task 4 was to verify and extend the
Task 3 laboratory work. Given the Task 4 results, the follow-
ing statements summarize the comparison of the two tasks.

Stripe Width

The laboratory tests indicated 6- or 8-in. stripes were
optimal. This was not directly tested in the field, but the
results of the 4-in. stripe for the chevron tends to confirm this
conclusion.

Shape

There was little difference between bar and panel shapes in
the laboratory. In the closed-field experiments, the large one-
rail barricade had a slight advantage over the larger panels.
However, the laboratory finding that bar and panel shapes
are generally equivalent was verified.

Configuration

The laboratory data suggested that horizontal and vertical
stripes could be more detectable than the diagonal. In
Task 4, the horizontal stripe on a panel was equal, and per-
haps superior, to the diagonal configuration. The vertical
stripe on barricades was definitely inferior to the diagonal
stripe. Chevrons were equal to other configurations at night,
but were not as detectable in the daytime. This confirms the
laboratory finding.

The chevron is unique among the configurations tested in
that it is the only one to consistently and reliably convey
directional information. If there is need to convey directional
information on a channelizing device, the chevron is the only
acceptable configuration of the four tested for that purpose.
Thus, further design work to improve daytime detectability
appears warranted.
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Table D-20. Summarized data for experiment 6.

DAY/ 2'x8" Type I Barricade with 8"x24" Panels with
Chevron | Vertical |Diagonal Chevron |Horizontal | Diagonal
Stripe Stripe Stripe Stripe
Array
Detection (feet)
i o 1 o ¥
Mean 1888 2520 3946 1864 3696 3328
Median 2151 1815 4026 1956 3964 3764
SD 920 877 272 1196 836 960
Point of
Lane Change (feet)
Mean 408 535 559 Unusable 467 425
sSD 258 135 321 Data 164 311
Lateral ae g+ | A4 T K I a T |A T A T
Placement (inches)
24.0 22.2 21.4 26,1 177 172
11.6 11.1 13.5 12.4 13.9 14.2
Speed (mph)
Mean 43.86 Unusable 48.59 47.93 45.08 50.11
Data
NIGHT/ 2'x8" Type I Barricade with 8"x24" Panels with
Chevron | Vertical |Diagonal Chevron | Horizontal | Diagonal
Stripe Stripe Stripe Stripe
(eray
Detection (feet)
Mean 3015 Unusable 2229 2108 2349 2123
Median 3418 Data 1994 2442 2360 1842
SD 1301 1147 1009 1118 954
Point of
Lane Change (feet)
Mean 714 637 527 647 385
SD 528 297 446 582 212
Speed (mph)
join|
Mean 50.67 49.58 42.82 45.56 47.99

*A=Approach; T=Tangent

Color Ratio

Again, this was not directly tested in the closed-field
study. From the laboratory findings, a 1: 1 ratio and no more
than a 2:1 white-to-orange ratio were recommended. The
ability of devices with the 1:1 ratio to provide adequate
contrast both day and night was evident from the Task 4 data.
The success of devices in being detectable appeared to be
more than a simple matter of color ratio. A single color on a
device might suffice against a very simple bright background;
however, against multicolored, variegated backgrounds,
some type of pattern greatly aids a driver in discriminating
the device from the background. The angles, colors, shape,
and contrast formed by a device pattern serve to break up

and stand out from the visual complexity of most back-
grounds. The most effective devices are those which, when
placed in an array, enhance and extend the pattern through-
out the array. This perceptually forms a line or path for the
driver to follow. Figure D-16 attempts to show this effect.
The photographs in column A are the larger, more successful
devices. Notice the clarity of the path established. The col-
umn B devices were not as successful. In the case of the
vertical stripe on the barricades, the pattern simply does not
provide sufficient visible contrast and the barricades are
““lost™ in the background.

Drastically increasing either white or orange would prob-
ably alter the overall pattern perception and hamper contrast
under light or dark visibility conditions.




A. Successful

Figure D-16. Effect of device pattern on path clarity.

Height-to-Width Ratio

According to the laboratory studies, this parameter did not
have a profound impact on detectability. Thus, shorter or
narrower devices should be equally as effective as wider or
longer devices. The closed field experiments included this
variable to a limited degree. The height-to-width ratio of two
panels was different and the same for two panels. Thus:
8" x 24" = 0.333; 12" x 24" = 0.500; and 12" x 36" = 0.333.

B. Not Successful

Also, all barricades were the 0.333 ratio, although two dif-
ferent sizes were used. As the Task 4 results clearly show,
there are very significant differences between the 8" x 24"
panel and larger panels, but no major differences between the
larger panels. There was a clear difference between the
2’ x 8" and 3' x 12" barricades. Obviously, the pattern of dif-
ference suggests that size is the controlling variable. The
height-to-width ratio is much less important than assuring
a sufficient visible area. Thus, the laboratory studies were
verified.




As part of this parameter, one-versus two-rail devices
were studied in the laboratory. Findings were not clear, but
one-rail devices were suggested as superior. The closed-field
study supports that conclusion. The data suggest there is
little reason to use a two-rail device.

In summary, the laboratory findings were generally ver-
ified. Task 4 did, however, demonstrate the importance of
the effect of arrays as opposed to single devices, the impor-
tant contribution of device size, and, at night, the value
of device brightness. This simply indicates that laboratory
studies can be useful, but they are severely limited in the
scope of contributing variables.

Evaluation of Dependent Variables

Three types of dependent variables were used in the
experiments: detection, vehicle control, and preference. Al-
though it is clear from the results sections of the various
experiments which measures were most useful, a brief sum-
mary commentary on each measure is provided here.

Speed

There were virtually no significant differences in speed
distributions between devices. The greatest mean differ-
ences were around 5 mph. The majority of those differences
were present at the beginning of the site before devices
were detected. Thus, it would be difficult to argue that the
devices had an impact. The most useful measure was speed
change between taper and tangent sections. Certain devices
were more powerful than others in eliciting speed reduc-
tion from devices. So speed change appears to be a useful
measure for studying channelizing devices.

Lateral Placement

Again, there were no differences in mean lateral placement
between devices. All devices had the effect of moving drivers
away from the devices. This shift took place in the taper in
that as the devices came closer to the centerline, the driver
moved closer to the pavement edge.

A more sensitive measure proved to be displacement or
the amount of weaving around in the lane through the tangent
section. The sum of the squares of displacement gave an
index of the amount of swing to both sides of a reference
point. This, then, was a useful measure.

Steering Wheel Position

This measure was very sensitive and discriminated be-
tween light conditions, devices, and distance groups, but
there was no apparent relationship of this measure to any
device or geometric characteristic. When the actual degrees
of steering wheel movement were examined, the maximum
was around 30. Given the type of car, this was well within
normal straight-line path steering and, apparently, not a re-
flection of device effects. Additional manipulations or
derivations of this measure might reveal a more useful mea-
sure; however, such effort was beyond the resources of this
project and this measure was abandoned.

Steering Wheel Rate

This measure suffered from the same problems as steering
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wheel position and was also abandoned early in the data
analysis process. Again, additional development work might
produce a useful measure, but that was not possible on this
project.

Throttle Pedal Position

Instead of being sensitive to devices, this measure was an
excellent reflection of the roadway elevation. Throttle pedal
position mirrored grades and little else except for stopping
situations.

Brake Applications

In the free flow situation used for this task, brakes were
never applied around a work zone. With other traffic present,
this should be a more useful measure (e.g. conflicts).

Point of Lane Change

There were differences in mean distance, variability, and
spread or range of distributions. Thus, this was one of the
most sensitive and discriminating measures used.

Array Detection

This was a sensitive and useful measure, but one of the
more difficult to collect. People are prone to vary in certainty
before announcing detection and sometimes forget to say
anything. In spite of these problems, array detection clearly
discriminates between various devices. One would predict
some relationship between point of lane change and array
detection. In fact, the relationship is evident, but does not
appear linear or of the same magnitude in different light
conditions. In other words, the two measures are not inter-
changeable. As in point of lane change, subject variability,
range, and form of the response distributions were all in-
formative dimensions of this measure.

A useful derivative of array detection is application of
the decision sight distance (DSD) criteria. By subtracting
standard deviations from the mean, an indication of the per-
centage of the driving population detecting the array at vari-
ous points, specifically at or above the DSD criterion, is
possible. This is one way of achieving an indication of the
impact of response variability on detection.

Device Detection

As the comparison of array and single device detection
data showed, arrays are perceptually more detectable than
the effect of single devices added together. Therefore, single
device detection is not an adequate indication of perfor-
mance in an array situation. This measure is useful for select-
ing a device which will be standing alone or in small numbers
(2—4) around a specific hazard.

Driver Preference

Drivers do have relatively clear preferences among the
devices. The preferences are almost perfectly correlated
with device size and are consistent with the array detection
measure.

The comments on work zones are surprisingly consistent
and centered around a small number of themes (e.g., advance



124

information, brightness, device maintenance). This type
of comment, plus more systematic queuing of drivers as
they traverse work zones, appears to be a useful source of
information.

Summary

On the basis of the experience and findings in this task, the
following measures are recommended as being sensitive to
differences in channelizing devices and probably to work
zones in general: speed change in the taper-tangent areas;
point of lane change; array detection, and displacement
(weaving).

SYNTHESIS OF TASK 4 RESULTS

The basic results were synthesized to Tables D-13 and
D-14 as part of experiment 2. The remaining discussion con-
cerns how the results of experiments 3 through 6 contribute
to those findings.

Steady-Burn Lights

The steady-burn lights add considerable detection distance
to devices with Type II sheeting. They also more than triple
the distance or zone in which lane changing occurs before the
taper. Lights on each or alternate devices are equally effec-
tive. Steady-burn lights in the taper are statistically no dif-
ferent from the other light treatments, but they do not spread
out the lane change zone to the same degree.

The comparison of Type III sheeting with lights and
Type II sheeting demonstrated the importance of angularity.
Narrow angle sheeting, even though high brightness, is
not effective under certain site geometric characteristics
(i.e., hills, curves). Wide angle Type 111 may be effective, but
data to test that premise were not generated.

Device Spacing

The findings suggest that changes in spacing have little
impact on driver behavior. There were no speed or lateral
placement differences between half, regular, and double
speed limit spacing. A nonsignificant trend suggests that
point of lane change and array detection increase with
shorter spacings, and vice versa. Spacing combinations such
as half-speed limit in the taper and double-speed limit in the
tangent have promise for optimizing device behavior and
reducing logistics and maintenance cost.

Mixed Device Arrays

In the daytime, there were few differences between mixed
and single device arrays. Any advantages to this type opera-
tion will stem from logistic or cost, not driving behavior,
considerations. At night, the effect of mixing devices appears
to be a compromise in driver behavior between the charac-
teristics of the two devices used. The types of devices used
and behavioral consequences must be carefully considered.
Only two device combinations were tested here and further
research on other combinations is desirable. However,
behaviorally, there does not appear to be any particular ad-
vantage to mixing devices.

Device Configurations

The particular chevron design used here was not as detect-

able in the daytime as the other patterns. However, a 4-in.
stripe, not 6-in., was used, and this could account for the
diminished performance. At night, the chevron was equiva-
lent to the other patterns. A vertical stripe on barricades did
not perform well, most likely because it did not form a satis-
factory pattern of contrast with light or dark backgrounds.
The horizontal stripe on panels appears equal to, and perhaps
better than, the diagonal stripe. Thus, a horizontal pattern
can be used on panels and chevrons can be used at night on
barricades and panels. Further design improvements appear
necessary to make the chevron more detectable for daytime
use.

SUMMARY OF FINDINGS AND SELECTION
FOR FIELD TESTS IN TASK 5

Although the closed-field studies were a step closer to
reality than the laboratory, they still represented a very sim-
ple ““pure’” situation. The next step is to validate these find-
ings in an operational setting. One concern about the next
step is measurement sensitivity. The measures used in the
closed-field situation were relatively fine grained; yet there
were no large, dramatic differences. This was particularly
true of measures which are typically used in full field settings
(e.g., speed). When channelizing devices are buried within
the context of a full work zone information system, the rela-
tively small differences found in the closed-field situation
may be washed out or masked by overriding responses to
other components of the work zone. With that possibility in
mind, the findings recommended or verification in the field
evaluation include:

1. Large devices elicit speed reduction to a significantly
greater extent than small devices.

2. Drivers change lanes farther away from the taper at
night than in the day.

3. Panels and barricades are equivalent in their impact on
drivers.

4. Steady-burn lights are highly detectable and increase
the mean and the overall zone when lane changes occur.

5. Alternate or taper-only light spacing is equivalent to
lights on every device.

6. The relationship between steady-burn lights and
Type III sheeting needs further investigation.

7. Wider device spacings are equivalent to regular speed
limit spacng.

8. Mixed arrays, at least at night, reflect a compromise
between the performance elicited by the two devices used.

9. The chevron configuration and horizontal stripe on
panels are equivalent or better than the diagonal stripe.
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APPENDIX E
FIELD EVALUATION STUDY

INTRODUCTION

The final effort of this study (Task 5) was to evaluate the
effectiveness of selected channelization devices when used
collectively under actual field conditions. The results of the
previous tasks were to be used in selecting alternate devices
for testing and the experimental plan. These devices were to
be tested at work situations similar to those depicted in the
typical MUTCD layouts, and include different highway

types.

METHODOLOGY

To develop an experimental plan conforming to available
time and monetary resources, the number of treatments
(channelization device configurations) and the number of ap-
plicable work zone situations had to be logically constrained.
At the outset, the task was to narrow down to some manage-
able number of test situations the scope of the field studies
from a possible combination of 96 test situations defined by
the following:

1. Five major device types—barricades, drums, panels,
and cones: with and without steady-burn lights (without con-
sidering variations in sizes for each).

2. Four work zone types—lane closure, by-pass, detour,
and cross-over.

3. Three highway types—rural two-lane, rural express-
way, and urban freeway (without considering number of
lanes for the last two types).

In consideration of the types of channelizing devices pre-
sented in the MUTCD and the number of options tested in
Task 4, it was decided that at least four treatments would be
candidates for field testing. A standard MUTCD application
would serve as the base condition against which three experi-
mental treatments would be compared. The MUTCD stan-
dard used was a Type I barricade with a 12-in. high and 24-in.
wide panel and 6-in. diagonal stripes. Three experimental
devices were selected with consideration of the results of the
previous tasks and the logistical limitations. They were:
Type I barricade (24 in. x 12 in.; 6-in. vertical stripes); ver-
tical panel (24 in. x 12 in.; 6-in. horizontal stripes); and com-

bination of Type I barricade (24 in. x 12 in.; 4-in. chevron
stripes) on the taper section and cones (36 in. high) on the
tangent section.

As explained later, additional treatments were tested when
it became obvious that the number of sites available was
severely limited.

It was felt that the specific work zone type and highway
type situations to which each channelizing device system
was to be applied should reflect its hazardousness and fre-
quency of exposure at work zones. Lane closures are the
most frequently occurring type of work zone situation in
which channelizing devices are used. On rural two-lane
roads, however, lane closures generally involve the use of
flagmen, a situation which would confound and minimize the
measurable effect of channelizing devices. Therefore, the
lane closure situation was not considered for field evaluation
at a two-lane rural site.

Experience indicated that the most frequent and critical
situations are represented by rural expressway and urban
freeway one-lane closures. Therefore, two test work zone
sites were selected for each of the foregoing roadway condi-
tions and given highest priority.

Traffic diversion is a less frequently occurring situation in
which channelizing devices are used. On rural two-lane high-
ways, traffic diversion is accomplished by closing the exist-
ing roadway and constructing a detour on a new roadway
alignment. Channelizing devices are used to indicate the
alignment of the new roadway and to barricade off the exist-
ing roadway. In addition, traffic diversion is not frequently
used on urban freeways because of the high volume of traffic
and long vehicle delay that would occur. Therefore, the traf-
fic diversion for the rural expressway was assigned the next
highest priority.

The closing of two lanes on a multilane highway is an
infrequently occurring type of traffic pattern. Nonetheless, it
can be a particularly hazardous situation. Drivers do not
expect to see a second lane closure just after experiencing a
previous lane closure. The paths a driver may take to reach
the through lane has increased greatly. Therefore, a clear
delineation of the two-lane closure using channelizing de-
vices becomes an extremely important factor to guide a
driver safely and smoothly through the work zone. There-
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fore, the additional delineation requirement of a two-lane
closure was also considered.

Because of the need for a comprehensive data collection
procedure, and to stay within the budget of the project, six
test situations were selected for the proposed experimental
paradigm shown in Figure E-1. The selected experimental
approach is a 4 x 6 factorial design with one treatment serv-
ing as the control or base condition. (A factorial design is the
application of different experimental treatments to the same
situation and analyzing the changes in dependent variables
across treatments.)

Several unforseen difficulties arose that made it unfeasible
to follow the experimental paradigm as proposed. The urban
freeway one-lane closure sites (4 and 5) initially selected
for study had to be dropped from consideration because it
was obvious on inspection that the traffic volumes were so
high that volume itself would influence driver performance
(i.e., speed, lane changing, etc.) more so than the channeliza-
tion devices. If any differences were to be found between the
four device treatments, it was believed necessary to have
near free-flow volume conditions (level-of-service A or B)
whereby drivers would be reacting to the traffic control de-
vices rather than to leading vehicles. Another problem with
the urban sites was the use of the flashing arrowboards
which, it was assumed, would influence driver behavior
more than the test treatments.

The urban freeway two-lane closure site (site 6) was not
investigated for yet another reason. The construction project
for the preselected site did not materialize during the course
of the project schedule and there was no readily available
alternative site.

Because there were only three sites left for testing pur-
poses, a decision was made to increase the number of test
treatments as compensation for fewer sites. The additional
treatments selected included combinations of devices and
different spacings. Table E-1 gives the final experimental
devices tested at the three available sites.

DATA COLLECTION PROCEDURES

It was assumed that the presence of advanced construction
signing, arrowboards, and other informational cues would
make it difficult to observe differences in driver action due to
channelizing device schemes alone. For the same reason,

A R T T
Site/Work Zone Site| Base Experimental
Type No. | 1 T R ) (w5 4‘
 ES—— L — R N A <+
‘ Rural Expressway 1 ! ‘ |
‘ 1 Lane Closure 2 ‘ | | ‘ |
Rural Expressway [ [ —l— T
3
Traffic Diversion | ‘ ‘ | ‘
et e B = | = == ‘» =
Urban Freeway 4 | _!
1 Lane Closure S | | |
— — ’— ———
Urban Freeway
6 | ‘ |
2 Lane Closure ‘
oo LAl WE - O ,,|___17,L_J

Figure E-1. Proposed experimental paradigm for field evaluation of
selected channelizing devices.

one would expect the variation in driver reaction to various
channelizing device systems to be small. Therefore, to maxi-
mize the number of performance measures, sample size, and
the probability of finding significant differences, the Traffic
Evaluator System (TES) was employed as the principal data
collection technique. It was supplemented by manual obser-
vation of traffic conflicts and erratic maneuvers.

Traffic Evaluator System Data Collection

The TES is an electronic device that monitors all vehicles
in all lanes instrumented with tapeswitch sensors. In opera-
tion, the system continuously records switch identification
and exact time of activation whenever switch closure is
sensed. Data points are collected and read out at each sensor
pair in the array. The full description of the TES is provided
by Sanders et al. (/).

On each data collection day a new treatment was deployed
and then data were collected during both day and night pe-
riods. When possible, changes were made only to the chan-
nelization devices and not to any of the signs or other devices
present. The project schedule did not permit a driver ac-
climation period for each device; but this did not create an
experimental problem in this case. In fact, it was of interest
to obtain **first exposure’” effects inasmuch as motorists fre-
quently encounter a particular work zone only once because
either the motorist or the work zone is transitory.

Erratic Maneuver and Traffic
Conflict Data Collection

The effectiveness of the channelization treatments was
also determined by using erratic maneuvers and traffic
conflict measures. The various types of erratic maneuvers
and conflicts that were counted and analyzed are defined as
follows:

1. Anerratic maneuver occurs when an unimpeded vehi-
cle brakes or suddenly swerves while approaching the transi-
tion (taper) area. Unimpeded means there are no vehicles
directly ahead or rapidly overtaking in an adjacent lane).

2. In general, a conflict is a situation in which a vehicle
is required to take evasive action, to brake or swerve to avoid
an impending collision with another vehicle ahead or along-
side. A brake light indication, obvious braking, and swerving
by the offended vehicle are indicators of a conflict.

3. Alane-change erratic maneuver occurs when an un-
impeded vehicle makes a lane change in the transition or
work zone area. This type is unique to the traffic diversion
site where vehicles were to maintain their lane position.

4. Alane-change conflict is a situation in which a vehicle
changes lanes into the path of another vehicle, causing the
offended vehicle to brake or swerve to avoid collision.

5. A slow-to-merge erratic maneuver occurs when an
unimpeded vehicle slows or stops during its merge into an
open lane.

6. A slow-to-merge-conflict occurs when a vehicle slows
or stops during its merge into the open lane, causing a vehicle
in the open lane to brake or weave.

7. A wrong-way lane-change erratic maneuver occurs
when an unimpeded vehicle, in approaching the transition
area in an open lane, crosses over into a closed lane.

8. A wrong-way lane-change conflict occurs when a



Table E-1. List of treatments tested at each site.

127

: Sites
Treatment . Device N
Location 1 Pattern Spacing 1 2 3
No. Type
K-10 1-567 1-55/74
1 Taper 24" x 12" Type | 6" diagonal 55 ft D, N D, N D, N
(Base) Tangent Barricade
Taper ¥ et " .
2A 24" x 12" Type | | 6'* vertical 55 ft D,N D D,N
Tangent
f
28 Tapa; 24" x 12" Type | | 6" vertical oL D, N
Tangent 110 ft
55 ft
3A Taper 24" x 12" Type | | 4" chevron D, N
Tangent 110 ft
3B Taper 24" x 12 Type | | 4" chevron 110 ft D
Tangent
f
3c Taper 24" x 12" Type | | 4” chevron ek gl
Tangent 110 ft !
3D Taper 24" x 12" Type | | 4" chevron 55 ft D, N D.N D
Tangent 36" cone 55 ft
" " ] "
3E Taper 24" x 12" Type 4" chevron 55 ft D
Tangent 42" post cone 55 ft
T T I =
4A Lk 24" x 12% vertical | v o ioontal 55 ft D, N D. N
panel
Tangent
o o yertical ]
4B Taper zgne;l( 12" vertica & Kesnntal 55 ft D
Tangent P 110 ft
Taper 24'" x 12" vertical 55 ft
4c panel 6" horizontal D
Tangent 36" cones 55 ft

1 Steady-burn lights used at night for all devices except cones; reflective collars put on cones.

vehicle, approaching the transition area in an open lane,
enters into a closed lane, and an offended vehicle brakes or
takes evasive action to avoid collision with the wrong-way
lane-change vehicle.

9. A slow-moving vehicle conflict occurs when a vehicle
swerves or brakes to avoid a slower vehicle in front.

10. A stop-in-closed-lane conflict occurs when a vehicle
approaching the transition area is confronted with a stopped
vehicle. The offended vehicle slows, stops, or swerves to
avoid the stopped vehicle.

The procedure used to collect the erratic maneuver and

traffic conflict data was to position an observer upstream of
the start of the taper or point of diversion where he could
observe traffic approach and proceed through the test sec-
tion. Manual counts of each type of erratic maneuver or
conflicts were made at 15-min intervals during the complete
2-to-3-hr data collection period.

DATA REDUCTION

Traffic Evaluator System Data Reduction

For the TES collected data, two utility computer programs
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and two analysis programs were used to prepare the data for
analysis and interpretation. The utility programs translate
time and switch codes into vehicles and traffic flow charac-
teristics, reproducing the conditions actually experienced on
the roadway. The initial utility program edits data stored on
magnetic tape. It checks for data reliability and completeness
and arranges the data in a form more readily reviewed by the
researcher.

The next utility program reproduces vehicles at each pair
of switches. The program assigns a unique identification
number to each vehicle entering the array and tracks this
vehicle through the entire array of switches on the roadway.
For each vehicle at each switch pair crossed, the following
15 elements are recorded: vehicle number, lane number,
switch pair number, vehicle type, wheelbase, number of
axles, mean speed of all axles, time of day, manual codes
associated with this vehicle, time gap to lead vehicle, space
gap to lead vehicle, type of lead vehicle, time gap to following
vehicle, space gap to following vehicle, and speed of follow-
ing vehicle.

After the editing programs are completed and vehicle rec-
ords are made, several computer analysis programs can be
used to extract the measures desired. For this project, the
first of these was to calculate some 20 vehicle flow measures
for each vehicle as it proceeded through the switch trap
array. An example output of this program showing the calcu-
lated measures for one vehicle is provided in Figure E-2.

The example in Figure E-2 shows that vehicle 15 was a
Type 5 (truck) with five axles and a wheelbase of 51 ft. Its
mean speed over all traps was 52.34 mph. It was initially
detected in lane 2 (inside lane), but the truck moved into lane
1 (outside lane which is being closed) by the next trap and
then returned to lane 2 after the fifth trap. Other statistics
regarding its flow characteristics are as noted on the figure.

The next analysis program was to generate summary sta-
tistics for all vehicles and only for the measures that were of
interest. The measures selected for analysis were mean
speed, speed variance, acceleration, acceleration variance,
and lane changing.

Prior to completing the final analysis program, a sample of
the speed data was analyzed to determine if vehicle headway
affected mean speed. Originally it was hypothesized that the
differences in channelization devices could only be detected
for free-flow vehicles. In nonfree-flow conditions, motorists
approaching the work zone area would respond to vehicles
ahead and vehicles in the adjacent lane rather than to low-
profile channelization devices. To test the validity of the
assumption, the mean speed and speed variance for one base
condition were compared. Vehicles were grouped in 1.5-sec
increments of vehicle headway from 1.5 to 10.0 sec. The
analysis revealed that the mean speed for all groups was
practically the same, but that the speed variances were
notably different with longer headways having higher vari-
ances. Based on this result, it was decided to use 7.5-sec
headway as the criterion for defining a ‘‘free-flow’” vehicle.
This headway criterion applied to vehicles ahead in the same
lane and to vehicles in the adjacent lane. At 55 mph, this is
a distance of 605 ft. Although lead vehicles are certainly in
view of the following motorist at 605 ft, this seems like a
reasonable distance where the influence of the lead vehicle is
minimal.

The final analysis program provided the summary statis-
tics for each test condition as follows: sample size at each
trap, mean speed at each trap, speed variance, mean
acceleration, and acceleration variance.

These statistics were calculated for both free-flow vehicles
(headway of equal to or greater than 7.5 sec) and nonfree-
flow vehicles (headway less than 7.5 sec). All vehicles except
trucks were included in the output.

The analysis program also provided a listing of lane chang-
ing from a trap in one lane to a trap in another lane (in either
direction). These lane changing data included all vehicles.

Erratic Maneuver and Traffic
Conflict Data Reduction

The data reduction for the erratic maneuver and traffic
conflict phase merely consisted of tabulating the counts for
the 15-min intervals and summing for the entire study period.
From the counts and the volume data, erratic maneuver and
traffic conflict rate expressed as a proportion to the total
volume were calculated for each type and then for all types
combined.

RESULTS

The results of the studies are presented site by site and
then synthesized to arrive at findings that can be generalized
for all sites and device types, if possible. The discussion of
each site includes a description of the site, what devices were
tested, and the results of four evaluation measures—mean
speed, speed variance, lane changing, and erratic maneuver/
traffic conflict rates.

Site |

The first site used for testing was a work zone located on
Kansas State Highway K-10, a four-lane divided highway
just southwest of Kansas City, where a bridge was being
reconstructed. The 60-ft median between the opposing lanes
was used as a by-pass around the construction area. Both
lanes were maintained through the by-pass. Figure E-3 is a
schematic drawing of the site and indicates the location of the
TES tapeswitch traps.

The following channelization treatments were tested:

No. Treatment

1 24" x 12" Type 1 barricade; 6" diagonal stripes;
55-ft spacing.

2A 24" x 12" Type I barricade; 6" vertical stripes;
55-ft spacing.

3D 24" x 12" Type I barricade; 6" chevron stripes;

from traps 5 to 7; 55-ft spacing and 36" cone
(7" cone collars) from traps 7 through end of
zone; 55-ft spacing.

4A 24" x 12" vertical panel; 6" horizontal stripes;
55-ft spacing.

Steady-burn lights were used at night for all treatments
except the cones that were reflectorized with 7-in. white
collars of reflectorized material. Data were collected both
day and night for all treatments.




1. Vehicle Identification
6. Speed Variation

2. Vehicle Type
3. Number of Axles 7. Mean Acceleration
4. Wheelbase
/ 5. Mean Speed

8. Acceleration Variation

5][ax_5][(WR S1.04] MSPD 52.453] [SVAR 2.4460) [MACL -. 0760 [AVAR .2297] SAC1 0.00 0
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L[2 P .05 D 0.00 LT[5 TH S.6A DM 439.8 S-H | 1.2790 TTY 3.20 OB Aa8.7]|B-S [4.75 B[52 54.217

14. Acceleration 17. Head Gap 19. Tailway 22. Time of Day
16. Headway
. 18. Front Closure Speed 21. Rear Closure Speed
15. Lead Vehicle Type P P
12. Spot Speed :
s 20. Tail Gap
11. Switchpair Location

10. Lane Designation

Figure E-2. Example computer output from Traffic Evaluator System.
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Figure E-3. Schematic drawing of site 1.
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Other traffic control devices were in the following order:

1. rRoAD consTRUCTION 1500 FT sign.

2. petour 1000 Fr sign.

3. po NOT pass sign at 750 ft.

4. Reverse curve symbol sign with a 45 mph speed advi-
sory plate at 500 ft.

5. 45-mph regulatory sign at the beginning of the reverse
curve.

6. DETOUR sign behind the channelization devices.

Speed Profile. The TES traffic flow data for each treat-
ment are given in the tables in Exhibit E-1. Unfortunately,
data are not available for one of the test conditions (treatment
3D) during the day. The data on the field tape were unread-
able during the initial edit routine and consequently could not
be extracted for analysis.

The first analysis conducted was to plot a speed profile for
each treatment, both day and night conditions. For this site
only lane 1 data were analyzed in detail because the vehicles
in this lane are closer to the devices and, therefore, should be
affected more. (A cursory observation of the mean speed
data shows that for all situations the speeds in lane 2, the
median lane, are consistently higher at all traps than lane 1 by
3-4 mph.)

The mean speed data for the experimental devices were
adjusted prior to plotting. The reason for the adjustment was
to account for differences in speeds observed at the first trap
for the treatments. The first trap was sufficiently upstream of
the devices (1860 ft) that vehicles should not have been in-
fluenced by the devices. Therefore, any differences found at
this trap were assumed to be attributable to the day of the
week because devices were tested on different days.
(Previous research has shown that there is some minor varia-
tion in speed during days of the week (2).) The ratio of the
differences between the base treatment and the experimental
treatment to the base treatment for the first trap was used as
a constant factor applied to the mean speed at other traps for
the experimental devices. This ratio is mathematically ex-
pressed as follows:

; 1 + Ym_* ‘?.Tl
XH]
where X ;; = mean speed at trap 1 for base condition; and
Xy, = mean speed at trap 1 for any experimental

treatment.

Figure E-4 shows two plots of the mean speed profiles for
test treatments. The top plot is for nighttime and the bottom
is for daytime. The background pattern represents the 95
percent confidence interval for the base treatment. The con-
fidence interval was derived as follows:

2

Cl=N x5~
1
where X = mean speed for each trap;
t = t-statistic at 95 percent confidence level for
degrees of freedom = n — 1 (for most cases t =
1.96);
o} = speed variance for each trap; and

n; = sample size for each trap.

This confidence interval is significant in that any value for the
treatments outside the envelope is statistically different from
the corresponding base condition value.

In general, the mean speed profiles for the daytime condi-
tion (lower plot) show that the free-flow vehicles decrease
their speed gradually from traps 1 to 3 (about 0.23 fps?),
decelerate at higher rate between 3 and 5 (about 0.44 fps?),
and even a higher rate (about 1.11 fps®) between 5 and 7. The
devices started at trap 5 and the transition curve started at
trap 7. Between traps 7 and 8, vehicles decelerate at about
0.50 fps® and then taper off their deceleration between the
last two traps at about 0.25 fps®. The sharp decrease in speed
from traps 5 through 8 indicates that the motorist is adjusting
speed to negotiate the curve transition. The site did have a
45-mph speed advisory sign located about 500 ft upstream of
the curve transition and a 45-mph regulatory sign at the
curve. The maximum speed reduction was from the initial
56.5 mph to a low of 43.0 mph at trap 8, which is a 24 percent
reduction.

The nighttime speed profile is nearly identical to the day
except that the speeds at all traps are slightly lower and there
was an unexplainable trend for vehicles to accelerate be-
tween the last two traps.

The mean speed profiles for all three treatments during the
day are practically identical. The only difference found be-
tween the base treatment and the two experimental treat-
ments is that slightly higher mean speeds were observed in
traps 7 through 9 when vertical panels (4A) were in place.
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Figure E4. Day and night mean speed praofiles for site 1.
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EXHIBIT E-1
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
SiteNo. 1 Channelization Treatment __. !
Switch Pair No.
T I ) i ] e o) - & Jogii]- 8 A
Type Vehicle Statistic Canatia.
1 2 Py felafzla T2l 2 a2 a 2] ilga
s Number of Vehicles auy | nolase|a | 239|0| 2us) 0 24%| 13 |24%| 1y [ 240 119 |205| 0| 272] ©
Flow Mean Speed (MPH) 56.5| 60.6 | S6.1 |~ |55.5 |~ |54.3] ~ |s3y| 56.5| SLo|syy [HH| 504|429 - [42.8] —
v:.; ;u Speed Variance (MPH)* 29%|22.62%.6| -| 279 | - |25.7] - | 300]27.3| 396|301 |30.1 |25:9 |28.¢ | - 287
Second Mean Acceleration (FPS) e < l=al=]=3| =) =5|l=|=4] = | 22| =714 -t4l-5|-|-21-
Headway || o leration Varance (FPS)2 || — [ — | .al-| .1 ]-] .2]-| & = | 4| 4] .e| 1] 2|-| .2|-
) Number of Vehicles 3320178 | 3910|401 0413 | o[4S |1 70| H13] [66[363| 217| 327|0[49¢| O
“\:;“’;‘:f Mean Speed (MPH) Stlo) 60,6 |56.1| - | 55.2] ~| 524| - |s2.8|50.5|50¢| 540 |UST| 4.1 [ 920 | - [43.0] -
<75 Speed Variance (MPH)? anyl w3199 - |a34] - |23 - |asd2y.6| 247 25.1 | 20.2{30.5[22.2] - [30.9~
Second ! . [ | ] T P 7 | I 5 =
Heawiy Mean Acceleration (FPS) s -2 3 A Yy gl =8|y -17] -5 2
Acceleration Variance (FF’S)2 - | = cal- Lad-| 4]~ 8| = | M| S| 7] 1] 3|-] .2]-
o Number of Vehicles o] 4y | 165 |0] 169]0|16d | 0173 54| (eq] S| 14| 68 [1220] 131 ©
Flow Mean Speed (MPH) sys |sgs| 53] = | 530| - |51 8| - [$006153.2] 48,0500 | HL3|us7 Yoo — | H2.Y| -
N V;h;i" Speed Variance (MPH)? 293 |23.0(312]~ | 318 ~|28.7] - |28.1|37.3|29.9|35.1 | 45,4/ 329|330 | - | 344 -
1 Second Mean Acceleration (FPS) - — | egi=li=ai =l =gl == (=g Sk ~.6l-,) | 7| .e|-
. Headway Acceleration Variance (FPS)® || _ | = | .2 [~| .3|~|.3[-| 4| - | 4| .5| .8| ¢.1] 3 |-| .2|-
it Number of Vehicles 136 | 53 |13g|o|1ya| 0] 1ug |Oliyy| 47| 13¢] 55| 93] 89| 85 |0|1¢7|O
tncl
ki \T:hr::lu Mean Speed MPH 552|585 | susl ~|52.8| - [s2.6] —|5L6(53.3 | 49.0| 512 90| 468 Y0.9| — | 43.3] -
T <75 Speed Variance (MPH)? 22.2] 26.3[234| —| 25.1| ~ |2us| — (247|368 |a7,1 |31.0| S50 | 28 9| 29.2] [32.2 7
lf::;::y Mean Acceleration (FPS) : - ~ | =3|-|-2|"|-5|-|-4] - |-2| ~7|-Le|-~1&]| =2|- | —0] -
Acceleration Variance (FPS) ) 2l Lal-| sl ul =1 .5 .s|ro] €| .2]-] .2 -
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
SitaNo. 1 Channelization T .2‘4
Switch Pair No.
F T [ EA IVl [ - A el ) )
Type Vehicle Statistic Lora G
1 [ 2 Lozl a2zl jzlaladatadma 2|2l ]2
Free Number of Vehicles 241|135 | 239|0 | 239]| 0| 2410 | 245| 123 | 249] 136] 24/ | 143]197|C| 2790
Flow Mean Speed (MPH) 56.5|60. 7|56, | - | S58| ~ |59y |~ | S3Y|Sb.b| 51 | |SUs| 6] 49| 432 ~ | Y22 —
Yehicles = = 9
>75 Speed Variance (MPH) 21,0 | 19.0|26.0| - | 23.5|~ [ 26,2 - [22.3|237(33.1| 25,0 32.0 263|334 ~ | 37.3| -
Second Mean Acceleration (FPS) - - =0 |-l=2|-|=s|-|-4] - [~9|-% 43| -1&] ~¢|-| =3I~
Hachsy Acceleration Vanance (FI’S)2 = | = g |zl sal=] al-~| &l ] 4] 8|3 ] .al=] 3T
i | sl pande 473| (81 [4e|O| 478 10| 494 | O[H6 164 [Uq1 | 172|452 200| 394]0 | 5E8|0
Lncle
::M:,“ Mean Speed (MPH) 57.2[62.0|56.8| - |56.1 | - | 550 - |5W.1| 57,9/52.0] 557 |H7.4|51¢ | 43s5| —[¥3.2] -
<75 Speed Variance (MPH)? 24,% | 235|258 | 28.2] - [227 | -|309 |25y | 245 |26.6|25¢|28.7| 26.1| T [37.0] -
Second :
H:‘f:_r Mean Acceleration (FPS) — | = | =2|-| ~al-|z5|=|=3]| = |=7| =8| ~H]-16] =7]|~| =3[~
Acceleration V'urianx:e(l"l"b')2 i 1 oal-| 2l-lyl-|.3]-].5]| .4|.8|1w0]| -4|-| .3|"
Ficé D NAe S e lus |3y |139]0]137[0]139| 0| 40|38 |Iy0| 38131 | 4 | 98/0| 147]0
H._,\. Mean Speed (MPH) SYy|574|534| - | 53.3| ~|52.0 ~ 506|517 | us 3| ¥q.8| 42,8\ Yyglyrl |~ |42.0] -
N| Vehiddes | o o4 Variance (MPH)?
>75 peed Variance (MPH) 30.2|37.1 |36.1 |- | 317| ~|31.8| -|33.0/37.2| 3.7 | 30,4 |26.4|26.Y | 241 |~ |22.4| -
1 Second Mean Acceleration (FPS) X - |=3|-|-3|-|-4|l-|-s| - |-7| 7| 16|-1e]| =1 |~| -0 -
s Headway | Acecteration Varianee (rpS)? | = | = [ 3| 3] 2]-| 4] - [ | 4] o] 4] 2]-] 2]-
e Number of Vehicles 135| 3% | 125|0133]0] 13110133 | 38121 | 39 | 100] ¢8| $3]|0]153|2
eslncle
M v Mean Speed MPH 155.7| 59.9 | 54.9| - | 59.2| - |$2.7| ~|517(549, 4.1/ 538 | 43.2| 7.6 413 |~ [42.9 ~
T <7.5 Speed Variance (MPH)? 27,7|¢0.7|33.¢|~ | 33.¢| - | 308 ~ | 318|315 33.4]4L7 [32.6] 421 |293(~ | B0.1| =
Second Mean Acceleration (FPS) - | = |=yl|~| =3|-l=¢l-]- ~ -2 -al-1el-17] ~2l~|=1]-
Headway ) ) i 5 | 3 . i ) o i e A
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EXHIBIT E-1 Continued

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

SiteNo. 1 Channalization Treatment __ 2~ A
Switch Pair No.
R [ T L V) - s - A Vo )
Type Vehicle Statistic i
12w 2t bely 2y el e a2 a2
s Number of Vehicles 269) 127 | 266 |0 | 2680 | 208 | 0 | 263 Iyo (267 | 14/ | 249|156 |222| 0| 288 ©
Flow Mean Speed (MPH) 570|609 |S6.7| = | 561 |~ |549|— |540(S6.l | 51.7]|53. 478 | 499 | yuy] - | vyt | —
V:;. '5" Speed Variance (MPH)? 230|174 [24.5| - | 246 ~|244| - | 27.2{20.9| 28.0|22.8| 27.61 25,52 8.6/~ | 294 | ~
Second Mean Acceleration (FPS) = - |=al-|=2|~-5|-|-%| = | =8| =9]|-la]| -3 =5]|-|-.2|-
Headway Acceleration Variance (FPS)? || — | _ I e I e . B < T e O O o A - < T e I B
Number of Vehicles say| 223] 521|0| 518 |0| S26{0O(540| 2351 53%| 23¢| 435|282 443/ O mob
“:::3:.'1 Mean Speed (MPH) 56.6|60:5 | 56.0| - | 554 - | SH.2| - |53.2 584|570 546 | 4e. 9512 | 430 ~|93.8]| -
<75 Speed Variance (MPH)? 24197 |aya|- (22,0~ | 21.2) — |22.427.5| 258|238 | 20.6]20.2] 29,0/ - | 22.7] -
;::::fy Mean Acceleration (FPS) = | = —2|-|=-.3| 7| =5l -|~y| = |=7|57|-12|-13| -5|-|~2|-
Acceleration \‘rm'iam:c(l“l:'s)2 S X o] il I T ) e 3 (] B W (T 4| 5| 6| 10| .3|- 30d| =
Free Dumberof N ehick 208 71 |205|0| 204|0|203|0| 20| 77| 202 78 |17%| 48| 15%|0| 2360
Flow Mean Speed (MPH) S4.s 57,9 |53.5| - | 524 [s0.7) ~ [49.2| 517 ves| yaa w139 | wo | ~Hiy | -
N V;h.'f_l;' Speed Variance (MPH)* .1 |323]276 | - |35.2| - (33,6 - [324(35:7|424] 285 3.0 35| 301 | - 365 -
1 Second Mean Acceleration (FPS) — - =y|-| =3|-|-e|-|=5| = | 8] ~8|-L2|-L7| =2|-| =06~
Headway Acceleration Variance (FI’S)2 = - Mz GBSl | ] e T I P12 B~ I /% R ) B B
% ) Number of Vehicles 2326| 67 [226|0 | 229|0|228|0| 224 97|21 | %9 [161]137| 1450|260/ 0
i H\:e:::‘:d Mean Speed MPH 54.3|571(53.3| - | s24| - | Sho| - |49.3[50.3| Ye.7|49.0| 4L7| 448|906 ~ 416 | -
T <15 Speed Variance (MPH)? 24.9| 22.0| 333|325 - | 32| - [39.4|26.8| 39.9[29.2{ 377 30| 299| ~[32.9|
}‘?::;)::y Mean Acceleration (FPS) — — |=ul-|=yl-|=sl-1-~¢| - |-%]|-2 “Lz| -1yl =1 |- =hlE
Acceleration Vnnancr,(l*l’&)z = | S sl=| gl- -l al'c | 2l a2l 4l .2l al-
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
SiteNo. ] Channelization Treatment __ 2 (Mlsik only)
Switch Pair No.
e e e e | e [C7 |-a [ @
Type Vehicle Statistic T
e a fzla Rlallalz ) [ 2112 [k |2
ol Number of Vehicles
Flow Mean Speed (MPH)
V;"qﬁ" Speed Variance (MPH)2
Second Mean Acceleration (FPS)
Henday Acceleration Variance (FPS)?
Number of Vehicles
“‘z“:‘.‘;‘:“’ Mean Speed (MPH)
<75 Speed Variance (MPH)?
t;’::;:fy Mean Acceleration (FPS)
Acceleration Variance (l"f’S)2
Free Pshaof ¥ehies 191 | 6C |199 | 0] 1890|191 |O| 0| 6% | 1%6| 64 |177] 78 | 42| 0| 217| O
Flow Mean Speed (MPH) 54,352,753, | -| 53.2| - |52.:3] - [ 50.9| 527|471 | 1.2 | 423|459 wr s | - |42 -
N|  Vehicles Speed Variance (MPH)? 29.1|24.2] 39.0|— | 3%.8| | 36.2)— |34.3) 2v5| 46,2 30y [ 377 [we.y| as 4 |- [329] -
275
1 Second Mean Acceleration (FPS) - - | =3|=|-a|-| -y4|-|-5| - |-Lo| =q|-15| -1el=.1 [-|-=o|-
. Haadway Acceleration Variance (FPS)? || _ | _ al-l al-] 3~ s - | 4l e gl 12| J3l-] 2]~
Duptisaf Vehicl 169 | He | 166 |O| 167]0|173]0[173 | Yy | 161 | 4b|133| g5 1230|199 ©
" H‘::;:d Mean Speed MPH 554 |58.2|54.6| - | 539 ~ | 530| - 548 |59.3| 48,7\ S1.%| 923| 474wl ~ | 42.8 -
T <7.5d Speed Variance (MPH)? 251 12.3] 24.8| ~ | 25.6| ~ [ 222~ [30.7| /7. 7] 371 | 17.3| 4o.2| 22.0 294~ | 31./ | -
i‘ls::::ly Mean Acceleration (FPS) f = |=a|=|=3|-|=9|-|=4| - |-10| =9|-14|-1.5] ~.2|-| 5|~
Acceleration Variance (FPS)? [ | _ s|-| 3l-| al-| 3] -] 5| el 7| ol .4l-| .2]-




The treatment comparisons for the night also indicate there
is practically no mean speed differences between devices.
Treatment 4A (vertical panels), which had the highest speeds
during the daytime, had the lowest speeds in the approach
area. It appears that none of the experimental devices altered
mean speeds to any appreciable amount.

Speed Variance. Figure E-5 shows the profiles of speed
variance for both day (lower plot) and night (upper plot). In
this case, absolute comparisons of speed variances at each
trap through standard statistical testing (e.g., F-test) can lead
to erroneous conclusions. This is so because the speed vari-
ances at the initial trap are different between the devices,
which indicates the sample distributions are not from the
same population. For the mean speeds this situation was
handled by adjusting the distribution of the experimental
treatments so that the mean speed coincided with base treat-
ment mean speed at the first trap. Although this is a reason-
able approach for the mean, it may not be for the variance.
Therefore, interpretation of the variance profile must be
oriented toward the general trend differences.

For the day condition all three test treatments result in
the same profile. Speed variances tend to be low up through
trap 4, but increase as the motorists approach the transition
area. Thereafter, the speed variance tends to remain constant
for the base treatment (1, barricades with diagonal stripes)
and 4A (vertical panels with horizontal stripes), but con-
tinues to increase for treatment 2A (barricades with 6-in.
vertical stripes). This increase in variance for treatment 2A
is unexplainable because the only difference between it and
the base treatment is that stripes are vertical rather than
horizontal, a subtle difference for the motorist.

For the more critical nighttime period one finds different
results. Speed variance is higher at night than in the day,
which supports the contention that night driving is more
difficult for the motorist. The base and two experimental
treatments (3D and 4A) each experienced a sharp rise in
speed variation between traps 5 and 7, followed by a steep
decline. For treatment 2A (Type I barricade with 6-in. verti-
cal stripes), the speed variance profile is more stable and, in
fact, steadily decreased after trap 5. Under the assumption
that a smaller speed variance at equal speeds is better, the
results indicate that treatment 2A was more effective at
night.

Lane Changing Behavior. Lane change data obtained
from this site is given in Table E-2. Here is found the total
vehicular volume for each device treatment in each lane at
tapeswitch (trap) number 1 (refer to Fig. E-3). Then follows
a tabulation of the number changing from each lane and the
percent, based on this total volume, throughout the course of
the entire site. The final column of the table indicates the
percent of those vehicles that made the lane change from
either lane to the other at the last trap placed in the array.
These traps are just before and parallel to the devices. It
should be recalled that this site did not require lane changing
and, in fact, was discouraged with the presence of a solid
white lane line.

Several trends are evident from these data. First, there is
a significant difference in lane change behavior between day
and night. Second, over 70 percent of the lane changes occur
near or parallel to the devices. Third, there seems to be no
significant difference in the lane changing as a function of the
different channelizing device set-ups. Finally, more changes
occur from lane 2 to 1 than from 1 to 2. Although these points

133

seem to be somewhat distinct, they are interrelated. A dis-
cussion of each follows.

First, more lane changes occur at night than in the day-
time. Chi-square tests performed for both types of lane
changes—1 to 2 and 2 to 1—demonstrate this:

Lane Change ¥ value contrasting % changing, day/night

1to2 13.46 significant at a = 0.01, df = 3
2to 1 39.33 significant at « = 0.001, df = 3

One theory explaining this may be that the devices provide
an illusory channel directing the driver along a single lane
path. The site geometry gives the illusion of a shift first to the
left then to the right—a sort of **S™" curve. With the reflec-
tive devices to the right and New Jersey barriers to the left,
these lane changers may have found themselves projected
into a tunnel-like effect. Realizing that night driving is char-
acterized by closer seeking, tracking-type eye search behav-
ior, rather than a daytime ‘‘farther into the distant horizon™
type perception, this would explain the lane changes occur-
ring close to, and parallel to, the arrays. This is the second
point previously mentioned, that because the driver is per-
ceiving close to the very immediate field of view, he is not
shunted into the channel-like illusion until fairly close to it
(traps 6 through 9). Then follows the third point, that no
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Figure E-5. Day and night speed variance profiles for site 1.
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significant difference in this behavior is found specific to any
devices. Actually, all of this activity occurs within a 1,300-ft
area comprised of just before the taper through the beginning
of the tangent. Obviously, the perception of individual stripe
variations is secondary to the channel-like effect provided by
the devices perceived as a luminous array.

The final point is that more lane changes occur from lane
2to 1 than 1 to 2. Note that in all cases the majority of those
2 to 1 changes occur from the last trap (trap 7) over to
lane 1, which here is beside the tangent. This is again attribut-
able to the channel-like illusion previously discussed because
the combination of the devices and roadway geometry seems
to draw drivers to the right at this point, the second part of
the **S™-like curve. Also, it is conceivable that this is a point
at which some drivers traveling in lane 2 realize that the
devices are not closing the right lane, as they may have first
thought, and can in fact travel in it. Because they are not
looking far ahead at night, they may not realize it until this
point. This fact, that the device arrays may connote a pos-
sible lane closure at first sighting, is documented by many
comments from drivers tested and exposed to them in
the laboratory and controlled field phases of this project
(Tasks 3 and 4).

Erratic Maneuvers and Traffic Conflict Results. Table E-3
provides the erratic maneuver and conflict counts and their
respective rates for each type and all types combined by
device treatment. Rather than attempt to analyze each
E.M./T.C. type, they were grouped together and an overall
rate calculated (numbers in last column).

A comparison of the treatments for the daytime is incon-
clusive for two reasons. A different observer was used for
treatments 1 and 2A from that used for 3D and 4A, which
accounts for the large differences in the overall number and
rate. Also for treatment 3D, the volume counts were not
available and therefore a rate could not be calculated.

In reviewing the night data, two observations are made.
First, the night rates are fairly high with a range of 39.7 to
45.0 percent of all vehicles committing some type of erratic
maneuver or traffic conflict. The predominant type is the
**sudden slowing or braking’’ erratic maneuver. This result is

Table E-2. Lane changing behavior for site 1.

consistent with the mean speed profile TES data which
showed that there was an average 20 percent speed reduction
for vehicles approaching the taper. The second finding is that
there is no statistically significant difference (based on z-test
of proportions) among the four treatments. That is, no treat-
ment produced any more or less erratic maneuvers and con-
flicts than any other.

Site 2

The second site used for the field evaluation was a lane-
closure type work zone located on Interstate 57 in Effing-
ham, Illinois. The right or outside lane of this two-lane
(in one direction) facility was closed off to accommodate
shoulder repair work. Figure E-6 is a schematic drawing of
the site indicating the location of the TES tapeswitch traps.

The following channelization treatments were tested:

No. Treatment

1 24" x 12" Type 1 barricade; 6” diagonal stripes;
55-ft spacing.

2A 24" x 12" Type I barricade; 6" vertical stripes;
55-ft spacing.

2B 24" x 12" Type I barricade; 6" vertical stripes;
55-ft spacing on taper and 110-ft spacing on
tangent.

3A 24" x 12" Type I barricade; 4" chevron stripe;
55-ft spacing.

3B 24" x 12" Type I barricade; 4" chevron stripe;
110-ft spacing.

3D 24" x 12" Type I barricade; 4" chevron stripes;

55-ft spacing on taper and 36” cones on tangent;
55-ft spacing.

Data were collected for all treatments during the day, but
only for 1, 2B, and 3A at night. Steady-burn lights were
operating for these treatments at night.

Vehicles Changing Lanes Peréent
Device Lane Total b e 2-1 Changing
Treatment Number Lane Volume ] | % # ] % in Last Trap
1 I : 690 5 [0.7 a2 80
D C SN (NS e L Y () [ c ol |
A B | 7% [ [ 1T 2 60
(i 2 28 | Pm Tas |- e
o | L | s T [ 7 | , 5
2 358 34 J 9 95
1 1 315 11 r 3 72
N 2 98 G T ) TR PO
I e T i T e 88
G 2 74 15 [ 20 93
H = 1 Cr | { 2 I B 7'7__:
T I 112 I N W I L
- 1 ET 19 I Th) ) 84
2 138 49 ] 35 85

l"Last Trap" here refers to, for a change from 1 to 2, traps 6-7; and for a
Figure E-3, to

change from lanes 2 to 1, traps 7 to B or 9. See diagram,
which these trap numbers refer.
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Table E-3. Erratic maneuver and traffic conflict data for site 1.

Device Slow Right to Left Left to Right
Treat- Erratic Vehicle Lane Changing Lane Changing All
ment Total | Maneuvers Conflict [ Err. Man Conflict | Err. Man. Conflict | Types
| No. |vehicles| % Rate % Rate # Rate # Rate # Rate # Rate # Rate
i
|
T 1058 5 .005s [ 18: e o2 0020 |9 0 |13 .012 |0 0| 33 o031
D | 1
A 2n 1165 6 .005 8 .007 8 .008 0 0 41 .035 1 .001 65 .056
Y
3p | unk® [135 - |a1 = |l 3 - |o 0 |10 - lo o188 -
4n 1247 |212 .170 |60 .048 |12 009 0 0 14 .011 0 0 (298 .239
\
1 468 |155 .331 ‘29 062 6 013 0 0 4 .009 0 0 194 .415
N | i
1 | 2a 378. |128 .339 |23 -061 5 013 0 0 ‘4 .011 0 0 160 .423
G [ 1
H | 3D 534 ;177 . 331 ] 33 .062 0 0 0 0 |2 .004 0 0 212 .397
|
T| | ; ;
i 4A 616 224  .363 l 46 .075 3 .004 0 0 l 4 .006 0 0 277 .450
| |
J'\mlume counts not available; therefore, cannot calculate rate.

Other traffic control devices included:

. ROAD CONSTRUCTION | MILE sign.
. RIGHT LANE CLOSED Y2 MILE sign.
. Pavement width transition symbol sign.
. RIGHT LANE cLOSED 1000 Fr sign.
5. FLAGMAN 500 Fr sign (replaced with RIGHT LANE CLOSED
500 Fr sign at night).

W N =

The flagman required by the traffic control plan was
located at the first channelization device and held a sLow sign
in position. He was there during the day only.

Speed Profiles. The TES traffic flow data are shown in
Exhibit E-2 for each of the test conditions. Figure E-7 dis-
plays the speed profiles for the base and experimental treat-
ments both day and night. The same procedure described
under site 1 was followed in plotting the profiles. In this case,
the profiles are those vehicles in lane 1 (the lane to be
dropped) from trap 1 through 5 (beginning of taper) and then
all vehicles in lane 2 from trap 5 through the end of the array.

In reviewing the day mean speed profiles (lower plot), a
trend is evident. Free-flow motorists initially increase speed
(possibly because of lane changing), decelerate gradually at
first, decelerate more rapidly as they approach the taper,

hold their speed through the taper (this varied between treat-
ments, however), and finally gradually increase their speed
as they become adjusted to the work zone situation.

Keeping in mind that any experimental treatment speed
profile outside the gray envelope is considered statistically
different from the base condition, all the test treatments ex-
perienced lower mean speeds from traps 5 through 7. Treat-
ment 3B, Type I barricade with chevron stripes and 110-ft
spacing, produced the most erratic profile. Mean speeds
reduced from 60.8 mph at trap 4 to 53.0 mph at trap 5 and
then quickly increased ending with the highest observed
speed at trap 9. The 110-ft spacing on the taper may not have
adequately defined a proper path for the motorists, causing
them to decelerate drastically for the approach and then to
quickly accelerate to “‘make-up’’ for the low speed.

The treatment which most closely paralleled the base treat-
ment was 2A. The only difference in this treatment was that
the barricades had 6-in. vertical stripes rather than diagonal
stripes. The other three treatments all produced consistently
lower speeds than the base condition.

Only two experimental treatments in addition to the base
condition were tested at night. All three treatments were
Type I barricades varying in their pattern—diagonal, ver-
tical, and chevron stripes. The vertical barricades were
spaced at 110-ft intervals on the tangent section.
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Figure E-6. Schematic drawing of site 2.
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EXHIBIT E-2

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

Site No. 2 Channelization Treatment bl
Switch Pair No.
1 = 3 ] @& 5 6 [ 7 | 8 [ 9
Type Vehicle Statistic CaneNG

1 2 1 |—2 1 |2 1 2 1 o0 by ol R b T D ) Y
ik Number of Vehicles 98 [138 | 93 (0] 75 |0]67 |63 | 54 [177 0226 0|23y | 0]237] 0] 237
VF'[‘U“' Mean Speed (MPH) el6| 633 62.2|- | 20| ~|60.3|6L8 [53.7 |b0.6 |—|s8.0{ ~ |s8M4| - |58.7] ~|59a

icl S

D ;‘:'.5“ Speed Variance (MPH)? 304(255|27.7| - | 25| - |26.2] 220830 6| 2%.7(~[31.7]| - |337| ~ |30.8| ~ [28.3
Second Mean Acceleration (FPS) = = 2= =e)] 2 =2 |~ l=el=E=l=el=] mol=1 .1 |=| .
Blesdwiy Acceleration Variance (FPS)? || — | — o S I N e L O S O O - A el T R B S Y |
S Number of Vehicles 507|696 [432|0| 372| 0[ 318 | 450 | 250 1031|100 12530 12349 | 0 [1285] O] 128 %]

stri
Vehiddes || Mean Speed (MPH) Clb| £2.2] 60|~ | ¢20|- | 0.3 604|584 |50.0|-| 576~ [52.2] - | S74| - | 518
<75 Speed Variance (MPH)2 203(26.49 (256 |- | 255 | - [ 203 220450 |26.1]-| 28.9 | 28%| - |a21] - |ac.0
}f::;’:.dy Mean Acceleration (FPS) - | - 2 7] =ol=| =8| = |=5|-.|"]| =5|-| =\ |- i I~
Acceleration Variance (FPS)2 - o N il | O T O~ e 7| (R S e ) O
o Number of Vehicles go [137] 21 |0 €1 |o| sy 173133 | 190l0] 221|0]227 |0 |228]0 | 229
Fla Wiean Speed (MEHD S4]59.5 6O | - | saq| - |58 | 5w | 5q.0|5%. 1) -|58.3~ | 58.3| - |52.9) - |52.5

N Vehicles Speed Variance (MPH)? 2 ) 2 -
>75 20613251223 - | 587" | 29.8| 28 4| 18.5 | 464 |- | 263~ [27.8] ~ | 30|~ |31.2

1 Second Mean Acceleration (FPS) hn | 3] al~l=5| = |=t |=2l-|=0|-| .0|-|=1]|-|7)

6 Headway Acceleration Variance (FPS)Z a - T - .yl - 2.8 -] al-] -] -] 0
Bt Number of Vehicles 1631257[134]0] 106 |0] 27 | 34| 71 |36 10427 |C | 44y] 9 |4yl Dyyo

Bl Vetisice Mean Speed MPH 59.253.4| 527| - | ¢0.2] ~| 541|5¢.9| S.0[68.4|~|5%.0 | §94|— |57.2 - |5¢.5

T <75 Speed Variance (MI’H)2 38.3| 4.1 31.3| - | 30| —| 355|223\ A.8] 218 |~ | 256|— | 280 - [304|-[3t.0
HSecdond Mean Acceleration (FPS) — =] el el |aalEs el wpl = ls]a oA

i Accelerati i 2 : . . : . . - :
eration Variance (FPSY = Al il a| - y 2l al-| .al- = 2]

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
SitaNn Chanclizalivn Treatiment ) A
Switch Pair No.
. ol ! 2 [ 3 T a4 5 6 | 7 | 8 | 9
Type Vehicle Statistic Lané Na

1 2 1 (2] 1 1 2 1 2 (112 |12 |j1]2 |12
Free Number of Vehicles 102/ 114 |1 [0| %o |o| 67 |151| 4y[167|0|203 o|a1y|O|ais|o|216
vr::_,.,; Mean Speed (MPH) 54.3|54.8|59.6| - |54.9| - |57.1 |56.2]59.1|53.6| |su3| - lsw.g| - [£570| —|55.2

ehic ;

D 575 || Seeed Varance (MPH)® 308|30-6|33.4| - 304 |~ [32%| 4L.1] 72.2[qt0]-|4q.1|~ |4eS| - |us.8~| 419
Second Mean Acceleration (FPS) = = L l=l=al-l1] = |-te]| ~gl-|=2|-| .3]-] .0l-| .0
Hastlsiay Acceleration \r’ariance(];'[’S)2 = = Q=) Al S )| = a6 vgl-| H) | 2]=] 2=k
g | S Veljeles 230 227| 204|0| 1% |01 36 |320| 36 1374 |0]442]O |463] O |46 4|0 |ut7
estricte %

Vehicles Mean Speed (MPH) 59.2159.71549.2|- [59.4| " |57.5 |56, /55853 7| 7|54.4] ~|5Y.5] ~ [54.4— 54.2

<7-5d Speed Variance (MPH)? 322|316 |35¢ ~[37.7] - [453 |33 ) |74.7]64.¢| | 39.d - |ya. )| ~ |yLo| ~|3z5

”S::::‘y Mean Acceleration (FPS) == la 7 [-~al-[-4a] - |-&|-8]|-|=2|-| .2|~| =0|-| -0

Acceleration Variance (FPS)? || = |8 =l agf=| 6] < ko nal=l s1-| 9= 3] 3

Fioe Number of Vehicles 1{9 61 3900 35lo| 33 |7¢ 24 3¢ Al 110 0 ff.’lo m

T VLRL, o fiseeieed (AR 614) 59| (19|~ [624] - | 606|511 | 59.9|58-5] - | 583| - |52 - |52 - [57.0
a : 2

575 Speed Variance (MPH) A.6|32.2] 50| - |207| 7| 19.7|28.0{26.1(30.5| 7| 36|~ |40.2) - |y4.5]” |40.3

1 Second Mean Acceleration (FPS) = =20l =7~ |~2l-3]-| =al-| =6]| -| = 2|-| =1
Headway ; . - 5 = : - : - =

Acceleration Variance (FPS)2 || _ | _ - = = = - o>

a : (FPS) o 1) ] | .2 o 01 [ o A
ol A i st | 51 |52 0| 43]0] yo|70 |35 |77 |o]ree o] 113[e] nalo] uy

HI " Vides Mean Speed MPH co[el3 |619] - |e2.7] ~| 6(.5]529 [e05(00]- |5a3| - | 592 - |58.5- [57.6

T S:T’.:d Speed Variance (MPH)? #.5]36.0 |51.6|- |540)| - | 51.8|29.3|589 | 33.0/~ | 292~ | 422~ [41.0] - |40

ol ) i
Headway Mean Acceleration (FPS) . o = ol=l-¢| - |=1l=al-|=2l-| =8l-]-2]- -2
Acceleration Variance (FPS)? [ | Rl al=l sl = Palstl el sl=lal=l g
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TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
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siteNo. 2 Channelization Treatment
Switch Pair No.
A e 3 [ 4 | 5 6 | 7 | 8 | 9
Type Vehicle Statistic LG
1 2 1 1 (2] 1 2 1 2 1] 2 (1|2 2 (1] 2
e Number of Vehicles 76 | 127] 67 | 0|53 [0 Yo | 164] 23 | V&I|O] 147) 0362 0]5.05]0 |20
th_w Mean Speed (MPH) 58.4|5%.4| 59.0| - | 59.0~ |52 | S%5| Yz952.9|- |54.l| - |s53|— | 58] ~| 5.2
Srst | Sreed Variance (vPID? 33.2047.4| 295 -|2g.3] - |21 |ws3faie] &) - |ypn| -| ey | — | 3549|1335
Second Mean Acceleration (FPS) == | 0 =gl _| Ll = |- 6l A A sl
A Tk Acceleration Variance (Fl’S)2 = - o5k ) I R N i I o e e e s o
i Number of Vehicles 200|27) | 163]|0|\2C o [o5| 373le& [v1S|0|4 7200 45 Yyyloly g9
Voriloa’ || Mean Speed (MPH) 58.0| 55.6| 58.3 - | 57.8| - | 54.5] 4.7/ 5041530 | ~|53.0| ~|53.9] ~ [543 ~|544
<75 Speed Variance (MPH)? gro| 31| yeo|- | 39.3| - |4e.7|H0L54.2|545] - oy - 133.9] ~[31.3] - |29.
]f::;’:‘:y Mean Acceleration (FPS) - T=0l-1-a]-]-1a = | -tal=e || .0]-] .3 TP
Acceleration Variance (FPS)2 || — | - | .4 B e O - O A e P 6 O L ol e
4 Number of Vehicles
Free
Flow Mean Speed (MPH)
N vg‘:";ﬂ Speed Variance (MPH)2
1 Second Mean Acceleration (FPS)
" Hendway Acceleration Variance (FPS)2
Number of Vehicles
H Restricted
Vehicles Mean Speed MPH
T <75 Speed Variance (MPH)?
Second Mean Acceleration (FPS)
Headway
Acceleration Variance (FPS)?
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
Site No. 2 Channelization Treatment _3 D ([)a,:—} 0’»\/0:_:1)
Switch Pair No.
1] 2 | 3 _] 4 5 8 [ 7 [ & ["'9
Type Vehicle Statistic Isna NG
1 2 1 1 |2] 2 2 1 2 [1] 2 (1] 2 2 T2
Free Number of Vehicles 20196 | o 4q ol 24| 33] 17 |iso|dik O] 167 1690]16%
VF:‘_“; Mean Speed (MPH) sa.5 907|597 |- | 52|~ |56.2|56.2051 2|51 1) |7 1554 — | 562|566
Srs. | Speed Variance (MPH)® sy 47| 42~ 1.2l | 25.9] 445 344)79.2|- | 4@~ |us.6] - |43.9] "~ |38.8
Second Mean Acceleration (FPS) -~ =1-=-0 ~U |- “.o| — | =5 =72l<| = || -3 W [
Henine Acceleration Variance (FPS)2 || = | = | .5|-| b |- o= | 10| .2|-| .2]-]| 3 o [l
i Number of Vehicles 176 | 164 | 148 |0 110 | 0| 85| 259 44 |296/0| 332/ 0| 341 O] 340, 0|34
tnct
Vehidey || Mean Speed (MPH) 5%.8|60.6 | 52.7|~ | 58| ~| 567|554 53.253.2- | 534 ~| A~ |544|- |5U.8
<75 Speed Variance (MPH)? 505] 40.5| 41t |- | 509 - [4 20| 416 49.7,70.5|-| 33| |33 4| ~ | 3L |- |31.2
if::;:;‘y Mean Accleraton (P8) | - | — | 1 =]~y NI EEIEEANER
Acceleration Variance (FPS) o = 3 =1 o (W Tl ol ol e H 1 | T
= Number of Vehicles
Free
Flow Mean Speed (MPH)
N V;;:ies Speed Variance (MPH)Z
1 Second Mean Acceleration (FPS)
o Headvay Acceleration Variance (FF'S)2
Number of Vehicles
H Restricted
Vehicles Mean Speed MPH
T ‘<7-5 Speed Variance (MPH)2
Second Mean Acceleration (FPS)
Headway
Acceleration Variance (FPS)?




138

EXHIBIT E-2 Continued

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

Site No. 2 Channelization Treatment 18
i ) Switch Pair No.

Type Vehicle Statistic ! [ 2 [ 3 ] 4 I.Iane Ni‘ U I A )

1 2 1 201 (2 1 2 1 2 1| 2 1] 2 112 (1] 2

Free Mumber ol ¥ hicles 97 [14a] §6|0| 80 (0] 77 |172] 55 [192]0l 298] 0| 251 0|250| 0| 251
v:’:i’;“ Mean:Speed (MPH) ; 5.2 poud| 52.5]- | 59.5 - |574| s3.0l55.0]50.0] ~l51.d ~ |5y - |osd - 1523
= =75 Speed Variance (MPH) Y| 3.6 | 39|~ | 316~ | 385 39.4/42,0|57%| - [4ya ~lysicl ~ a3l lyo.y
Second Mean Acceleration (FPS) =1 = al=l=el~]=] = | 5] =il e =2

A Headwiy Acceleration Variam-.v(F]’S)2 oo L LI .3l<] 8| = | 1yl .8 |- -€l-| .3l-|.1]|-] .1
Vil ot |l Vhastas 234| 195 |2u5|0]193 [0| 165|223 118 ] 375]0|443|0 |S00|0 | 5510 503
Vellales, | | 0 oveed (M) 51260.0/,04|~ 05| | 588|58.0| 579|523 |55.9|~ | 5.5 ~| 5.0~ | 56.3

<75 Speed Variance (MPH)? 23.2022.7|237 |- | 255| - | 2515] 25.2) 39.4|98,3~ [30.)| - [29.6| ~ | 289 - | 28.|
};’::;’:fy Mean Acceleration (FPS) = | =l el =2l = [=sledFl=a ==l o
Acceleration Variance (FPS)? || _ | _| .2|-| .2[-| ¢ | - ilesEl ==l sle] a2

Froe gy 69 | 121 |3 |0 s5|0| 47| 14| ya|isalo|180/0(143] O] 194]0] 194
. VE::;“ #ean Speed (MPH) . 583|599 | s0.0|- | 593 - | s3359.2] 592 s%.3]- | 585 - |57.2] - 576~ | 573
e Speed Variance (MPH) 32| 7 32.9| -|263] | 40| 33.8| 2.1/ 58.8] | 21|~ | 354] - |37.0 -[36.4

1 Second Mean Acceleration (FPS) v [=l 3 [~ 2| =2]| = [=1l=al=l=tl=]=1 = =1 4 =1
o Beatuay Acceleration Variance (FPS)? | | _ | /1= . [=| .ol - | .2l ool al-l2] - T
iy 4 Lo el 86| 77| 22]0[60 |0 51 |14 | 31 |123]0|I5¢| 0| It6| 0| 16k| g 166
Hl Vehicles | Mean Speed MPH 54| 587|573~ | 583 - |57.7| 54| 5 2.9 5%.1] |50.8] | 50.1] - [s¢.1| - |54
T | S Speed Variance (MPH)* 496255 | 444]~ | 348|~ | 36.3) 36.6] 41.7|64.3| - |22.8| ~ [37.0] ~ [37.0]— [36.%
lf::::‘:y Mean Acceleration (FPS) M1 e 3l g l=1 =8l - [=ol=3k|=06l 2| <ol=[=t]=] =T
Acceleration Variance (FPS)® | [ [ 31|, |- el I ERIEEENEE

The mean speed profiles for the night were consistently
different from the day profiles. As usual, all speeds were
lower at night and maybe because of this, the speed reduc-
tions on the approach to the taper were not as drastic as those
during the day. Also, for all test conditions, a continuous
decrease in speed was observed from trap 7 (end of taper)
through the end of the tapeswitch array.

The two experimental treatments produced opposite ef-
fects. Treatment 2B, barricades with 6-in. vertical stripes and
110-ft spacing on the tangent, had higher speeds than the base
condition, while treatment 3A, barricades with chevron
stripes and 55-ft spacing, had significantly lower speeds
compared to the base. This result did not hold true for the
daytime.

Speed Variance. Figure E-8 shows the speed variance
profiles for both day and night test conditions. Although
there are some exceptions, the variance profile for the day
test indicates an initial decrease in speed variance in the
upstream approach area (mean speeds generally increased in
this area) followed by a substantial increase in variance (for
some treatments, a very drastic increase) through the taper
area and then ending with a gradual decrease in variance in
the tangent section.

Comparisons between treatments is difficult to make
because three treatments had significantly different vari-

ances at trap 1. However, close examination of the profiles
reveals that treatment 2B, Type I barricade with 6-in. vertical
stripes had the least erratic variance profile, although some-
what higher than the base treatment. The two treatments
using chevron barricades, 3A and 3B, produced extremely
high variances just prior to the taper area. Treatment 2A,
barricades with 6-in. vertical stripes, had variances nearly
equal to the base condition.

Lane Changes. The lane change data for this right lane
closure are given in Table E-4. Here is a record of the number
of vehicles merging from the right lane to the left lane at each
switch pair trap along the site. For each device array is found
the actual number that merged at the various traps and then
the percent of the total merges each number represents.
Refer to the site diagram, Figure E-6, for layout and trap
numbers.

The data analysis was predicated on comparing the point
of lane change behavior under the baseline standard diag-
onally striped barricade condition (treatment 1) with the
other various treatments. Also, both baseline conditions
were compared for their operations for day versus nighttime
effects. The chi-square (x°) test was used to compare the
proportions merging at the various traps for each treatment
against the base. Given this rationale, no differences in point
of lane change would be expected between devices or with
night operation. The following are the x* values obtained:
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The baseline trend evident in the data found in Table E-4

Treatment Comparisons )(2 value daf significance
2 . o " " - 2
S P ol i o is that, given the st.?n‘dard 24" x ]? Type I barricades with
F— the conventional striping, most drivers (54 percent) tend to
Licvent ZReDaY 200 g SEL make their merge very late, almost at the taper, near trap 5.
1 o -] 7. B - ¥ o 5 - . o W
T z:; 3 :; : 7 The significant x? value in the day/night comparison indicates
that, at night, this tendency is somewhat altered, and drivers
1 vs, 3B Day 32.54 4 .001 . .
i A e e x ol make their merges somewhat earlier, upstream of the array. |
Apparently, the steady-burn lights attached to the devices
Loy 2*‘ N"’:t 1100 h SOl aid in presenting the clear image needed to indicate the merge
1 2 A Ni 25. 4 . & i .
= il it o ahead, so that drivers more cautiously make their maneuver
earlier in the nighttime restricted visibility environment.
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Figure E-7. Day and night mean speed profiles for site 2.
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Figure E8. Day and night speed variance profiles for site 2.

Table E-4. Distribution of lane changes for site 2.

2860"

In evaluating the effects of different device arrays com-
pared to the base trend, first the daytime changes will be
examined. The device arrays that significantly differ from the
standard barricades are the two arrays containing the 4-in.
chevron striped barricades, one just in the taper-only with
cones on the tangent, the other with 110-ft spacing, all chev-
ron barricades. These two treatments apparently present an
image indicating the need to merge in a more urgent fashion
than do the standard diagonally striped barricades with con-
ventional spacing. This is not to imply that the chevrons,
especially being only 4 in. wide, are detectable as such indi-
cating directionality from far back, but that their combined
image as an array presents an image of more urgent hazard.
The chevrons spaced farther apart means fewer devices but
more contrast against the day background. These image/
contrast factors call attention to the findings uncovered in the
laboratory phase (Task 3) that the perception of these
devices is dependent on a complexity of factors relating to
the way in which the size and shape of the orange and white
stripes appear as a target against a visually noisy background
environment.

The effects of the different device arrays in the nighttime
revert back to later lane changing occurring for the treat-
ments 2B and 3A (differently striped barricades—vertical
and chevron, respectively) as opposed to the earlier trend for
the base treatment discussed previously. In a sense, what
was pointed out for the daytime effects of these arrays con-
taining the patterns differing from the standard is somewhat
reversed. What provided a very good contrast effect in the
daytime is now somewhat diluted in the nighttime. The ef-
fects are somewhat confounded by the use of the steady-burn
lights.

The most important trend emerging here is that certain
devices, as they present images as arrays, not singly, do
somewhat influence the merging behavior.

Erratic Maneuver and Traffic Conflict Results. The
erratic maneuver and traffic conflict data are given in
Table E-5. The table was constructed following the same
procedure described for site 1.

_Device Treatments
3 1 22 [ 2B 3A 3B D
rap T
Numbers | # % ¥ a TR 8 | s : % : %
1-4 6 7 5 5 11 |13 11 13 10 14 6 8
‘ ‘
I | |
2-4 11 } 14 5 5 6 7 | i1 13 15 21 17 24
H |
D : i ——
A 3-4 4 5 7 ‘ 7 2 2 11 13 | 11 16 16 23
\
Y - - = =l
4-5 9 ‘ 12 23 24 18 20 16 19 18 26 16 23
EonlA | S i vl -
\
5-6 46 i 62 54 59 51 58 36 42 16 23 15 22
e it | = - s S
1-4 |10 | 14 | 7 |13 9 | 20
! . |
N 2-4 12 17| [ 7 13 5 | 3w |
il S | T (P | e M1 .1 OIS | T S £ S
G -4 | 6 | 9 | ‘ 8 15 4 | 9 |
H - i el L B e | ) ; i
T -5 |16 | 23 [ 3 6 8 18 |
I G N A | L | A B ]
5-6 Tzs { 37 28 J‘ 53 l 19 42 |
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Table E-5. Erratic maneuver and traffic conflict data for site 2.

[Duvicu [ Lane Slow ‘ Wrong Way ‘
Treat-| Erratic Changing Vehicle Slow To Merge Lane Change All
ment Total Maneuvers Conflict | Conflict | Err. Man. | Conflict |Err.Man. | Conflict | Types
No. |vehicles # Rate # Rate | # Rate # Rate | # Rate |# Rate | # Rate| # Rate
I [v [ 171z | 23 .o1s |8 .oo4 |41 .024 |24 .014 |0 0 |3 .092|1 .o001100 .063
| i
|
| | 2Rh 1065 28 .026 5 .005 ‘29 .027 |20 .019 |3 .003 |1 .014 | O 0| 86 .081
‘ [
! D| 28 | 865 |16 .o018 |1 .00l |14 .016 16 .018 |0 0|0 o|o 0| 47 .054 |
i ‘
I‘l’ ELY | 934 35 .037 1 .001 |27 .029 |33 .035|6 ,006 (O 0|0 0|l02 .109*
| | |
3B ! 992 19 .019 0 0|24 .024 J 20 .020(3 .003 |0 0|0 0| 66 .066
‘ ; ;
3D 834 | 22 .026 5 .006 !34 .041 | 18 .022 | 0 0|0 0,0 0| 79 .095*
il 1 750 : 18 .024 0 0|15 .020 3 .004 |3 .004 |0 0|0 0| 39 .052
I i |
G 2B ‘ 431 | 21 .049 0 0|15 .035 2 .005!0 0|0 0|0 0| 38 .088*
H | ;
‘T 3A ‘ 373 8 .021 1 003 4 .011| 1 .003|1 .003 |1 .003|0 0| 16 .043
‘ \ | |
*Indicates a statistical difference compared to base condition.
In examining the data for the daytime conditions, it is No. Treatment
noted that three E.M./T.C. types are prevalent: erratic ) . : -
maneuvers; slow vehicle conflicts; and slow-to-merge con- 1 24" x 12" Type 1 b_amcade with 6-in. diagonal
flicts. When all types are grouped, the observed rates range stripes; 55-ft spacing.
from a low of 5.4 percent of the vehicles to a high of 2A 24" x 12" Type 1 barricade with 6-in. vertical
10.9 percent. Using the z-test for proportions, the experi- stripes; 55-ft spacing.
m_entai treatments were compared against the base conqltlon 7B Same as 2A with 110-ft spacing on tangent section.
with the result that only two treatments (3A, Type I barricade % 12" T T baiticadel with 4 h
with 4-in. chevron stripes; and 3D, same barricade with ~ -C 24" 531’}’8 arricade wi H"&C evron
cones on tangent) were found to have significantly higher stripes; 55-ft spacing on taper, spacing on
rates. The difference found for 3A has to be discounted tangent.
because a different observer was used for this treatment from 3D 24" x 12" Type I barricade with 4-in. chevron stripes
that used for the others. The higher rate found for 3B is on taper; 36" cones on tangent; 55-ft spacing.
att_ributable to the higl_ler frequency of slow vehicle conflicts. 3E Same as 3D with 42 post cones replacing 36" cones.
Itis noFed that the main difference of this treatment from the 4K 24" % 12" vertical panel with 6-in. horizontal
others is the use of 36-in. cones on the tangent. siripess, S5t et i
The nighttime erratic maneuver and conflict rates were, on : i p ) ) .
the average, about equal to the daytime rates. The conflict 4B Same as 4A with 110-ft spacing on tangent section.
rates were generally lower than the day because of lower 4C 24" x 12" vertical panel with 6-in. horizontal stripes

volumes and hence lower chance of having a conflict situa-
tion. One of the two experimental treatments, 2B, Type I
barricade with 6-in. vertical stripes and a combination of
55-ft spacing on the taper and 110-ft spacing on tangent, was
found to be significantly higher than the base treatment. This
increase could be related to the wider spacing on the tangent
which provided a less dramatic delineation of the work zone.

Site 3

The third and final site used for the field evaluation was a
section of State Routes 55 and 74, a four-lane rural express-
way. The work zone, located near Bloomington, Ill., con-
sisted of bridge repair work with the left or median lane
closed to traffic. Figure E-9 is a schematic drawing of the
location showing the tapeswitch layout.

Because this was the last site that was available for testing,
several channelization treatments were tested:

on taper; 36" cones on tangent; 55-ft spacing.

All treatments were tested during the day but only 1, 2A,
2B, 3C, and 4A were tested at night. During the night studies,
steady-burn lights were used.

Other traffic control devices included:

ROAD CONSTRUCTION 1 MILE sign.

LEFT LANE CLOSED Y2 MILE sign.
Pavement width transition symbol sign.
. LEFT LANE CLOSED 1000 FT sign.

LEFT LANE CLOSED 500 FT sign.

. Flashing arrowboard at end of taper.

R

The flashing arrowboard was required by the state-
approved traffic control plan and could not be removed for
this study. It was operative for all test conditions.
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Figure E-9. Schematic drawing of site 3.

Speed Profiles. Exhibit E-3 provides the TES traffic flow
data for this site. The analysis focused on vehicles in the
inside lane (lane to be closed) as they approached the taper
area and then for all vehicles from the taper through the end
of the array.

A review of the data in the tables shows that there were
very few free-flow vehicles in lane 1, the inside lane. Even
when the 7.5-sec headway free-flow criterion was relaxed to
5.0 sec, there still were too few vehicles in lane 1 for statis-
tical analysis. This situation resulted from the high volumes
experienced during testing and, consequently, the low prob-
ability of having a free-flow vehicle. Keep in mind that the
7.5-sec headway applied to vehicles in the same and adjacent
lane.

In view of the low sample size for free-flow vehicles, the
much larger sample of restricted vehicles, all those vehicles
with headways of 7.5 sec or less, was used for analysis. In
using this sample, greater care must be taken in the interpre-
tation of results because any effects found may be con-
founded by the effects of volume itself. This caveat holds for
the remainder of the mean speed, speed variance, and lane
changing results discussions.

Figure E-10 shows the day (lower plot) and night (upper
plot) mean speed profiles for the various treatments. As with
the other two sites, the mean speeds for the experimental
treatment were adjusted for any differences found at trap 1.

Referring to the base condition, the speed profile trend was
as follows: acceleration from trap 1 to 2, possibly because of
the faster cars in the outside lane, speeding up to merge into
the through lane; increasing acceleration from trap 2 to trap
4; steady deceleration from trap 4 through trap 7; and a slight
acceleration once into the tangent, followed by deceleration
between the last two traps. The steep decline from traps S
and 6 (the first half of the taper) results from combining
vehicles in lane 1 with those in lane 2, the open lane. The
vehicles in lane 1 were, on the average, traveling about 4 to
5 mph faster than those in lane 2. The deceleration in the last
trap may be a result of two factors: (1) the last two traps were
on the crest of a slight grade, and (2) there was another active
work zone downstream and within the drivers’ view.

Treatment comparisons for the daytime conditions reveal
several results. Treatments 3C (Type I barricade with chev-
rons stripes and 110-ft spacing on tangent), 3D (Type I barri-
cade with chevron stripes on taper and 36-in. cones on
tangent), 3E (same as 3D but with 42-in. post cones), and 2B

| o 2@ 500" FT SPACING __{
T -

NOT TO SCALE

(Type 1 barricade with vertical stripes and 110-ft spacing)
resulted in speeds significantly lower than the base treat-
ment at several traps. Treatment 3C was substantially lower
and significantly different from the other experimental
treatments.

The treatments that most closely matched the base condi-
tion were 4A, vertical panels with 6-in. horizontal stripes,
and 4B, same panels with 110-ft spacing on tangent.

The nighttime speeds were, on the average, 2 to 3 mph
higher than the daytime speeds. Treatment comparisons for
the nighttime condition revealed some of the same results
found for the daytime. Treatment 3C again produced the
lowest mean speed in the work zone area. This treatment had
chevron barricades and steady-burn lights on 110-ft spacing
in the tangent. This same effect, lower speeds with higher
spacing, was found in the Task 4 experimentation. Also,
treatment 4A (vertical panels) had the speed most similar to
the base condition.

Speed Variance. Figure E-11 shows the speed variance
profiles for both day and night. For the daytime, the follow-
ing results are presented.

All treatments, except the base condition, produced a high
increase in speed variance at trap 5, the beginning of the
taper. This was preceded by a gradual speed variance in-
crease in the approach and followed by a substantial speed
variance decline and then finally, a leveling off in the tangent
section.

The base treatment resulted in the smoothest speed vari-
ance profile. The treatment that had the lowest mean
speed—Type 1 barricade with chevron stripes and 110-ft
spacing on tangent (3C)—had the highest speed variance.
Although this treatment brought about lower speeds, it also
caused a higher speed variance, a less desirable effect.

Except for treatment 3C, all experimental treatments had
speed variances in the same range as the base treatments for
traps 6 through 9.

The nighttime speed variance profiles do not reveal signifi-
cantly different results. For the first three traps, the speed
variance profiles are erratic and inconsistent between de-
vices. All devices produced the same effect between traps 4
and 5 that was found for the daytime. The same leveling-off
phenomenon along the tangent section was observed at
night.

Lane Changing Behavior. The data for the point of lane
changes for this left lane closure are given in Table E-6. As
explained for site 2, the number changing for each switch pair
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"EXHIBIT E-3
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
Site No. 3 Channelization Treatment |
Switch Pair No.
) 1T | 2 3 4 | 5 8 | 7 | 8 [ ®
Type Vehicle Statistic [
1 2 1 1 (2| 1 2 1 2 ]2 1112 112 |1] 2
Fres Number of Vehicles g | ma| ¥ 4 5 | 218 4 |219|elajo|a222|/0]223(0(223
Flow Mean Speed (MPH) olol| 588 625 - | cLs| —|c1a| 580 57.0| 574|572~ | 572/~ | 573| - | 558
Vehicl 2
;;5“ Speed Variance (MPH)? el eyl iss| - | 124 -| wyl| @] 332] 190]- | 202) - [207]- | 28| 128
Second Mean Acceleration (FPS) oz Il e L —1| = |20l -2|-|-1]-]|-0|-] -t|-| -4
Hoaluay Acceleration Variance (FPS)2 ~ -~ Yy R Ml = 58| || =] o= oM]= ]
Number of Vehicles 172] 753 161|0]134| 0| 108] 331| &1 | $19]|0] 216| O] qU6| O | a52| O] 942
Restricted
Vehicles Mean Speed (MPH) ¢39| su.s|cua| - |e3.t| - |caq| se7|6as| 554 -| 552 - | 546 - |54.8| - | 53.0
<75 Speed Variance (MPH)? 22.3| 200 | 20,2| - | 285| - | 27.2| 20.5| 300 24.7|-| 35| - [ 348 — | 328 - | 248
Second .
Headway Mean Acceleration (FPS) - = A -5 e B T B I e e e - e et
Aceeleration Variance (FPSY || _ | _ .3 1Y tal = | rol yl-| w|-| .4]-| &]-[ .2
e Number of Vehicles alan| 2 lol 2 | |ais| 1 | a1s|0laie| O] 27| O] 16| 0] 217
Flow Mean Speed (MPH) 42| 570 esn| - | 63| -] c23| 57.8|63. | 571 |- | se8| - | 56| - |s6u| - | S5O
N Vehicles Suead Vari 2
75 peed Variance (MPH) 7.0 | 224] 27(-| = — |a30| — [23.3]-|252]-|28%| - |2.0|-|255
1 Second Mean Acceleration (FPS) e 1= i .5 ~1.0 -5| = al-al-| == =2l -] -] =3
5 Hesdway Acceleration Variance (FPS)? || — | — | — 1.9 P I T e P ] e e
el Number of Vehicles 3y | aug| 30 |O| 2y 20 | 2| 15| 2720|281 10| 283|0| 293|0| 294
estncte
H Vehicles Mean Speed MPH ¢l.3| 57.0| ¢1.5| | €05 [¢o.8| 52a| Co.6| 5¢.)|~ | 552 - | S4.3| - |5U.1| - | 526
T «f."r‘.sd Speed Variance (MPH)? 11.6 | 24.4| 20.6| = | 28.7| - | 23.2| 23.1| 41.0| 19.3|-|21.1|- | 22.7| 7| 229~ | 21.0
Secon g
Heatioiy Mean Acceleration (FPS) ey 0 e il = | =i =il =tl=] =al=|=al= | =4
Acceleration Variance (FPS)2 [ _ | _ y a gl = | sl ol al<| .2f-| -2|-| .2
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
Site No. .3 Channelization Treatment 2-A
Switch Pair No.
i 2 3 | 4 5 6 [ 7 | 8 [ 9
Type Vehicle Statistic Lane No
1 2 1 1 1 2 1 2 il 2 |82 |x2 |af2
i Number of Vehicles 2 |asy| & 2 BELNRENIZED 0| a6Y|0|263|0| 263
Flow Mean Speed (MPH) 6a. 1| et.o| ¢6a|- | ¢33~ | 571 | oy | 59.0|c0.7| | 599| " [ 59.8| ~ |59.3| ~ [597
Vehicles ’
>75 Speed Variance (MPH)? 1.5|200| 1.4 1.7 - |awe| - |22.1|-|a.s] —|a3.6-|23.6/~ |23.0
Second Mean Acceleration (FPS) o= - |-10|- |16 -18| — g - =al=| ~ol|=l-u |- |
Headsoay Acceleration Variance (FPS)? || — | = | 1.3[=| wm|-| 2] - a7 aal-| saq=f =]
Number of Vehicles 243|412 | a28(0] 19) 134 [1029] 67 | (100 1157| @I [O[ 11689 1170
Restricted
Vehiclea | Mean Speed (MPH) A|60.7(659|~ | 6s4| - [63.7]| 596|022 51H |~ | 58|~ | 57| ~|56.8| 7 |56.F
<75 Speed Variance (MPH)? 375 250|396 | way| - | wus| 28| 55.6) 3137 327] - |36.3) ~ |350| ~ | 348
Second .
Hiadiiny Mean Acceleration (FPS) - | - |-y -5 4| = |=a] -al-l=e|~|~3]|-| =a|-| .0
Acceleration Var’mnc:e(F‘PS)2 ) s .7 9 .4 - | ol .5|-| 4l .3]- al-| .2
Free Number of Vehicles 7 |asg| 7 4 q |as9| ¢ [aG1|O 264| 0|267|0 |67 Ol Lbt
VFlI-:‘)::.lv Mean Speed (MPH) it | 57.3]cu.al - |6at| - |59.1 | 56.9]ea.2[S1|7|56.2| ~|55L| - |50 7|55
ehicles .
N >75 Speed Variance (MPH)2 a1 |=23.1| 9.9 367 He.9|224|3¢.2|2y.8| |52 —|30.2] " |3L2] ~ 3a.2
1 Second Mean Acceleration (FPS) et = ) N ol == |- -yl-| =2~ -=t]- i
X Hlemtwiy Acceleration Variance (l:'l’S)2 = ] s 8 ~ B0 I Y S I R 00 O . o L e
e Number of Vehicles sa |3y | ug yo a5 | 38%| 22| dHo|o]| 4| O] uas|O| 28| | vas
estrcle
L, SR Mean Speed MPH ¢as|s1.3| 620/~ | e1y| | 611 [ S64| CLo|S6.2| 7| SY.7 - [ 5349 ~ | 530~ |529
T <7.5 Speed Variance (MPH)? 358|249 | 36¢|~ | 27.51 ~ | 37.2) ad.1| 50.7|24.7|~ |23 | - | 3L¥ |~ | 30.7] - |33.9
Second Mean Acceleration (FPS) = &, MEEl =) ) e . )
Headway = | Y4 -4 4 -2 A -3l =al-| 0o
Acceleration Variance (FPSY® | _ | _ y 5 yl - el wll e =] sl-] 2= &
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EXHIBIT E-3 Continued

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

SiteNo. 3 Channelization Treatment -8
|
Switch Pair No.
1 [ 2 3 4 5 6 | 7" 81 o
Type Vehicle Statistic tana'No
12 |1 (2|1 2|1 212Nz 1]z T1T2 "h]2
Free Number of Vehicles 2 |235| ) |o]| } / |adqo| | |239|0|a4elo|2u4s| 0| 240 0lawe
Flow Mean Speed (MPH) 628| 59.2/¢8.0] - | 672 LS| SB.F| (eq|589 |~ | 59|~ | 59| |525] - |572¢
Vehicl )
;;5“ Speed Variance (MPH)? Ly {1val = |- - — 8% | — [18.7/7[19.3]- [ 19.8 |~ |11.8 |~ | 2L0
Second Mean Acceleration (FPS) - = |l=2a|-|=.2 | = .o l-| =al-| =al-|=11-]
Heitlay Acceleration Variance (FPS)2 - = .0l | .0 )= o) - 1l I Y Al Y
Number of Vehicles 3631526 | 338|026t 1901727 to4]1209|0 | 1901| 0| 1924/ O | 1925 01936
Restricted
Vehicles Mean Speed (MPH) 648587638 - |£3.2] - [¢Lo |S1Y|50.8 50|~ | 550 —|s4.7| - |S4.0| -|s4.0
<15 Speed Variance (MPH)? 239[20.3{264| - [22.4] ~|32.8 |236|43.9|26.9| | 31.6| - | 379| - |26.0|- |32.9
Second =
Hud:‘y Mean Acceleration (FPS) —| —|=s]|=|=7]-]~a] = [=7]=al-[=¢|-]-3]-~]| =2l~] .0
Acceleration Variancc(l“Ps)z o = gl-153 a4 = lrns| 4= H|-| .49|-] .al-] -3
Free Number of Vehicles 3 [239]| 3 |0] I_|a4e| | |24¢|0]|245|0| 248| 0| 244| O] 249
Flow Mean Speed (MPH) 63.7)|57.0|636| - |45.7] | 64.2 S6.8| CH6| 563 | - | 56.1| - | 55| ~ | s5.0| - |z g
N Vehicles Speed Vari MPH)2
>75 peed Variance ( ) yy | 184 ye|-| — — |07 = 263|218 [ 238 - |2y - |24.0
1 ii:’c:cond Mean Acceleration (FPS) == = | =pla] =g =7 =~ | 2] A =3]-|=a]-|=1]-] -}
= eadway Acceleration Variance (FPS)? || — | _ 0l-| .o s —| o al-| .al-| .3]=] al-]| .
i Number of Vehicles 108 | 163] 96 [0 74[O| & [Bay| ug |84 |0|27 |0|3%4s|0 | 3949|0898
B veie Mean Speed MPH 1.8 562 61,0~ 614 | -] 60.3/ S56[50,4| 552| | 538| - | 53.41] ~| 2.5 ~|5a.5]
T S<1'.5d Speed Variance (MPH)? 29.3| 208|312~ | 234 - | 17.8[ 23.4|37.9| 23.6| ~ | 25.8|~ | 30.3| —|27.v4| —|29.3
eCOn . al
Headway Mean Acceleration (FPS) e 2 a2l 2ig e I B 5 e
Acceleration 'ﬁ’au'iance(l"'F‘S)2 [l yl-| g 9= |l yl-| 4|- a|- a
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
=
Site Nu. 3 Channelization Treatment <
Switch Pair No.
[ 2 3 4 5 (-l i W T
Type Vehicle Statistic Léng No
3 ) T T 3 T P O - 2 O T A T R
Fies Number of Vehicles g (1] y lo| 4 4 1136| 6 |137]0]139]|0]140]0] 1nslo]iya
Flow Mean Speed (MPH) bbb |59.2| cy.8|~ | 60.0| - [S90| 58.5| Ha.6| 54|~ |57.6| - |57.7 |~ [s74] = [57.1
Vehicl :
575 | Seeed Variance (MPH)? 211 19.9] 64|~ | 503]- | 251 | 19.2] 24| 209~ | 202]- [ 229] - |21.0]- |27.3
Second Mean Acceleration (FPS) - -~ [=9]|-|-20 =5 | = O =ol-|=3l-| a|-|-1]-|-0
A Headway Acceleration Variance (FP3)2 — | = |aol|=| 27 i | = 3l ale () I ] L 1 e W
Gln Number of Vehicles H72/1548| 4230| 353| 0| 255181 | 142 [191y| 20390 | 2070 O|2.075 0 |2079
estrct
vehi;:‘ Mean Speed (MPH) 45.0] 58.0|64.9|~ |35 - | ¢l.a| 553 s¥olsy.7|~[s28|- |s2.0| - |51.9]~ 572
<75 Speed Variance (MPH)? 285| 2.1 33.3|~ [H41,6|- | SoH |42 X ¢s.0 41.4| - |51.7| - |s5.0| - |47.6] - |ug6
Second .
Headvay Mean Acceleration (FPS) == |=4]-|=7 Sy | = =1y =4f=| =7 -] =2~ | =06|- |2
Acceleration \r’aria\m:r.:(FF'S)2 - | - 9)-] La L8 - | 27 3| 7|-| -5|—| .3|-| .4
Free Number of Vehicles ! [230] 1 o] | | la3y| 1 |23s|0]23c|0|23¢| 0] 238|0] 234
Flow Mean Speed (MPH) €46 537653 |~ ez~ | c.2|584 |63.4[5%.3|~ [52.3| ~ |56.9| — | 56.2] - | 6.6
Vehidl 5 i
N ;;.5" Speed Variance (MPH)* e a2 el e — |20.3] — |23.0-|al.6|~|23.5]|~ [23.9] ~ [252
1 }fe::nd Mean Acceleration (FPS) sl Mo -6 = = | =M| mol=| =ul=|=2l=]| =1 |=| i
. . Acceleration Variance (FPS)2 || — | _ | ;|| .3 <= LN salsl JH=lsal] el sl S
2o b Number of Vehicles 1L0 |Boo | 145| Of 124]0]107 |65 | 80|%9s|0| 357/ 0]97%| 0 |974|0]| 984
esln
Hl  Vehicles Mean Speed MPH 636|57.2|63.3|~ |62.9) - |60.9 |56.5(57.¢|55.9|~ |sw.¢| ~ |53.8|~ |53.0| - |s3.2
T S<'r'-5d Speed Variance (MPH)? 31.6| 236|328 - [32.8| - |H0.6|24.3|53.4 | 2.2 |- |28.5|~ |31.9 | ~ [29.¥| - |22.5
ECOon .
ity Mean Acceleration (FPS) 1 -~ |-3|-|-4 ~9| - [-1|=2]-] =6|=|=3]|-]-2]-] .0
Acceleration Variance (FPS) pgl [ -| .9 N e 2 B s ) | () I




EXHIBIT E-3 Continued

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

Channelization Treatment 37, (Dn.q on |y)
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SiteNo. 2
Switch Pair No.
Type Vehicle Statistic 1 [z [ 3 | 4 Llane NE; [e [ 718 1%
1 2 1 1 1 2 1 .2 E T B T - O -2 T -
oo Number of Vehicles Y (8| 5[6]3 3 186| 4 |16 1ge|o]181 |o]M2]0] 19
Flow Mean Speed (MPH) @.2]61.2]66.5|- |68 | -| 6.0 |co.2 639 [6o.2| 592~ |59.1 | — | 58S ~|5%.8
v;t';.c.lj" Speed Variance (MPH)? 3.1 | 17.6| so|-| 28 |-| 2.0|1e3|10.8](£.%-|17.0]~ |30 | ~ | 222 —|24.5
Second Mean Acceleration (FPS) ~ .= |'=pl=1.=i -y| = | —a|-o|-|=4|-|-0|-|=1]-] -!
Headway | ) toration Varisnce (FPS2 | — | = | o1|-] .o|-| .3] = | o] .2]-] al-| 2= af-] 4
S Number of Vehicles 2581067 | 2320 (96| ©| 144 [1191 | 92 |1250| 0] 1327 ©[1342) ©]1343| ©| 1343
Vehicles || Mean Speed (MPH) 67607 |66l | - [65.3] ~[¢3.3|58% |ea. |58Y|~|57.0] ~ |64 | - |55.7| ~|55.5
<75 Speed Variance (MPH)? 266|234 260 | ~|30.2| - | 388|315 |55.6|33.2|—|34.¢| — |35.5| ~ |32.5| | 35.2.
}f:;::iy Mean Acceleration (FPS) o] [ [ ) O R 1O o ) R I N - o 9] ] i il e ™ ol B
Acceleration Variance (FI’S)2 - | - =| 1.6 il < 28] ol Hl-| &S]~ a]=] .8
Free Number of Vehicles
Flow Mean Speed (MPH)
N V;}l,;cls" Speed Variance (MPH)?
1 Sactid Mean Acceleration (FPS)
Hexdyy Acceleration Variance (F] PS)2
@ Number of Vehicles
H R:,' tricted | ) ean Speed MPH
ehicles P
T <75 Speed Variance (MPH)?
:::z:‘:y Mean Acceleration (FPS)
Acceleration Variance (FPS)?
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
SiteNo. 3 Channelization Treatment DE (Du; only)
Switch Pair No.
Type Vehicle Statistic ! |2 [ 3 1 4 'Llane Ni | o [ 7 | 8 L 8
1 2 1 1 1 2 1 .2 12 1] 2 |1]2 [1] 2
Free Number of Vehicles L l1ag] 1 [ L Liael o [13)]0] 132] 0] 134]0] 13¢|0|133
Flow Mean Speed (MPH) 618|599 |67.2|- |¢78|- |6n3]s9.0| - |s8.9|-|579|- | 579~ |[56.9| - |56
Ve;;:;“ Speed Variance (MPH)® - |aa8]| - 5 - lang| - [320-[32.3[-|339|~ |33.1] " |%.I
Second Mean Acceleration (FPS) S 1. o —al = | = [-o]-|~u|-]| .0]-|=2]-|=2
A Headway Acceleration 'V’a.rianct’.(FPS)2 - - - - - | Al =l ol sds] -3
it ot Number of Vehicles 137 s8¢| 129|0] 103l 0| 73 | e55| 5269|0721 0]734|0|732|0| 23Y
Velidey | Mesaieed (MEN) ¢s4] 5.0 65:1| - |es.0] -|en. |snsleny |74 855 - |54 - 537~ |s2.5
<75 Speed Variance (MPH)? 28.5]23.5| 200~ [ 34.9] -] 26.0| 2.1 52.5] 30.3| - | 39.5| - | e | - |35.2]~ | 378
]f:;::ly Mean Acceleration (FPS) U e e [ v P U g e D (5 N W R /)
Acceleration Var‘iancc(FPS)2 = - 4 ) 1.5l - |3yl .s|-| .5~ .4|- 3|~ .y
Free Number of Vehicles
Flow Mean Speed (MPH)
N V;";"’S“ Speed Variance (MPH)?
1 Sew.nd Mean Acceleration (FPS)
Howiway Acceleration Variance (Fl"S)2
9 Number of Vehicles
H R;“:::ca Mean Speed MPH
ehicles
T <75 Speed Variance (MP['{)2
lf::;\::y Mean Acceleration (FPS)
Acceleration Variance (FPS)?
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EXHIBIT E-3 Continued

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

SiteNo. 3 Channelization Treatment 4'A
[ Switch Pair No.
1 2 3 4 5 6 7 8 9
Type Vehicle Statistic ! l R I I I 1
ane No.
1 2 T2 2] 2 1 2 Al2 |112 |22 |1] 2

o Number of Vehicles I j1et] 2 Jof Vo] 1 [18s] 1 |185|0 186|0| 18| 0| 133|018
VF::_r-lv Mean Speed (MPH) 71.3]60.9| 64.6| = |71.8 | -|71.3| ¢o.4| 70.8|59.¢ |- | 59.5| - | 23| - | sa.4/- |57
enicles .

>75 Speed Variance (MPH)* - 123313t || ~ || = |aco| — | 250/~ 2¢.5]- | 29.7]- |31.9]~| 322
l.‘ie(:cn]:om'] Mean Acceleration (FPS) - | = 7|-|=5|-| =2| - | -.2] ~y|-| -.0| - -1~ .ol-|-y4
lesdvar Acceleration Variance (FPS)? || - | — | 5| | .3[-| 1| = | | af-] a-[ a[-] J|-] 4
Mot Number of Vehicles I147] 707| 1440 121 | 0| 93] €33| 54| 865)0] 906|0| 923|0 | quolo| 9a%
esincle

Vehicles Mean Speed (MPH) 65Y| 59.7| ¢54| - | 645| ~| 63.3| 581|621 | 5,1|~|56.8| - |5¢.0| - |s6.1 || Su.4f
<75 Speed Variance (MPH)? 33.0| 21.6|38.6|—| 4o7|— | 927|313 |48.3| 20.7|~| 32.1|- | 334|- [ 323 |24,/
”S::::;iy Mean Acceleration (FPS) - lel-l=el-]-4] - |=9| =5|| -2|-| =3]|-| .6|-| -y

Acceleration Variance (FPS)? || _ | _ Al-| -] re| - |2.3] Adl-| a3l yl-| .2|- 4

Vi Number of Vehicles g (178 9 |0| 7 |O| 5|185| & |185|0 196|0| 191|O| Iq1 (0] 190
VF}'I‘?: Mean Speed (MPH) 6.3 |58.0|613 |~ | o1.3|~ | 594 | 575 co0| 576|570~ |50, - | 520~ | S04
chicles i 2

Bl e Speed Variance (MPH) 41.8| 2u.5| 37.0|- | 3a.5|- | 85,1 | 358 | u2.5]33.2)~ | 27,4~ |20.8] - | 34.4] - 334

1 HSecond MeanAcceleraﬁnn(FPS) s = sl alsl=gl s <) I I ) 7] O [y =1 1-1 .1

a cadway Acceleration Varia.nce(FPS)2 _ L il == oF. 2 -] 2= =] -] a
Rt |- enst inlddes 28 | a4l | 30|0| 24|0| 22 |260| 17| 2¢20|273/0|280| 0| 278|0] 280

Hl hicles Mean Speed MPH blo|57.3|598 | ~|S%H| - | 57.3| 56.7| 55.8{5¢.9|~|55.6| - |54.8| — |53.8| - [s3.8

T ‘<?-5d Speed Variance (MPH)? H7.0{24.3|S7.1 |~ | 423|— | 37.9 | 24.355.7| 23.0 - |2y.a| — |29.9| = |30.8| -|29.7
Secon Mean Acceleration (FPS) T N e e, [ e s i e [ =[]
Headway . =i | = -A)=] 7 X . .0 % -.2 i ; -0

Acceleration Variance (FPS) [ 2|-| o|-|ug| - |28] 3| a]-] .3 2]-] .2
TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM
SiteNo. 3 Channelization Treatment _ %~ 3 (Da-:}JLty)
Switch Pair No.
1 - N - | 4 [ s T O T I T
Type Vehicle Statistic naile

1 2 1 |21 71 |2] 1 2 1 2 |12 [A12 [1]°2 1|2
Free Number of Vehicles to [57| 10 o] 1e|O| 5 |1e7] 1 |16910] 70|10 |172.00 | 174]©] 174
VFluw Mean Speed (MPH) CA.7| 590 |62 1|~ 566 |- |H6.6| S8.6| 657|537 ~| s7.8[" |57 ~|57.2| ~|57.3

hicl ¥’

0 S75 | Speed Variance (MPH)? yay|13.9|306|- [174. |- | 273 [ 12.8] — | ww.o|-] 13| ~20e] ~|ane| ~]23.7
Second Mean Acceleration (FPS) - ~ | =3|-|-~3]-|-aa = | =4q| -0|-| -4l -] .0-|-4]~| .0
Headway Acceleration ‘4"ari.!m:e(FPS)2 - = S 2 ol I Al - - - 5 O O el O s N I I
e il Number of Vehicles 180 | 584|167|0]124]0|%9 |703] 50 |731]|0| 7310|1350 | 7910 790

trict
Vehides || Mean Speed (MPH) ¢4.2|59.2|63.%| - (63,4 -| 614 | V.1 60.7) 56| ~| s5.9| - |53 | - | 549 - | 54.
<75 Speed Variance (MPH)? 33.%|22.6|34.3|" | 31.6| - (24,1 | 457 417 278 - [31.8 |~ |30.5|~ | 228 -|29.9
lf:::;dy Mean Acceleration (FPS) = | = |%2] 5= 2l =% = =t =gl5 szl al =] =1l=]=
Acceleration Variancc(FPS)2 . = 2 e I B P 1 O I 1 O e P e P I e P X e A
Number of Vehicles
Free
Flow Mean Speed (MPH)

N Vehicles . 2
>75 Speed Variance (MPHY

1 Second Mean Acceleration (FPS)

5 Headsay Acceleration Variance (FPS)?

Number of Vehicles

H Restricted
Vehicles Mean Specd MPH

T <715 Speed Variance (MPH)2
Second Mean Acceleration (FPS)

Headway
Acceleration Variance (FPS)2




EXHIBIT E-3 Continued

TRAFFIC FLOW DATA FROM TRAFFIC EVALUATOR SYSTEM

t 4-C C(Day only)

147

siteNo. 3 Channelization Ti
Switch Pair No.
N A - T [T 5 6 | 7 | 8 [ o
Type Vehicle Statistic
Lane No.
1 2 1 211 (2] 1 2 1 2 1| 2 112 |1] 2
Free Number of Vehicles 2 |azal 2 |0 1 O] V| 2% t |237|0]239 239|0|23¢7|0| 240
Flow Mean Speed (MPH) 4.4 (590|613 |~ |Lo.L|~ | @09 (53| 62.7| 58.5|—|57¢ S17 - | 523 T[Sy
Vehicles 3
sl b s Speed Variance (MPH)* 18 17.3] 30|~ | — |-] = |19.0] = [190]-|210]-208]~ |20a] -|22.5
Second Mean Acceleration (FPS) - | = I=tgl-] = |- = o|-|-3 I T e
Hardway Acceleration Variance (FPS)% || _ | — ol - |- - | 1|~ .1 =l =l it
v Number of Vehicles 172 215 167/0]139|0] 9% | 907| 54 [q5%|0|1002| Oli607/0 | 1007 O|l 00§
Restricted
Vehidos | | MeAsdpesd | (HE) cde| 59,3 ou3l~ | cag| = |e1¥ | 57.3/604 580 ~|56.6| - |5C0|” [55.2|~ |54
<75 Speed Variance (MPH)2 alllan3|aye|~| 262 —|332.2|23.8| 4C 0| 256(-[29.2 3Lo| - |28.9|—|30.0
Second :
Hisdway Mean Acceleration (FPS) - | = [=al-|-y|=|-ta|l - |=-9]|=2l]~|-6 —al-|=al= =1
Acceleration Vau-inm:e(FPS)2 = —| .4l-| @|-] va|l = | va| -4|-| 4 Sil=1 cxl] &
Number of Vehicles
Free
Flow Mean Speed (MPH)
N v;h;iu Speed Variance (MPH)?
| Second Mean Acceleration (FPS)
G Heptnay Acceleration Variance (FPS)2
Number of Vehicles
H Restricted
Vehicles Mean Speed MPH
T <7.5 Speed Variance (MPH)?
HS::‘;’"d Mean Acceleration (FPS)
way
Acceleration Variance (FPS)z
Table E-6. Site 3 left-lane closure lane-changing behavior.
\_ Device Treatment
Switch i i =] R ]
ar T ¥ | 8o 3D 3E aa | 4m ac
Number § % # % # ® # 1] # % # 2 # % L# % # ®
1-4 355713123102361524!2636
2-4 6 13 [10 15 |24 21 |20 24 |12 21 |l11: 28 [10. 20 il 9 27 (10 19
D
A 3-4 g 18 [14 21 |27 24 |13 15 |16 27.5|9 23 |12 24 6 18 |14 27
Y,
4-5 9 20 (21 32 |27 24 |28 21 |12 21 (13 32 |14 27 |10 31 (12 23
5-6 19 43 |17 25 |21 19 |25 30 |16 27.5| 1 2 |¥3 25 | 6 18 |13 25
LT Wl NN PR (ol SN (NTTN) N [0 TR o 11 N
| |
1-4 4 45 | 2 10 5 24 | 9 21 0 0
il 2-4 E S T O I DO (TR G O A 2 17
! | i
6 3-4 1, 11, |5 25| 1 5| 6 14 1 8
H |
T 4-5 2 22 |6 30 3 14| 4 11 4 33
5-6 L LL | 3¢ 15 i < J .‘16 38 5 42
| J
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9
o 300" 600° 900° 1200’ 1530° 1860 2360° 2860° Figure E-10. Day and night mean speed profiles
TRAP NUMBER - DISTANCE (FT) for site 3.
Treatment Comparisons X2 value af significance
Day VS. Night 50.74 4 .001
1 wvs. 22 Day 7.98 4 n.s.
trap is given followed by what percent this is of the total. 1: | vao 2B Day 1439 4 01
Lane changes are given for each of the device arrays tested. i iy jCD Eai ;iz : :'s
. . . . . vs. a . 8
The analysis is again predicated on a comparison of each i dvas 55 Day 50.08 4 b
device treatment with the baseline standard 24" x 12” barri- 1 vs. 4A Day 8.55 4 n.s.
cade set-up (treatment 1), and looking at day and night ope- 1 vs. 4B Day 17.52 4 .01
rations separately. Chi-square (x?) values were computed on 1, va. 4C  Day Tl 4 Do
the proportions changing in each trap for the base vs. for i vee BE ik 32.18 4 .001
each device treatment. A x* was also obtained comparing the 1 vs. 2B Night 26.25 4 .001
baseline treatment, day versus night. The following are these 1 ysz B¢ (Nidhi 2856 : 001
Va]l.les‘ 1 vs. 4A Night 67.09 4 .001




Interpretation of these data is subject to recognition of the
qualifications discussed in the introductory statements
regarding this site; namely, the use of restricted vehicle data
rather than free-flow, and acknowledging the presence of the
arrowboard placed to augment the channelizing devices.

Given the foregoing constraints, a few conclusions regard-
ing the effects of the devices on point of lane change may be
made. First, the marked disparity between day versus night
operations continues here as shown with the very significant
x* value of 50.74. Drivers tend to make the lane shift very
early, not so many waiting until close to the taper as in the
daytime. This holds true uniformly for the base condition
(24" x 12" barricades with diagonal striping), then is a little
less so under differing device treatments. Note that, in the
nighttime, even though the x* values are showing significant
deviation from the baseline, these values are really based on
very little data. This obviously suggests that the majority of
the vehicles had made the necessary lane change upstream,
even in advance of the first trap. The overwhelming direc-
tional influence of the bright flashing arrowboard at night
surely has somewhat diluted the effects of the channelizing
devices.

The daytime operations are a little more interpretable in
terms of device effects, with the general trend to wait until
close to the taper before merging for the standard barricades
(treatment 1). This continues the trend established in site 2,
which effected the same phenomenon. x* values obtained
contrasting differing device set-ups with the base reveal only
three that differ significantly—2B (110-ft spacing for verti-
cally striped barricades on tangent), 3E (combination treat-
ment: chevron barricades with post cones in tangent), and 4B
(110-ft spacing for horizontally striped vertical panels). This
is somewhat difficult to interpret, however, because other
treatments bore no significant difference from the base, yet
their only difference from each other was spacing. The treat-
ment 3E—chevron barricade/post cone combination set-
up—ocontains a lot of orange to provide a highly detectable
image from afar. This is in support of findings from the Task
4 controlled field study wherein orange cones are a very
effective display in the daytime, conveying the lane closure
message clearly. The treatments 2B and 4B are arrays that
deviate from standard set-up by virtue of a wider spacing.
Apparently, some perceptual characteristic of this image
provides a positive alerting message to the driver, causing
him to merge early as compared to the base treatment. Ex-
actly how this perceptual process is operating in response to
this image is a subject for further study.

Erratic Maneuver and Traffic Conflict Results. Table E-7
summarizes the erratic maneuver and traffic conflict counts
and rates (counts divided by the total vehicles) for each of the
treatments, day and night.

When all types of erratic maneuvers and conflicts are com-
bined, the day rates ranged from a low of 4.2 percent for the
base treatment to a high of 11.6 percent for treatment 2A,
Type I barricades with 6-in. vertical stripes. The slow vehicle
conflict and the slow-to-merge erratic maneuver were the
most prevalent types observed.

Statistical comparisons were made of the experimental
treatments against the base condition. All but two treatments
had significantly higher rates than the base condition. But
unfortunately, this difference can be equally attributable to
inter-observer differences. The observer for the base condi-
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TRAP NUMBER - DISTANCE (FT)

Figure E-11. Day and night speed variance praofile for site 3.

tion was different from the observer for the other treatments.
Of those treatments which had the same observer, there were
no statistical differences among the treatments.
Unfortunately, the same cituation regarding different ob-
servers occurred at night. The base condition, which had the
lowest rate, was observed by someone different from the
observer for the other treatments. The rates for the four
experimental treatments were fairly consistent.

Synthesis of Results

Up to this point, the results of the four evaluation mea-
sures have been presented for each study site separately
without drawing any general conclusions regarding the over-
all effectiveness of any particular device. Indeed, the pur-
pose of this field evaluation task was not to identify the most
effective device but rather to validate, so to speak, those
alternative devices and designs that were found to be promis-
ing from the previous tasks. Still, it is necessary to synthesize
the results of the three sites so that some findings can
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be presented which will indicate whether any particular de-
vice is appreciably better or worse than the base MUTCD
treatment.

Table E-8 was prepared for this purpose. The table is a
synthesis of the results for the three sites. Each treatment is
given a zero (0), plus (+), or minus (-), depending on
whether it compared equally (0), better than (+), or worse
than (—) the base treatment for each of the four measures of
effectiveness. Missing cells are a result of one of the follow-
ing conditions: treatment was not studied at the site; treat-
ment was not studied for a day or a night condition; if
studied, data do not permit a conclusive result.

Before the results of the table are discussed, several as-
sumptions must be understood. First, all treatments were
compared to the base treatment—24" x 12" Type I barricade
with 6-in. diagonal stripes. In essence, the assumption is
made that this device causes the best performance against
which all other devices should be compared. Obviously, this
assumption can be questioned because there are no data to
support it. In reviewing the speed data, however, it appears
that the base treatment, in most cases, did serve as a good
baseline condition. Its mean speeds were generally between
the high and low values, and the speed variances were on the
low side and not very erratic. Also, again it should be empha-

Table E-7. Erratic maneuver and traffic conflict data for site 3.

Device 1 Lane Slow

| 4A | 893 8 .0090 | 0 0)23 .0250| 5 .0050( O 0|1
1 il

Wrong Way
Treat= Erratic | Changing Vehicle Slow to Merge Lane Change All
ment Total Maneuvers Conflict | Conflict | Err.Man.| Conflict Opp. Conflict Types
No. |Vehicles | # Rate | # Rate | # Rate| # | Rate| # Rate | # Rate| # Rate| # Rate
i | 1685 7 .0042| 4 .0024(34 .0202 |21 .0125| 4 .0024 |1 .0006 0 0] 71 .o042¢
2A : 1743 26 .0149 (54 .0309 |69 .0395 (49 .0280( 0 0 |5 .0029 0 0203 .1l1eé*
2B 2407 6 .0025| 7 .0030|73 .0300 |49 .0200|22 .0090 (2 .0008 0 0159 .066"
D 3c 2863 6 .0021| 7 .0024|66 .0230|57 .0199 |28 ,0098 |2 .0007 0 0166 .058*
A 3D 1863 4 .0021| 6 .0032|53 .0284 |33 .0177| 6 .0032 |0 0 0 0:|L02 #0557
Y 3E 1235 3 .0024 (33 .0260(50 .0400 |30 .0240(12 .0090 |2 .00l6 0 0120 .o097*
4A 1516 4 .0026| 0 0143 .0280 (42 .0277 |11 .0073 |1 .0007 0 0 (101 .066"
4B 1414 2 .0014| 6 .0042|36 .0250 |21 .0148| 7 .0050 |3 .0021 | 0 0|75 ..053"
4ac 1437 2 .0014 |34 .0237|45 .0313 (35 .0243 |16 .0111 |O 0 | 0 0122 .o8s5*
1 912 3 .0033| 0 015 .0164 | O 0] 0 0 |0 0 0 0| 20 .022
? 2A 800 2 .0025| 2 .0025|15 .0180| 6 .0075| 2 ,0025 |1 .0012 0 0|28, 035
¢} 2B 1221 3 .0020| 2 .0016|33 .0270 11 .0090| 3 ,0020 |2 .0016 0 0| 54 .044"
? 3¢ | 1608 | 5 .0031‘ 2 .0012)40 .0250 |20 .0124| 5 .0031 |4 .0025 0 0| 76 .047"

.0010 | O 0| 37 .04l17

* lndicatés signiticantly different rates.

Table E-8. MOE comparisons of experimental treatments for 3 sites.

Experimental Treatments
T

Site Meastres G 2a 2B 3A 3B f 3C 3D 3E 4A 4B 4c
No. Effectiveness D N D N D N D N D N D N D N D N D N D N

Mean Speed 0 0 0 0 0

Speed Variance (- + 0 0 0
T Lane Changing 0 0 0 0 0

Erratic Ma-

neuver/Traffic |

Conflicts 0 | 0 0

T T T
Mean Speed 0 - 0 - = | = |
|
|

Speed Variance |0 0 0 - - -
2 Lane Changing 0 0 0 + +

Erratic Ma- |

neuver/Traffic |

Conflicts 0 [ 1 0 =

|
T [
Mean Speed 0o - |- - |- = - |- 00 |0 0
1

Speed Variance [0 - 0 0 = 0 0 o LT A 0
3 Lane Changing 0 + o+ 0 0 * 0 + + 0

Erratic Man-

euver/Traffic

Conflicts

=UH = No difference from base treatment
D= ey + = Positive difference (better) from base treatment
N = Night - = Negative difference (worse) from base treatment




sized that because the objective was not to identify the most
effective (or ineffective) device, absolute values are not as
important in the overall evaluation as relative values, and it
seems logical to use the base MUTCD treatment as the refer-
ence point.

The remaining assumptions relate to the criteria used for
assigning a zero, plus, or minus to the treatments for each
measure of effectiveness. The most difficult assumption was
with regard to mean speed. There still is no widespread
agreement as to whether speeds should be maintained or
reduced through construction zones. One school of thought
holds that speeds in the work zone area should be similar to
those on highways before the work zone and that large
changes in speed are hazardous. The other school contends
that construction zones are hazardous and, therefore, speeds
should be reduced accordingly. In view of these opposing
philosophies, the following criteria were used for mean
speeds: (1) a zero value was assigned to any treatment that
had a mean speed profile within the confidence interval of the
base treatment; (2) a plus value was assigned to any treat-
ment that lowered the speeds without any resulting large
speed changes between traps; and (3) a minus value was
assigned to any treatment that significantly increased or de-
creased mean speed compared to the base, but did so with
large speed changes between traps.

For speed variance, a plus was assigned to a treatment if
it produced a variance profile that was smoother and/or
lower than the base condition. This is a reasonable assump-
tion since increased speed variance has been related to a
more hazardous situation. Following this logic, a minus value
would be given to a treatment that had a higher and more
erratic speed variance profile.

For lane changing, a distinction had to be made between
site 1 and sites 2 and 3. For the former site, lane changing was
not required nor desired; therefore, any treatment that re-
sulted in fewer lane changes was assigned a positive value.
For sites 2 and 3, a positive value was assigned to any treat-
ment that resulted in lane changing further upstream of the
taper or, in other words, produced less lane changing at the
last trap before the taper. There is no consensus of opinion
regarding where the motorist should change lanes in a lane-
drop situation, but most would agree that the earlier, the
better.

Finally, for the erratic maneuver and traffic conflict rates,
the assumption was obvious. A treatment resulting in a lower
rate was assigned a positive value. A higher rate was as-
signed a negative value.

There are a few problems in interpreting the results given
in Table E-8. First, all treatments were not tested at all sites.
Even if they had been, it would still be difficult because the
sites are different types and it is possible that a treatment
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may be more or less effective at any particular site type.
Another problem is that at any one site and treatment, there
are mixed results for the four measures and for both day and
night. What does it mean if a device produces higher speed
variance in the day but lower speed variance at night or vice
versa? Also, what does it mean if a device promotes earlier
lane changing but at the expense of higher speed variance?
These questions are not easily answered.

Given these constraints and assumptions, only one overall
conclusion can be drawn from the results given in Table E-8.
Of the channelization devices tested, none consistently af-
fected the four MOE'’s that would indicate it was either better
or worse than the base device—24" x 12" Type I barricade
with 6-in. diagonal stripes. It can be inferred from this that all
the treatments would be interchangeable and equally effec-
tive as the base treatment.

A discussion of each device type is warranted to elaborate
on this conclusion and to highlight any specific exceptions to
the conclusion that treatments 2A and 2B were similar to the
base treatment except that 6-in. vertical stripes were used
instead of diagonal stripes. Treatment 2B varied from 2A in
that the spacing was increased to 110 ft on tangent. Both
devices compared negatively to the base treatment in several
instances, but the results are mixed. It is not conclusive but
it appears that the longer spacing with treatment 2B is not as
desirable as the 55-ft spacing.

Treatments 3A through 3E all used 4-in. chevron stripes on
the Type I barricade. At sites 2 and 3, they compared nega-
tively with regard to mean speed and speed variance but
produced improved lane changing. The improved lane chang-
ing with the chevron pattern is consistent with the laboratory
finding that motorists more quickly identify the need for lane
changing and direction with a chevron pattern. The negative
mean speed and speed variance performance is unexplain-
able, however.

The last three treatments—4A, 4B, and 4C—were all
24" x 12" vertical panels except that 4C had 36" cones on the
tangent section. They all seemed to perform as well as the
base condition. The vertical panels spaced at 110 ft did not
produce any negative results, but they were tested only at
one site and only during the day.

REFERENCES

1. Sanpers, J. H., BerGger, W. G., and Hanscom, F. P.,
““The Traffic Evaluator System: An Innovative Data Col-
lection Tool.”” Public Roads, Vol. 40, No. 1 (Mar. 1977)
pp- 1-7.

2. BaerwaLp, J. (Ed.), Traffic Engineering Handbook, In-
stitute of Traffic Engineers (1965) p. 164.



152

APPENDIX F

CONE AND TUBE OPTIMIZATION STUDIES

INTRODUCTION

The traffic cone (and tube) has been, and likely will be, one
of the most frequently used channelizing devices for street
and highway work zones. Its compactness, durability, and
portability make it one of the most preferred devices for work
zone applications. Also, recent laboratory research on the
associative meanings of various roadway delineation
systems indicates that drivers most often connote an array of
traffic cones to mean a delineation for or near work zone
activity (/).

However, the results from Appendix D, closed-field study,
suggest that the cone and tube performance at night was not
satisfactory in comparison with other devices. In that test the
MUTCD recommended reflectorization configuration was
used, and there is no empirical evidence to suggest it is an
optimal treatment.

In order to make statements concerning the detectability
and channelizing effectiveness of cones and tubes, a repre-
sentative sampling of the many types must be evaluated em-
pirically under various spacing, reflectivity, and size con-
ditions. NCHRP follow-on project (17-4(2)) to the work
reported in the preceding appendixes was initiated in re-
sponse to this need.

Clearly, the objective of this continuation project (17-4(2))
was to gather experimental data to determine the effects of
size, spacing, reflectorization, etc. on drivers’ ability to per-
ceive and negotiate the cone or tube image and arrays. As
previously noted, earlier testing had shown cones and tubes
to be as effective as other channelizing devices in the day-
time. The performance decrement was found at night. There-
fore, the goal of the work reported in this appendix was to
optimize nighttime performance characteristics (in terms of
driver response) of cones and tubes without sacrificing day-
time effectiveness.

In order to accomplish testing of so many different device
configurations, set-up in a controlled field site was most ef-
ficacious. Here the driver was posed with a real driving situa-
tion and real lane closure, yet in the situation where many
types of cones and tubes under varying conditions were
easily evaluated and controlled by the experimenters. There-
fore the work and results of Project 17-4(2) are most meaning-
fully considered in terms of the experiments conducted—not
the task structure of the project.

SELECTING CONE AND TUBE
CONFIGURATIONS FOR STUDY

Two sources of information were used to guide selection of
device treatments: literature search and operational prac-
tices surveys.

Literature Search

NCHRP Project 17-4 (Phase 1) literature search was up-

dated with emphasis on cones and tubes. Sources reviewed
included traffic control manuals (Federal, state, local, and
private sector); accident/safety studies of work zones; traffic
control device effectiveness studies; driver information need
analyses; and theoretical work on image perception
(detection, recognition, and response).

The extent to which each source contributes valuable in-
formation for design of the current evaluation is largely
dependent on the point of view adopted. No specific report
focuses on cones and tubes as an independent entity.

Traffic control manuals and specifications are somewhat
divided on the deployment of the cones. The Manual on
Uniform Traffic Control Devices (MUTCD) (2) purports that
the function of cones (as well as other channelizing devices)
is ‘‘to warn and alert drivers of hazards . . . in or near the
traveled way, and to guide and direct drivers safely past the
hazards.” Yet, other widely respected manuals, for exam-
ple, that developed by Texas A&M University (3), state that
the primary function of cones and tubes is the channelization
of traffic. They are a useful adjunct to the more highly detect-
able barricades, but never to be used in a high speed setting
without the complement of advanced warning devices such
as signs, flashing arrowboards, flagpersons, and so on.

Given the prevailing confusion as to whether cones are to
serve as highly detectable advance warning images of the
work area or simply channelize drivers when they are closer
to the zone, somehow optimizing their performance from the
driver’s point of view is still quite justified. First, drivers do
not find signs and other advance controls all that credible as
denoting a work zone ahead (4), only responding to the haz-
ard on sighting the control devices. Second, an array of cones
has been positively shown to carry the associative meaning
of a work zone to the driver upon first flash of this image (5).
The power of the orange image to mean ‘‘caution—work
zone’’ is a well-learned concept in the driver’s experiential
set of expectancies. Finally, cones and tubes are ubiquitous
and destined to remain so (6). Their portability and soft ma-
terial make-up make them easy to work with, and incidents
involving impact are not harmful to car or driver.

Accident investigators report that safety problems around
work zones may be largely due to driver error (7). The prob-
lem seems to center around inadequate communication of the
need for increased caution by the motorist. The U.S. Gov-
ernment Accounting Office in a recent survey (8) found that
unsafe conditions prevailed in a sample of 26 construction
sites visited nationwide. Numerous authors have written
about the need to have a systems plan for traffic control and
device set-up (9, 10, 11, 12, 13), as a matter of ethics and
safety, but these thoughts have just begun to engender the
kind of research needed to specify drivers’ needs for infor-
mation when encountering the work zone and the required
performance response to it.

Prior to the pursuit of understanding driver needs for infor-




mation concerning the work zone, highway research groups
concentrated on evaluation of devices based on accident
reduction or traffic operational measurement criteria. Par-
ticular emphasis was given to various sorts of barricades and
barriers (/4, 15), as being able to withstand crash impacts
while safely repelling errant vehicles. The Louisiana Depart-
ment of Highways has been notable in its studies (/6) on
advance traffic control warning systems for maintenance
operations. Measures taken in evaluation of various signs
and other devices included speed and conflict in the traffic
flow.

Yet these reports are still peripheral to specifying stan-
dards of performance for specific devices such as the cones
and tubes. More general research emerging and at the same
time addressing driver needs in work zones seems more rele-
vant to performance aspects of a given device. Design con-
cepts for visual information display devices has emerged
from principles of positive guidance, and more specifically,
decision sight distance (DSD) (I7, 18, 19) as a means to
promote optimum communicative properties of a visual im-
age to interface with the driver’s perception. Here the cone
or tube is seen as a specific component in a total system to
effectively warn the driver of a violation in normal driving
expectancies. The DSD concept for placement of traffic con-
trol devices is defined as:

The distance at which a driver can detect a signal (hazard)
in an environment of visual noise or clutter, recognize it
(or its threat potential), select appropriate speed and path,
and perform the required action safely and efficiently.

Some research activity has occurred to attempt to employ
the DSD concept for driver detection, recognition, and re-
sponses to specific devices. Flashing warning lights, steady-
burn beacons, roadway delineators, and flashing arrow-
boards have all been the subject of recent study emphasizing
driver detection and recognition responses to the device
meanings and desired driving behaviors that should ensue
(20, 21, 22, 23, 24). This emphasis toward driver perceptions
of the devices and their meanings attacks problems of com-
munication between the driver and the visual environment.
For example, in evaluating the flashing arrowboard (23) as a
high target value warning device, laboratory tests of arrow
symbol design and meaning were followed by collection of
flow parameters in the field. Placement was then governed
by the DSD concept, and certain desirable behaviors such as
early merging and shorter queues at the beginning of lane
closures were recorded.

Evaluation of cones and tubular markers has completely
achieved the shift toward driver intrusive performance eval-
uation in research activity. This has begun, as described in
Appendixes D and E, but specific emphasis had not been
given to cones and tubes. Other recent research addresses
currently unresolved issues as to whether channelizing de-
vices should be highly detectable advance warning devices,
or serve to strictly channelize drivers through the hazard
zone.

In one experiment (25) TTI kept advance signing constant
but varied the work zone devices (i.e., devices were present
or absent); and lane changing behavior was measured.

A second experiment varied the sight distance to the lane
closure (taper). Advance signing and channelizing devices
used were the same. They measured the number and percent
of vehicles remaining in the closed lane 750 ft before the
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taper. With the longer sight distances, 25 percent of the vehi-
cles remained in the closed lane; but for the shorter sight
distance, 41 percent of the vehicles were still in the closed
lane at the point of measurement. The conclusions from
these experiments relevant to cone and tube study were:
(1) advance signing has little credibility for drivers; they gen-
erally wait to see the lane closure before merging; and (2) the
minimum recommended sight distance for 50 to 60 mph facil-
ities is 900 ft.

Conclusion (2) was derived from traffic operational data
and is a different type of verification of the experimentally
obtained decision sight distance (DSD) criterion of 900 to
1,000 ft for 50- to 60-mph speeds. Given this type of empirical
replication, the DSD criterion seems all the more justified for
this project.

Conclusion (1) empirically verifies one of the results of the
Appendix B information analysis: that drivers need definitive
information on the start of a lane closure. One of the argu-
ments for using visual detection/recognition/point of lane
change measures throughout this project has been that
cones, tubes, and other devices are channelizing devices for
providing path or guidance information. However, chan-
nelizing devices must also serve as a hazard warning. The
devices in a lane closure, particularly the taper, confirm the
advance signing and show the driver in real terms—not
abstract feet or mile designations— where the lane ends. The
TTI (25) finding empirically supports this argument. Given
the DSD of 1,000 ft and the variability associated with device
detection and recognition, emphasis on optimizing visibility
characteristics of channelizing devices, including cones and
tubes, is indeed a necessary operational and safety endeavor.

Operational Practice Survey

There are any number of cone and tube sizes, colors, re-
flectorization, and use options. This project could not
accommodate all of the treatment possibilities. The main
empbhasis of Project 17-4(2) in general was on optimizing and
evaluating commonly accepted and used devices, not creat-
ing new ones. To determine what is most commonly used,
two surveys and a literature request were devised and mailed
out.

A survey form was sent to the eight states represented by
the project panel. All forms were returned and the results are
given in Table F-1. A slightly different survey form was sent
to the 131 full members of the American Traffic Services
Association. Many members had no dealings with cones or
tubes. The 27 forms returned, although a small number, in-
cluded responses from 17 states; 6 western, 6 midwestern,
and S eastern. Survey results are given in Table F-2. It should
be noted that the results given in Tables F-1 and F-2 are from
rather small samples and may not be representative of the
entire country.

The results among states and between the two surveys
were quite consistent. In general, cones are valued for their
portability and ease of use, and are considered an effective
channelizing device in the daytime. The typical problems
cited (e.g., they are easily blown over or stolen and have
diminished nighttime visibility) are reflected in low night and
long-term (over 24 hours) use of cones.

Cone size and reflectorization were potential variables in
this project, and are therefore of particular interest. The
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Table F-1. State questionnaire summary. 10 responses

8 use devices

B I OTe C h n Dlogy’ If‘] C. 8 different states represented

3027 ROSEMARY LANE * FALLS CHURCH. VIRGINIA 22042 (703) 573-3700

May 1980

Dear Project 17-4(2) Panel Member:

If you would take a few minutes to complete the following questions, the information will be of
considerable help to us in developing the final test plans for 17-4 (2). Anything you wish to add, not
covered by the following questions, will be most welcome.

Please return the questionnarie within two weeks so that we can use your response,
Thank you in advance for your help and support.

Richard F. Pain, Ph.D.
Principal Investigator

The following questions refer to 4-lane (or more) highways or freeways.

218 Does your organization use cones or tubes for highway (4-lane or more/freeway) construction/maintenance
work zones?

8 Yes (go to question =2) 2 No (go to question =5)

2.a. What type of cones do you use in various situations? Please check the appropriate categories and fill in the
requested information.

Situations Day/Night Use Cone Sizes Used Cone Colors
18" 28" 36"

8 lane closure 8 day 4 night 3 7 3 _7orange/10+W
__8 shoulder work 7 day __4 night 3 7 3  _7orange/ 10+W
—6_median crossover or diversion _6 day _4 night 2 5 2 _6orange

2 other (please specify) _2 day _2 night g ] 1 foien

denotes center/lane lines/ ___day ___night

low shoulders/temp. hazard __ day night

Do not use cones (go to question =3)
b. Do you use cones for:

Short-term (less than 24 hours) operations? _8 Yes LG

Long-term (more than 24 hours) operations? _5 Yes _3 No

Taper sections? 8 ves i NO

Tangent sections? _ 8 ves — No

c. Are the cones reflectorized or illuminated at night?

5 Yes ._3N0 (go to question #3) (Do not use cones at night)

If yes, please specify how (e.g., specific collar type and size, refelective button size, color, etc.).
3— 6"-7" white collar

1 — 4" white collar (changing to 6" in 1981)

1— 13" orange collar

1— Internal illumination
1— 13" white collar

d. Do you leave reflective collars on cones during the daytime?

—3 Yes —3 _ (one state leaves glued collars on — removes others)
fover)
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Table F-1 Continued
BioTechnology, Inc.

3.a. What type of tubes do you use in various situations?

Situations Day/Night Use Tube Sizes Used Tube Colors
28" 36" 42"

3 lane closure 3 day 2 night 1 1 2 orange

__2 shoulder work 2 day 2 night 2 orange

‘ _3 median crossover or diversion 3_day 2 night 1 1 2 orange

1_other (please specify) 1_day 1_night 2 yellow
Separate 2 way traffic and day night
for bus lanes day night

i _4_ Do not use tubes (go to question =4) (In one state, contractors use tubes, but not state)

b. Do you use tubes for:

Short-term (less than 24 hours) operations? _2 Yes —_No
Long-term (more than 24 hours) operations? 3 Yes No
Taper sections 2 Yes _1 No (one state uses % spacing for tubes)
Tangent sections 3_Yes — No

c. Are the tubes reflectorized or illuminated at night?

3 vYes — No (go to question =4)

If yes, please specify how (i.e., amount and type of reflectorization or illumination).

1 — 6'" band of white or yellow reflectorization

1 — 2 3" bands of reflectorized material

1 — 1o0r2 4" bands — made of flexible material with enclosed lens
4. What are the major problems and/or benefits you experience with:

Cones Easily knocked over by wind, traffic or stolen

Less visible at night (especially non-reflectorized) 3

Problems Collars easily lost if not permanently attached 1

-

Drivers disregard — 1/Tend to space too far apart

Easy to stack, move, store T

. hi h k 4
Benefits Less or no damage to vehicle when struc

Good target valve 3

Unstable — blown over by trucks 1

Tubes Bulkier — more difficult to stack, store, move 1

Problems Low conspicuity 4

Can be fastened to road surface 1

Benefits  More stable 1

Other Comments:

Cones: Can be internally illuminated/use dividers and barricades to supplement target value/use cones as advance taper-lead-in
to concrete barricades.
Tubes: Cannot be internally illuminated/useful for lane closure/shift on high speed and volume roadways.

2
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Table F-2. ATSA member survey summary. 131 sent
27 returned = 21%

BioTechnology, Inc.

3027 ROSEMARY LANE * FALLS CHURCH, VIRGINIA 22042 (703) 573-3700

May 1980

Dear ATSA Member:

\

\

i A second study on work zones funded by the National Cooperative Highway Research Program

| (NCHRP) is underway. This project focuses on cones and tubes. To help us determine what types of
cone and tube devices are available and how they are used, we are asking you to answer the follow-
ing questions. Please return the questionnaire as soon as possible so your response can be used.

Richard F. Pain, Ph.D.

Thank you in advance for your help and support.
Principal Investigator

1.a. If you manufacture or deal in cones or tubes or relevant accessories (e.g., reflective collars, internal illumina-
tion, etc.) for them, please send us any catalog or descriptive materials about your products in addition to
completing this questionnaire.

b. Please indicate the approximate percentage of your cones and/or tubes sold/supplied represented by each cone

s1zZC.

Numer
Cone/Tube Dealers/ Percentage of Sales o odn o
Description Size Suppliers or Demand Distribution
; Range % 0-243  50- 74
cone 12 3 7- 10% 25-49- 75-100-
cone 18" 18 10-90% D238 59 749
i - 0- 74-
cone 28 20 1-100% 22-33-2 ?5-100—3
" 6 0-24-3 50- 741
cone 36 2- 50% 25-49-2 75-100
tube 18" 1 59 ==
0-24-2
tube 26-28" 3 2- 28% 25-49-1
tube 36-39" 3 5 70% 0-24-2 50- 74-1
tube 42" 7 1- 20 0-24-7
tubes no size given 1 1% e
2 Does your organization set-up cones or tubes for highway (4-lane or freeway) construction/maintenance work
zones?
18 Yes (go to question =3) 2 No (go to question =6)

f{over)
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Table F-2 Continued BioTechnology, Inc.

3.a. What type of cones do you use in various situations? Please check the appropriate categories and fill in the
requested information.

Situations on 4 Lane Highway or Freeway Day/Night Use Cone Sizes Used Cone Colors
18 _lane closure _18 day 4 _night 13 f‘? 316 orange
13 shoulder work _13 day 3_night 3 8 1 orange
10 median crossover or road diversion 1O day 1 night 2 6 ! oL2nat
___other (please specify) __2day ' _night 4 orange
—day —_night
___day ___night

—__ Do not use cones (go to question =4)

b. Do you use cones for:

Short-term (less than 24 hours) operations? _17 Yes _1 No
Long-term (more than 24 hours) operations? _3 Yes 15 No
Tangent sections of the work zone? _13 Yes _5 No
Taper sections of the work zone? _15 Yes 3 No

c. Are the cones reflectorized or illuminated at night?

6 Yes 12 No (go to question =4} Not used at night

If yes, please specify how (e.g., amount and type of reflectorization or illumination)

1— 6" or 7' band 1— 1 stripe of engineer grade, applied vertically — 5 per cones
1— internal illumination 1— 2 stripes of reflective sheeting
1— 4" white collar 1— 13" orange collar

1 — 12v steady burn light
d. Do you leave reflective collars on cones during the daytime?

1 Yes 3 No

4.a. What type of tubes do you use in various situations?

Situations Day/Night Use Tube Sizes Used Tube Colors
—5_lane closure _3 day _4 night 39/42" orange
4 shoulder work 2 day _3 night 39/42" orange
_5 median crossover or diversion 3 day 4 night 39/42" orange
_2_other (please specify) 3 day _1_night 39/42" orange
—day __night

___day ___ night

12 Do not use tubes (go to question =5) Number using tubes = 6 or 33%

b. Do you uses tubes for:

Short-term (less than 24 hours) operations? 3 vYes 2 Ny
Long-term (more than 24 hours) operations? _5 Yes _2 No
Taper sections of the work zone? _3 Yes _2 No
Tangent sections of the work zone? _4 Yes 1_No

c. Are the tubes reflectorized or illuminated at night?

5 Yes 1 No (Go to question =5) Not used at night

If yes, please specify how (e.g., amount and type of reflectorization or illumination)
1— 2-3" bands amber
4 — 2-4" amber bands
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Table F-2 Continued
BioTechnology. Inc.

Problems Benefits
5. What are the major problems and/or benefits you experience with:
Cones Easily knocked over by wind/traffic or stolen 15 Easy to stack, move, store g
Less visible at night 6 Less damage to vehicles if struck 1
Drivers disregard/less intimadating 4 Good visibility (day) 3
Discoloration 1
Tubes Difficult to stack, move, store 4 Good visibility/taller 4
Blown/broken/unstable 4 More intimadating 2
More stable than cones 2
When hit, tend to roll out into traffic 1 Easier to handle then barricades 1
6. Do you know of any four lane freeway sites, fairly flat, and 2 miles or longer, that are closed to traffic and
that might be candidates for closed field testing this summer and fall. Please list them.
Name of Facility Location Is it Hluminated?
7. Name and address of your orygdnizdalion
8. Telephone = ( )
9. Person to contact for further information:

The time you have taken to assist us is greatly appreciated.

17 states represented

West -
Midwest
East

6
6
5



sales/demand figures indicate 18- and 28-in. cones comprise
the bulk of the market. However, larger (28- and 36-in.) cone
use predominates on four-lane facilities. Note that 18-in.
cones are used on the high-speed facilities and, because of
their continued use, were tested.

Those using cones at night all in some way enhance cone
visibility. One state uses the internally illuminated cone; the
other respondents use a wide variety of reflective treatments.
These range from three sizes of reflective collars to vertical
stripes of Type II sheeting.

Approximately one-third of the respondents use tubes.
Even though the absolute number is small, these respondents
were very positive about the usefulness of tubes as chan-
nelizing devices.

Tubes are used slightly more at night than in the day.
Smaller tubes (28 in.) are used and sold/rented, but primarily
for lower speed facilities. Only the larger (39- and 42-in.)
tubes are used on the high-speed highways. In Pennsylvania,
18-in. tubes are used on a turnpike as lane dividers, but not
for lane closures. Reflectorization appears more standard-
ized (i.e., two 3- or 4-in. bands in amber color). Tubes
are also used relatively more than cones for long-term
operations.

The comments summarized in Tables F-1 and F-2 most
often refer to handling and stability characteristics of cones
and tubes. Driver response and visibility characteristics of
these devices were mentioned and took the form of:

1. Cones have diminished visibility at night, but high con-
spicuity in the daytime.

2. Tubes are thought to have poor visibility by four
respondents, and four others commented on their good
visibility.

From these surveys, the device factors that commonly
varied and/or were controversial were:

1. Cone size: 18-, 28-, 36-in.

2. Cone visibility at night and methods of enhancing con-
spicuity: amount and type of reflectorization or internal illu-
mination.

3. Tube size: 36- or 42-in.

4. Effect of increasing reflectorization.

Finally, cone, tube, and reflectorization manufacturers
were asked to send product literature to BioTechnology.
This confirmed the survey findings as to device size, shape,
color, and reflectorization availability.

Candidate Device Treatments

A comprehensive but logistically overwhelming list of de-
vice treatments was generated. Using the survey results,
comments from the project panel and ATSA Cone Commit-
tee, and findings from a pilot study on amount of reflectoriza-
tion, a workable number of cone/tube treatments were se-
lected. Table F-3 gives the final list.

EXPERIMENTAL STRATEGY

Because the intent of the optimization studies was to pro-
duce data compatible with the Task 4 closed-field studies, the
experimental methodology had to replicate the earlier study
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Table F-3. Device treatments selected for testing.

Cones Tubes

5 areas of reflectorization

(14, 28, 43, 57 and 71% of area covered
corresponding to 6-, 12-, 18-, 24-, and
30-inch bands)

1, 2, 4, 6, or 8 bands

5 areas of reflectorization

(69, 138, 207, 276, and 345 in.
corresponding to single bands of
6, 10.4, 14, 17, and 19.7 inches)

Number of bands of reflectorized
material (1,2,3)
High versus low mounting position High versus low mounting positien

4 types of reflectorization plus
internal illumination

4 types of reflectorization

2 colors (white and amber) 2 colors
3 sizes (18-, 2B-, 36-inch) 3 sizes (18-, 28-, 42-inch)

3 device spacings (half, regular,
and double speed limit spacing)

3 device spacings

to the greatest possible degree. However, even a small sam-
ple of the variables relevant to cone and tube design given in
Table F-3 could not be logistically included in a complete
factorial design. The problem was resolved by studying cone
and tube design optimization in an initial series of four exper-
iments, hereafter referred to as Step 1 testing. The most
promising treatments were used in Step 2 testing, which at-
tempted to fully replicate the closed-field studies.

Test Site

Replicating the closed-field methodology was complicated
by the fact that the closed roadway originally used was now
open to the public. Following a nationwide search in which
three usable test sites were located, the 1-295 by-pass near
Richmond, Va., was selected. Figure F-1 shows the 5,000-ft
sight distance available at this site. Additional benefits
were little construction equipment interference, an adequate
source of subjects, and excellent logistics support.

In both the west- and eastbound lanes, a lane closure with
660-ft taper and 1,000-ft tangent was laid out with 5,000- and
5,200-ft sight distances, respectively. A circuit drive of 7
miles, compared to 6 at the Task 4 site, was achieved using
a graded median crossover. The roadway had no illumina-
tion, and no light sources were visible within 1,000 ft of the
lane closures.

Because the site was east/west oriented, care was taken to
conduct all daytime tests between 10 a.m. and 2 p.m. to
minimize sun angle effects. Night testing commenced only
after there was total dark.

During the course of Step 2 testing the roadway signing
was installed. All delineators and small signs were covered
so there was no visual change at the work zone. However,
each approach to the work zone had a large green guide sign
with exit route and destination information erected midway
through testing. A t-test of detection distance across treat-
ments between before-and-after sign installation showed no
difference. Subject comments and overt responding did not
noticeably change. This suggests that the signs did not mate-
rially change subject responding to the cone/tube arrays.

Test Subjects

To obtain a sample of the general driving population simi-
lar to that used in Project 17-4, the same recruitment tech-
niques were employed. Newspaper ads and announcements
to nonprofit organizations and major employment centers
were circulated throughout the northern Richmond area.
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LOOKING WESTBOUND

L e T B e

LOOKING EASTBOUND

Figure F-1. Pictures of the tesi siie I-295 near Richmond, Va.

A central-number answering service took calls. The re-
search team refurned each call and made a specific test ap-
pointment. The spectrum of age and sex characteristics
found in the driving population was well represented in the
subject pool.

Sample size was determined by assuming that the mini-
mum difference in lane change or detection distance to be of
intercst was 300 ft. Using variance from the Project 17-4
studies, the t-test was solved for number of subjects (N)
required. The result was six subjects per group. To be con-
servative, an N of eight was selected as the sample size for
all groups.

Instrumented Car

A data collection system was required which could func-
tion in both Step 1 and Step 2 testing. A portable instrumen-
tation package based on a programmable microcard data

processor and a small printing calculator was developed,
pretested, and calibrated. Distance was measured by count-
ing the number of speedometer cable revolutions. Because
distance was measured by noting start and end points along
the test course, it was important that the experimenter could
accurately and reliably push the appropriate button. To test
this, a 1-mile course was walked off with a measuring wheel
on a local street. The instrumented car was driven up and
down the check mile three times (a total of six runs). The
experimenter pushed a start and stop button as the end points
were passed. The results of the runs were that the number of
revolutions per mile was identical for all runs; therefore, the
measurements were accurate and reliable.

The instrumentation package shown in Figure F-2 was
installed in a 1979 Ford LTD station wagon for the first three
experiments, and in a 1981 Ford Escort station wagon for the
remaining tests. In Step 1, the instrumentation recorded two
button pushes for up to six subjects per test run. The experi-
menter pushed a button at the first device of the taper so
detection and recognition distances could be calculated.

For Step 2 testing the data processor was modified to
record speed in addition to button pushes. Recalibration tests
were conducted after the reprogramming. All testing was
conducted with low beam headlights.

Given this general background, the method and results for
Step 1 and Step 2 testing can be discussed.

STEP 1 TESTING

The purpose of this series of experiments was to determine
the optimum values for several cone and tube design param-
eters. From the variables given in Table F-3, the reflective
area, number of bands, mounting position, reflective ma-
terial, and device size were selected. Four experiments
(Table F-4) were designed and conducted. Specification of
treatment values for each succeeding experiment was
decided on the basis of results from the prior experiment. In
the case of experiment 1, pilot testing suggested the values.

NOTE: Case is standard attache case

Figure F-2. Data collection instrumentation package.



Methodology

For each experiment, between 7 and 10 subjects were
driven by a 1,660-ft lane closure (660-ft taper, 1,000-ft
tangent) in an instrumented car. The subjects had a push-
button which they were instructed to push first when they
saw something in the lane ahead. This is detection distance
and does not imply that the subjects knew what they saw or
if any information was conveyed. A second push indicated
they could see that their travel lane was closed and they
would have to change lanes. This recognition distance was
the point at which subjects could decipher the lane closure
information from the array.

Each push was converted to a distance, in feet, from the
first device of the taper. The data were printed on paper tape
after all subjects had seen one treatment.

From pretesting it was evident that there were some prac-
tice effects, therefore each group of subjects was given two
practice runs. On the first drive-by, subjects looked for a sign
mounted at the beginning of the taper. They pushed their
buttons when they first saw the sign and again when they
could read the sign. This legibility distance measure was
taken for all subjects. It gives a gross indication of the com-
parability of subjects in terms of a standard visual task. For
the second drive-by, a lane closure with cones or tubes was
used.

Each experiment was conducted by driving a group of 3 or
4 subjects past an array, changing subjects, and driving the
second group of 3 or 4 by the same array; and then printing
the data from those two runs. As soon as the second run
passsed the array, 5 helpers came from off the road and
changed treatments (i.e., put on a different set of cone/tube
collars or changed the size or type of device). Between runs,
subjects sat in a van and were provided with coffee; between
the last two runs they filled out a short questionnaire.

Fatigue and boredom began to tell on subject responses
after 2 hours of testing. This meant that only 9 or 10 treat-
ments could be tested at one time. Because most of the
experiments required 18 to 20 treatments, testing was broken
into two sessions on consecutive days or nights for experi-
ments 1, 2, and 4; and weekends, for experiment 3. Subjects
were not paid until an experiment was completed.

Subjects sat in the same assigned seat in the instrumented
car for all trials. Data were collected and printed by seat
position so that differences in responding because of seat
position could be analyzed; none were found.

Subjects were distributed by age and sex within each
experiment. The only category underrepresented was the
60-years-old or older group. This was a function of the sub-
ject pool available, plus the fact that the effort of constant
climbing in and out of vans and cars would have been difficult
for some people in this age group.

In summary, Step 1 testing took the approach of in-depth
testing of a small number of subjects. Basically, subject char-
acteristics were held relatively constant over treatments.

Experiment 1—Area of Reflectorization,
Number of Bands, and Mounting Position

Treatments

A pilot study was performed that suggested there were
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Table F-4. Step 1 experiment sequence.

Experiment 1
e Amount of reflectorization
e 1, 2, or 3 bands of reflectorized material
e High vs. low collar mounting position
e 28" cones, 42" tubes at night

Experiment 2
e Selected values from Experiment 1 of reflectorization,
number of bands, and mounting position
e 18-, 28-, and 36-inch cones
18-, 2B-, and 42-inch tubes

e Daytime

Experiment 3
e 3 types of reflective material
Internally illuminated cones
2 colors
Day and night
28-inch cones and 42-inch tubes

Experiment 4
® Verification of unanticipated findings from
Experiments 1, 2, and 3
e Cones and tubes

e Night & Day

subject response differences to five reflective collar areas on
cones. Table F-5 gives the areas used and the amount of cone
area covered for different size cones. Holding area constant
while dividing it into two or three bands was complicated
by the truncated cone shape. The derivation of band size
under low and high mounting conditions is summarized in
Exhibit F-1.

EXHIBIT F-1

DERIVATION OF COLLAR SIZES FOR MULTIPLE BANDS
Creating multiple bands while holding area constant is not
a simple matter of cutting collars in halves or thirds. As you
descend a cone, the girth increases and the width of the banc
has to shrink to maintain a constant area. Starting with the

basic formula for area of a truncated cone,

)2

2
T o(ry 4+ ) NRT o+ (ry -1,
where o= radius of the base, r, = radius at the top, ané
h = vertical height, we derived the formula:

top circumference 4 bottom circunference % H1
Z

area =

where H1 = glant side height. This was readily usable in a
computer program which could take any desired reflective collar
area and calculate the dimensions of one, two, or three bands of
egual area. Constraints on where the collar began, e.q.. 3 inches
from cone top, and how far it should be from the bottom of the
cone, were included in the program. Finally, the area of spaces
between bands was calculated and could be controlled with the
program. The program can be used with any size cone if the

cone dimensions are placed in the program.
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Table F-5. Percentage of cone covered by five sizes of
reflective collars.

Collar Area Equivalent Single Band Cone Size
(In.?) Collar Size in Inches 18" 28" 20
69 6 26 14 10
138 10.4 53 29 20
207 14 80 43 30
276 17 = 57 40
345 19.7 = 72 50

Varying the three parameters resulted in the 18 cone treat-
ments shown in Figure F-3. Figure F-4 shows the final 18
tube treatments. The cylindrical nature of tubes makes collar
sizing a simpler process. With one exception, all bands are
some multiple of a 3-in. collar. These treatments were pre-
sented in random order.

Measures

Step 1 was a form of group testing. The experimenter was
driving, therefore speed was held constant. Array detection
distance was the primary measure. It was supplemented by
recognition distance. This is the point at which subjects
could tell that the lane ahead was closed.

COLLAR AREA 69 In.2

MOUNTING HI LOW
BANDS

NOT TESTED

Results

The mean detection and recognition distances across the
seven subjects are shown in Figures F-5 through F-8.

Figures F-5 and F-6 deal with cones. The one-band cone
collar size, rounded to the nearest inch, is shown across the
top of the first plot on each figure to serve as a referent to
gauge the differences in the five areas. The most striking
results are the low detection and recognition distances asso-
ciated with the 6-in. collar.

These data suggest one reason the night performance of
the cones in Appendix D compared unfavorably with all
other devices tested: 6 in. of reflective area is far from opti-
mum in terms of human perceptual performance.

For the other parameters varied in this experiment, high
versus low mounting appeared to impact detection and rec-
ognition more as an interaction between reflective area and
number of bands. Multiple bands improve performance, but
only for the three larger reflective areas. This phenomenon
does not appear to be a simple linear relationship; rather, a
cut-off or threshold principle is evident from the data. In
Figure F-5, detection distance increases rather dramatically
from area 1 to area 2 to area 3, but then changes little for the
larger areas in the multiple band conditions. For recognition
distance a similar trend is evident. The general design con-
cept emerging from these data appears to be that simple
increases in reflective area do not guarantee increased vis-

207 1n.2 276 1n.2 345 In.
HI LOW HI LOW

NOT TESTED

3 NOT TESTED

V///7/] = REFLECTIVE COLLAR

ALL CONES 28" TYPE - DRAWINGS NOT TO SCALE

Figure F-3. Experiment 1 cone treatment conditions.
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Figure F-4. Experiment | tube treatment conditions.
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ibility. Instead, only if the larger three areas are configured
to spread the reflected light across the device are detection
and recognition improved.

These results suggest that there are several cone collar
configurations that optimize detection and recognition dis-
tance performance. Selecting those for further testing
becomes a question of logistic and economic concern. Gen-
erally, the larger the reflective area and the more bands used,
the greater the cost; thus, the point at which detection and
recognition asymptote is probably going to be logistically
optimum. Given the Figure F-5 and Figure F-6 data, this
would be the area 3 (equivalent of a 14-in. collar) in 2 or
3-band configuration collars.

The data for tubes shown in Figures F-7 and F-8 are quite
different. These two figures demonstrate that number of
bands beyond 2 contributes little to detection or recognition.
However, low versus high mounting on the 42-in. tube plays
a substantial role in visibility for 6-, 12-, and 18-in. width
bands. The low mounting (starting 3 in. from the bottom of
the tube and extending upwards) increases the detection dis-
tance of tubes by 500 to 1,000 ft, and recognition distance by
roughly 300 ft, or 25 to 33 percent.

The smaller, low-mounted collars are equally as effective
as the larger, high-mounted or 6- to 8-band area collars.
Economically, the smaller collars would be considered more
desirable. One point should be noted about low mounting on
tubes or cones: very rapid dirt accumulation may minimize
any visibility benefits gained from low mounting. Research
addressing this point is not within the scope of this project,
but the concern should not be overlooked.

Experiment 2—Effect of Reflectorized Area,
Number of Bands, and Mounting Position
on Daytime Visibility

Treatments

A major design concern relative to cones and tubes was the
question as to what would happen to the excellent daytime
visibility characteristics of these devices when enough re-
flective material covered the orange to optimize nighttime
visibility. To find the answer, the most effective nighttime
reflectorization designs were tested in daytime conditions.
The treatments used on three device sizes are given in Table
F-6. The 18-in. tube condition merits some explanation. The
original work plan suggested using a 60-in. tube. The survey
found such a device unused on a scale to warrant consider-
ation. In the meantime, correspondence received from Penn-
sylvania indicated adoption of an 18-in. tube as a divider for
construction zones where two lanes are closed and the
remaining two lanes operate as one lane in each direction.
Although this is very different from the lane closure applica-
tion, there was considerable interest in testing the 18-in. tube
for a different application.

Measures

The detection and recognition distance measures were
used. Eight subjects, aged 23 to 52, responded to the 20
treatments, 10 per day, over a 2-day test period.

Results

Figures F-9 and F-10 show the results of experiment 2.
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Table F-6. Experiment 2 treatment summary.

Cone Tube
Condition 18" 28" 36* Condition 18" 28" 42"
Baseline: no collar 4 v Baseline: 2 3" collars v v v
10" 1-band 4 v v 12" 1-band low mount % v v
10" 2-band low mount ¥ [4 v 24" 2-band v
14" 2-band v v
14" 3-band Ve, &
CONE DETECTION CONE RECOGNITION
4000 £ 4000
3000 3000
=
W 2000 - = 2000
e w
w
w
- 1000 —
1000 * No collar
A 10" 1 band
| 10" 2 band lo
O 14" 2 band
o 14" 3band
J 1 1 1 L ===
18" 28" 36" 18" 28" 36"
CONE SIZE CONE SIZE

Figure F-9. Experiment 2 cones —day.
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Figure F-10. Experiment 2 tubes —day.

Daytime cone detection is not affected by the collars tested
on the 36-in. devices; is reduced 350 to 750 ft on the 28-in.
cones; and is shortened 500 to 1,000 ft on the 18-in. cones.
Obviously, the percentage of orange covered impacts day-
time detection distance. Just as the impact curve reached an
asymptote for amount of reflective material at night, a similar
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phenomenon occurs for amount of orange area in the day-
time. The asymptote begins around the 28-in. cone for
the collar areas used. In general, the mean detection distance
differences between collar areas and configurations are quite
small, 350 to 400 ft, suggesting that for the two larger cones
any of the treatments tested provide relatively comparable
results.

A similar finding is also true for recognition distance. Ex-
cept for the 10-in., 2-band, low-mounted collar on 18-in.
cones, all treatments fall within 400 ft of each other for the
28-in. and 36-in. cones. The baseline or no collar condition is
not particularly superior for either the 28- or 36-in. cone. The
smallest cone (18-in.) is most adversely affected by the col-
lars, as expected, and is generally recognized 400 ft closer
than the larger cones.

Because there is relatively little difference in mean day-
time performance, the main decision criteria for selecting
collars for further testing are mean nighttime performance,
variance around the mean, and percent of data points meet-
ing or exceeding the decision sight distance (DSD) criteria.

To select devices from experiments 1 and 2 for further
testing, a procedure was devised to use mean and variance of
detection and recognition measures. In essence, the mean
and standard deviation (50) of each treatment were ranked
for day and night conditions. The (mean, SD, day and night)
treatment with the highest ranking in all four categories was
selected for use in experiment 3: 207 in.? of reflective area in
a 3-band configuration on a 28- and 36-in. cone. For the 18-in.
cone, a smaller reflective area is necessary to maintain day-
time visibility, therefore 138 in.? of reflective area (10-in.
equivalent) in a 2-band configuration was selected.

Turning to the tube data of experiment 2 (see Fig. F-10),
there is clearly no benefit from the larger collar area and no
major difference between the two larger tubes in detection
distance. The 18-in. tube is less visible by over 1,200 ft. Tube
recognition is less affected by the different treatments or tube
size, the difference between 18- and 28/42-in. tubes being in
the 400-ft range.

Following the procedure used to rank cones, the tubes
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Figure F-11. Experiment 3 —night.

were also ranked. The 12-in. collar mounted low on 18-, 28-,
and 42-in. tubes was selected for further use in experiment 3.

Experiment 3—Type and Color
of Reflectorization

Treatments

Four treatments were tested:

1. Polycarbonate Reflexite: reflective intensity of over
2,000 at entrance angle = —4° and observation angle to = 0.1°.
Using an observation angle of +0.2°, reflective intensity is
800+ up to = 16° entrance angle.

2. High Intensity Grade Scotchlite (3M): for respective
measurement angles, reflective intensities are 300 and 250.

3. Combination of polycarbonate Reflexite with vinyl Re-
flexite used in earlier experiments. The polycarbonate was
mounted high, vinyl low, on cones and tubes.

4. The foregoing materials in a yellow/amber color. Note
that for the poly/vinyl combination only the poly was amber.

5. The Calspan 28-in. illuminated cone with a 6-in. reflec-
tive collar 3 in. from the top of the cone.

These treatments were used on 28-in. cones and 42-in.
tubes. The white treatments were also applied to 18-in. cones
and tubes.

Measures

As before, array detection and recognition were measured.
Tests were conducted day and night using 8 different subjects
for each illumination condition.

Results

Mean detection and recognition distances for day and night
are shown in Figures F-11 and F-12. Comparing the two
figures reveals much clearer evidence for one of the find-
ings implied in Appendix D. There is little decrement in
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Figure F-12. Experiment 3 —day.



nighttime visibility performance across device sizes shown in
Figure F-11. However, there is a dramatic change in visibil-
ity as a function of device size in the daytime, as shown in
Figure F-12. A similar result can be seen by comparing
Figures F-5 and F-6 with Figures F-7 and F-8. The principle
this illustrates is that at night, device size (and from App. D,
shape) has minimal effect on visibility. The amount and type
of reflective area control driver perception of channelizing
devices. From experiments 1 and 2, this must be qualified by
noting that configuration of the reflective material and per-
cent of the cone or tube covered interact with reflective area.

As shown in Figure F-11, there is not more than 400 ft
separating the various Reflexite collars and colors at night.
There is also a very small difference between the 3M colors.
However, there are differences in the 600- to 1,000-ft range
between the High Intensity Scotchlite and polycarbonate and
poly/vinyl collars for detection distance. When considering
recognition distance, these differences disappear.

Comparing these results with the cones in experiment 1
where the Reflexite vinyl collar was used, the Reflexite poly
carbonate or the poly/vinyl combination gives mean detec-
tion in the 4,000- to 4,500-ft range, while the vinyl only (see
Fig. F-5) in the 4,000-ft vicinity. Recognition distance with
the vinyl material (see Fig. F-6) is no better than 950 ft, but
improved to the 1,500- to 1,800-ft area using 3M and poly-
carbonate and poly/vinyl combination collars.

The nighttime differences for tubes were less dramatic in
terms of detection distance, going from 4,300 ft (see Fig. F-7)
to 4,400-4,500 ft. Recognition did improve, going from 1,200
(see Fig. F-8) to the 1,500- to 1,900-ft range.

Finally, mean detection distance for the illuminated cone
was around 4,900 ft, or in the same neighbrohood as the
steady-burn light and approximately 400 ft above reflector-
ized tubes and cones. However, the mean recognition dis-
tance of 1,683 ft is not substantially different from reflector-
ized cone and tube recognition distances.

Daytime detection and recognition data (Fig. F-12) indi-
cate that there are few major differences in detection or
recognition distance between the various materials on the
larger devices. There are greater differences for the 18-in.
tubes. The illuminated cone was expected to be more visible
in the daytime than the 28-in. cone with 207 in.? of reflective
material. This is because there was only a 6-in. ‘‘backup”
collar on the illuminated cone.

Experiment 4—Unresolved Questions

Treatments

Questions posed by the experiment 3 daytime data con-
cerned the increased magnitude of both detection and rec-
ognition distance compared to the experiment 2 data. Was it
possible that the ‘‘exotic’ reflective materials impact day-
time visibility? Or was it possible that the two subject groups
were widely divergent? A check on the second question was
to compare the distribution of legibility (sign reading) scores.
Experiment 2 subjects had a wider range (401 to 1,114) than
experiment 3 subjects (504 to 966), but the means were al-
most identical: 746.75 versus 746.62. To resolve the dilemma
the eight treatments listed under daytime in Table F-7 were
tested. These represented replications of treatments tested in
earlier experiments.
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Table F-7. Experiment 4 treatments.

Day Night

—
Cones

28" 3M yellow (hi intensity), 28" 3 band, 207 in.”, poly, yellow

3 band, 207 in.2

28" Reflexite polycarbonate,

3 band, 207 in.2 28" 2 band, 138 in.
] .

2

28" 2 band, 138 in.z, poly, yellow
2, 3M, white
2

8" 2 band, 138 in. inyl, white
28" Reflexite vinyl, 3 band, e , viny

207 in.2

Tubes

42" poly, 12" low mount 42" 12" band, low, poly, yellow
42" poly/vinyl combination, 42" 12" band, high, poly, yellow
ka7 Low aount 42" 12" band, high, 3M, vhite

42" vinyl, 12" low mount

42" 3M white, 12" high mount,

42" poly, 12" high mount, yellow

Measures

Half of the 8 subjects were from experiment 2 and the other
half were new. This provided a comparison of subjects
across the treatments in question. The same array detection
and recognition measures were used day and night.

Results

Turning to the daytime results reveals cone and tube mean
detection distances in the 3,100- to 3,600-ft range. Mean rec-
ognition distances varied from 1,050 to 1,600 ft. Mean detec-
tion and recognition distances were within 300400 ft for the
various treatments. Operationally and statistically there
were no significant differences. These data did suggest that
the shorter perception distances of experiment 2 are more
representative of cone and tube performance than the very
long distances of experiment 3.

Subject groups were examined in terms of the legibility
measure for the three experiments, and there was no sta-
tistical difference (means were 746.75, 746.62, and 748.13,
respectively). The most likely explanation of the experiment
3 finding is weather conditions. A cloudy sky tends to im-
prove cone/tube contrast. This is because the fluorescence is
converting ultraviolet, and brightness appears enhanced
against a gray sky. In fact, device brightness has not
changed, but the device-to-background contrast ratio in-
creases on a cloudy day, resulting in longer detection/
recognition distances.

The nighttime findings, shown in Figure F-13, suggest that
low mounting on tubes is more effective than high mounting,
particularly for the detection distance measure. The larger
area on cones is not statistically different from the smaller
area tested. And there was no difference between the white
collars tested.

Step 1 Test Summary and
Implications for Step 2 Testing

The findings in terms of the various tube and cone design
characteristics are given in Table F-8. The last column of the
table also indicates parameters of values that need to be
verified or studied further in the Step 2 tests.

STEP 2 TESTING

Step 2 testing was designed to replicate, as closely as pos-
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Figure F-13. Experiment 4 results —night.
Table F-8. Step 1 test results summary.
Design Step 2
Parameter Cone Result Tube Result Test Implications

Size of reflective

collar

Number of bands

Mounting position

Reflective material
and color

Device size

207 in.2 consistently better than
138 in.z, but not always
statistically different. Either is
adequate in daytime,

3 bands appears optimum, but
no statistical difference between
2 and 3 bands.

Low mount more effective for
2 band condition only.

Reflexite Polycarbonate yellow
consistently better. No difference
between other materials/colors

in terms of recognition distance.
3M “high intensity consistently
lower detection distance. No
daytime differences.

Amount of reflective area controls
at night—device size has no effect.
In daytime 18'* devices have
significantly lower detection/
recognition distances than larger
devices. Minor differences
between 28" and 36"".

12'" band optimum,
also adequate in day-
time.

1 band appears
optimum,

Low band optimum.,

Same as cone.

Same as cones at
night. Daytime—no
differences between
28- and 42-inch tube.
18" significantly less
than others.

Cone—resolve 138 vs. 207 ii'l.2
Tube—confirmthat 12" issuperior
to smaller 6" band.

Cone—resolve if there is a differ-
ence between 2 and 3 bands.
Tube—confirm that 1 band is
superior to 2 bands.

Cone—confirm interaction of low
mount-2 band condition.
Tube—confirm that low and high
mounting are different.

Cone and Tube—verify yellow vs.
white and poly vs. other materials
differences.

Cone—verify similarity of 28" and
36".
Tube—verify similarity of 28" and
36"".




sible, the closed-field testing reported in Appendix D. The
purpose of this testing was to verify and extend the Step 1
findings with a more realistic test situation and measures of
effectiveness.

Methodology

The instrumentation from Step 1 was reprogrammed for
use to record:

1. Mean speed through four distinct zones corresponding
to the zones used in Appendix D: zone 1— 58005000 ft prior
to taper; zone 2—1100-300 ft; zone 3—660 ft during the
taper; zone 4— 1000 ft during the tangent.

2. Array detection: the point at which drivers reported to
the experimenter that they could see something in the road
but not necessarily what it was.

3. Point of lane change: distance from the beginning of the
taper where drivers responded to the lane closure by moving
to the interior lane (note that this may be analogous to rec-
ognition distance).

4. Legibility distance: the distance at which every driver
in every experiment could read a standard sign.

A test route of 7 miles was established on I-295 near Rich-
mond. One array was set in the eastbound direction; and
another, in the westbound direction. Between the two arrays
the driver had to read the standard sign (for the legibility
distance measure), negotiate a median crossover, and per-
form a relatively quick stopping maneuver. Thus, as in the
closed-field test (App. D), there were some distractor tasks
for the driver. Array layout was identical to all previous
closed-field tests.
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Instructions from Appendix D were modified to suit the
site characteristics, but were in all other respects identical.
In summary, the instructional sequence was:

Upon subject arrival —very general greeting.
Enter instrumented car—general description of task.
Warm-up drive—above 1/4 mile, then stop.

4. Specific instructions—more specific instructions on
driver task and responses.

5. Reminders and directional information en route.

6. Go to van after test drive to fill out questionnaire.

7. Receive payment ($15) and depart.

W R =

A questionnaire was given subjects to fill out after the test
drive. A copy is included as Exhibit F-2. Notice that it is
different from the questionnaire in Exhibit D-4. Because
there were 275 previously collected (App. D) data sets, sim-
ply adding numbers would not produce new insights. There-
fore, new, more useful, questions were created for this test-
ing. More emphasis was placed on reaction to the devices
seen during the drive, reactions to cones and tubes on the
highway, and driver risk propensity.

Experimental Design

Like the earlier testing a factorial design was used, in
which each treatment was seen by 8 subjects, and was tested
day and night. For analysis and interpretation purposes the
treatments were grouped to form experiments testing spe-
cific hypotheses. Need for the various experiments was iden-
tified in Step 1 testing (see Table F-8). Table F-9 summarizes
the eight experiments. To establish comparability between

Table F-9. Experiments conducted in step 2 testing.

1. Reflective area

2. Number of bands

3. Reflective material and color

4. Band mounting position

5. Spacing

6. Size

8. Unresolved Questions:

b. 1vs. 2 rail barricades

7. Phase 1/Phase 1l (Bridge) Comparison

a. Type Il vs. Type |l Sheeting

Cones Tubes
138in.2 {10 in.} vs.. 6 vs. 12
207 in.2 (14 in.)

2vs. 3 1vs. 2

Vinyl/polycarbonate Same as cones
% Vinyl/% polycarbonate
3M high intensity

White vs. yellow/amber
Hivs. Lo Hivs. Lo

Regular speed limit vs. Same as cones

% SL vs. double SL

18 vs. 28 vs. 36 inch 28 vs. 42 inch

Panels, Type || Barricades
17-4 vs. 17-4(2)

3M Type Ill Sheeting vs.
Type |l—on Type || Barricades

1 rail vs. 2 rail barricades with
Type |1l sheeting
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EXHIBIT F-2

DRIVER QUESTIONNAIRE Phase II
A 1. Subject Number Date
A 2. Male Female Run: §
Treatment Codes

A 3. Age

Under 21 40-60 Areay -l

21-40 over 60 Array 2
A 4. Driving Experience

Less than 1 year 3-5 years

1-2 years More than 5 years
A 5. Type of Driving you do

Mostly city A little city & highway both

Mostly highway A lot of city & highway

(high speed)

Drive infrequently

B 1. In this drive-thru, you have just driven by some sets of traffic
control devices that closed off your driving lane and caused you
to change your lane. Please rate the overall adequacy of these
devices to advise you that your lane was closed ahead and to

guide you along.

Set #1

Very Poor Poor Borderline
1 2 3

Set #2

Very Poor Poor Borderline
2 & 2 3

Good Very Good
4 5

Good Very Good
4 5

B 2. Can you note one feature about each set of devices that you liked?

Set #1
Set #2

B 3. Can you note one feature about each set of devices that you disliked?

Set #1

Set # 2

B 4. What feature about these devices best tcld you to change lanes?

B 5. Consider the devices as you first saw them, rate how easy

it was for you to react and know that you had to change to

another lane.

Set #1
Very easy Not as much time as I
would have liked
About right for me Not enough time to react
to react safely at all
Set #2
Very easy Not as much time as I
would have liked
About right for me Not enough time to react
to react safely at all
B 6. Consider the devices as you were driving by them.

Rate how smoothly and easily the devices quided you past the

closed lane.
Set #1

Very easy path to follow
I felt very safe

Good path given for me

to drive thru

Set #1

Very easy path to follow
I felt very safe

Good path given for me
to drive thru

B 7. What changes would you make in the devices to improve what they are

trying to convey?

Not as clear as I needed
to stay in my lane and
pass thru

Seemed unsafe and hazardous
to pass by

Not as clear as I needed
to stay in my lane and
pass thru

Seemed unsafe and hazardous
to pass by

Overall size: Larger ____ Smaller __ Neither

Color(s) : Colors OK __ Change to

Brightness: Too bright _ Not bright enough __ OK as is
Shape: Leave as is ___ Change to

THANK

B 10.

B 1l.

How do these devices affect your driving when you see them out
on the highway protecting a work area?

Change lanes earlier

Change lanes later

Lower my speed until past them

Lower my speed at first, then pick it up near them

Keep up same speed
What do you think is the purpose of these devices around work
areas? (Check all that apply)

Give early warning of lane closed ahead

Slow down traffic

Speed up traffic

Maintain speed

Guide traffic around work area only

Protect workers in work area and keep cars out
What do you think is the proper way to maneuver through a work
area, regardless of devices used?

Be able to maintain speed to get by it quickly

Slow down when first sighting the zone, then pick up

speed in passing the zone

Slow down and proceed with caution until through the
area completely

Do you have any other comments or complaints about the devices you
have seen or any others, as well as work zone traffic contrel in
general?

Part C

cl.

c 2.

C 3.

C 4.

C 5.

C 6.

c 7.

Please respond to these statements expressing your own feelings.
Use the following scale:

1. Strongly agree
2. Agree

3. Undecided

4. visagree

5. Strongly disagree

I have the ability to control my autamcbile at high speeds.

1 2 3 4 5

Because of the sturdy construction of my vehicle, I feel safe driving
at any speed.

1 2 3 4 5

I like to drive at relatively high speeds.

1 2 3 4 5

I like to pass cars when driving at relatively high speeds on
two-lane roads.

1 2 3 4 5

When avoiding a hazard, I steer around it rather than use my brakes.

1 2 3 4 5

I believe traffic regulations are designed for unskilled drivers.

1 2 3 4 5

From time to time, I enjoy finding myself in a situation that
challenges my driving skills.

1 2 3 4 5

YOU FOR YOUR HELP



the earlier tests and Steps 1 and 2 tests, an empirical
“bridge’’ was created by testing several devices reported in
Appendix D in the current setting.

Treatments

A total of 38 treatments were selected for testing. They
were randomly assigned to array 1 or array 2. Each device
tested is given in Tables F-10 and F-11.
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F-10 and F-11 indicate, however, sufficient data were gath-
ered for analysis and interpretation of all experiments.

Subjects

Paid drivers were solicited using the methods described in
Step 1 testing. A total of 254 usable subject data sets were
collected. Table F-12 gives pertinent subject characteristics.
Subjects were distributed among age groups, but the oldest

Table F-10. Step 2 test treatments.

Number
Size Reflective Subjects
(height in Reflective Area Number Mounting Completed
Cones inches) Material (incheszl Bands Position Spacing Day m
Array 1 28 Illuminated 69 1 H R 4 8
28 MW 138 2 H R 2 7
28 Vinyl-W 138 2 H R 6 5
28 Vinyl-W 207 2 N/A R 7 8
28 3IM-W 207 3 N/A R 0 8
28 Vinyl-W 207 3 N/A D 8 8
36 Vinyl-W 207 3 N/A R 8 7
28 Poly/Vinyl-W 207 3 N/A R 7 8
28 Poly-W 207 3 N/A R 6 7
Array 2 28 Vinyl-W 138 2 I - R 7 6
28 Vinyl-W 207 3 N/A R 6 8
28 Poly-Y 207 3 N/A R 0 7
18 Vinyl-W 207 2 N/A R 0 7
28 Vinyl-W 207 3 N/A % 6 8
36 Vinyl-W 207 3 N/A R 8 8
36 Vinyl-W 207 3 N/A D 7 8
Tubes (inches)
Array 1 42 Vinyl-W 12 2 H R 7 5
42 Vinyl-W 12 2 L R 4 8
42 Vinyl-W 12 1 L D 7 8
28 Vinyl-W 12 1 H R 0 6
28 Vinyl-W 12 1 L % 8 6
28 Vinyl-W 12 2 H R 0 8
42 3M-wW 12 1 L R 5 8
42 Poly-W 12 1 L R 8 8
42 Poly-Y 12 1 L R 7 5
42 Poly/Vinyl-W 12 1 L R 7 8
Array 2 42 Poly-Y 12 1 H R 4 8
42 Vinyl-W 12 1 H R 6 5
42 Vinyl-W 12 1 L R 7 1
42 Vinyl-W 6 1 H R 0 7
28 Vinyl-W 12 1 L R 0 8
42 3M-Y 12 1 L R 8 8
28 Vinyl-W 12 1 L D 7 8
42 Vinyl-W 12 1 & % 6 7
Spacing: Color:
R = regular speed limit spacing, i.e., 55’ center to center W = White

% = half speed limit spacing, i.e., 27.5' center to center

Y = Yellow or Amber

D = double speed limit spacing, i.e., 110" center to center

Mounting Position:

H = High (3 inches from top)
L = Low (3 inches from bottom) 3m

Problems

Two problems arose during testing which constrained the
final data set. The approach to array 1 involved a vertical and
horizontal curve approximately 6,000 ft before the taper.
Because of the upgrade, drivers rarely accelerated hard
enough to get the instrumented car to cruising speed by the
time speed zone 1 was entered. The result was that approach
speed (zone 1) to array 1 is not representative of highway
driving and those data could not be used.

Second, testing was conducted in January and several days
were lost to inclement weather. Testing was slightly behind
schedule when the roadway was ready to be opened for
public use. Therefore, several treatments were not tested in
the daytime, and subjects lost because of ‘‘no-shows’ or
instrumentation malfunction could not be made-up. As Table

Reflective Material:

Vinyl = Reflexite (currently used)

= 3M type |11 (high intensity grade)
Poly = Reflexite polycarbonate high intensity

Table F-11. Step 2 “*bridge’’ treatments.

Treatment Number Subjects Completed
(All tested in Array 2) Day Night
12" x 24" panel — Type || sheeting 7 8
2 rail (8" x 4" rails) — Type |l barricade-
Type Il sheeting 8 7
2 rail barricade — Type Il| sheeting 7 8
1 rail barricade — Type |l| sheeting 7 8
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Table F-12. Subject characteristics.

Characteristic Number Percent
Sex

Male 132 52

Female 122 48
Age

Under 21 42 16.5

21-40 147 57.9

40-60 48 18.9

Over 60 17 6.7
Driving Experience

Less than 1 year 6 24

1-2 years 11 4.3

3-5 years 39 15.4

More than 5 years 198 78.0
Type of Driving

Mostly city 40 15.7

Mostly highway 13 5.1

A little city & highway 84 33.1

A lot of city & highway 114 449

Drive infrequently 3 1.2

and youngest categories were approximately 10 percentage
points lower than targeted. There is no reason to suspect this
confounds results in any way, particularly because there is a
standard legibility measure for all subjects. The female-male
distribution (48 to 52 percent) is adequately close to the 50-50
percent target. Fewer “‘new’’ drivers than desired partici-
pated, but more subjects were experienced in city and high-
way driving.

The legibility distance measure is a very rough gauge of
visual functioning among subjects. An analysis of variance
(ANOVA) was performed comparing legibility distance
across treatments and day vs. night. No differences emerged
between treatments. The F-ratio from the ANOVA was 0.97
with 1 and 196 degrees of freedom (F = 0.97, 1/196 df). This
is statistically insignificant, indicating general equivalence
of the subject groups. As expected, daytime was signifi-
cantly greater (0.001 level) than nighttime legibility distance
(F = 51.15, 1/196 df).

Experimental Results —Cones

Each experiment is described separately. Only cone data
are discussed first so that the continuity of the findings is not
interrupted by switching between devices. The numbering
and order of experiments follow that in Table F-9.

Experiment | —Reflective Area

The hypothesis tested was: There is no difference between
138 in.” and 207 in.? of reflective collar area. Figure F-14
depicts the three dependent variables for day and night con-
ditions. ANOV A results indicate:

1. No statistical difference in speed between treatments or
between zones, day or night.

2. Lane change—a significant (F = 10.16, 1/48 df, p <
0.01) difference between day and night, but no statistical
difference between collar sizes.

3. Detection distance—a significant day/night difference
(F = 62.9, 1/48 df, p < 0.001), but no treatment difference.
4. Both treatments meet the DSD criterion.

These results indicate that when attending to the total driving
task, not just looking for arrays, there is little operational
difference between 138 in.? and 207 in.? of reflective collar
area day or night. In an area where more roadside (distractor)
lighting or oncoming glare is present, the larger size may be
more useful; however, this hypothesis was not tested.

Considering Steps 1 and 2 results a reflective cone collar
area, no less than 138 in.? appears adequate, but a collar area
larger than 207 in.” appears unnecessary. This means the
driver should see between 69 and 103.5 in.” of reflective
material.

Experiment 2—Number of Collar Bands

Step 1 tests found three bands preferable to two bands, and
these distinctly superior to one band for anything over 138
in.? Logistics and economics of collar installation and cost
dictate that the smallest number of bands will be the most
economical. In this experiment 2-band and 3-band configura-
tions were compared.

Figure F-15 displays the results. ANOVA statistical find-
ings are:

1. There is a significant day-night difference in lane
change and detection distance favoring daytime.

2. Lane change—differences are not significant; how-
ever, the night difference favoring 2 bands is operationally
considerable.

3. Detection distance—2-band cones had significantly
greater detection distance day and night (F = 9.48, 1/28 df,
p < 0.01).

4. Two-band cones met the DSD criterion day and night;
3-band cones met it only at night.

5. Speed—no differences, although 2-band cones elicited
consistently (albeit slightly) lower speeds.

In day, as expected, but also at night, the 2-band out-
performed the 3-band cones. Therefore, two bands appear
preferable on cones.

Experiment 3—Reflective Material and Color

Five reflective materials and two colors were compared
in this experiment. Figure F-16 shows the results and
Table F-10 describes the treatments. All the reflective
materials used are high intensity and are minimum reflective
2 or 4 materials as defined in Federal Specification L-S-300C
(26).

Findings from the ANOVA are:

1. Speed—no difference between speed zones or
materials/colors during the day.

2. Speed at night is not different between zones, but there
is a difference between materials (F = 8.18, 5/126 df, p <
0.01). From Figure F-16 it is seen that poly-yellow and poly-
white are the high and low extremes accounting for this
result.

3. Lane change shows only a significant day—night differ-
ence (F = 19.93, 1/56 df, p < 0.01) but the difference between
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reflective materials and the interaction term are both in the
p < 0.10 and > 0.05 range, suggesting there may be dif-
ferences between specific treatments. In the day, the poly-
white collar is different from the other treatments (t = 2.04,
11 df, p < 0.05). At night, poly-yellow, 3M-white, and
poly/vinyl-white are not statistically different. Only the poly-
yellow is different (t = 1.90, 13 df, p < 0.05) from the three
lowest materials; illuminated cone, vinyl, and poly-white.

4. Daytime detection is high, over 4,000 ft, except for the
illuminated cone, which is inexplicably low, Legibility and
driver characteristics (e.g., age) were not unusual. There was
considerable overcast and this may have had a negative ef-
fect on the illuminated cone daytime distance.

5. Detection distance at night finds a significant F-ratio
between treatments (F = 6.9, 5/39 df, p < 0.001). The four top
materials (see Fig. F-16) are significantly different (e.g., t
between 3M-white and poly/vinyl-white = 2.81, 13 df, p<
0.01) from the lower two.

6. All treatments at night met the DSD criterion, while in
the day poly-white and poly/vinyl/white met the criterion.

In terms of reflective material, the polycarbonate in yellow
is the most consistently high at night. All six materials meet
the decision sight distance (DSD) criterion (i.e., over 95.44
percent (2 standard deviations) of drivers detect devices at
1,000 ft or greater).

Experiment 4 —Band-Mounting Position

Band-mounting position appears to affect perception of
cones, but the effect was not overly strong or clear in Step 1
and clarification was desirable.

Figure F-17 shows the data. ANOVA shows that:

1. Speed—no statistically significant differences.

2. Lane change—no statistically significant differences.

3. Detection distance—no daytime differences, but a
substantial day-night interaction (F = 48.45, 1/20 df, p <
0.001). At night low is seen further away than high. A t-test
of the night difference was significant (t = 1.77, 16 df.
p < 0.05).

4. Both treatments met the DSD criterion day and night.

Low mounting (3 in. from cone bottom) one of the two
bands improves detection distance but has no effect on lane
changing. However, the impact of mounting position on dirt
accumulation has not been considered in this project.

Experiment 5—Cone Spacing

Appendix D findings of a consistent trend but no statistical
significance among the one-half, regular, and double-speed-
limit (SL) spacings suggested this variable should be studied
further. Figure F-18 displays the data graphically. ANOVA
supplemented with t-tests between pairs of treatments led to
the following results:

1. Speed—there were no statistically or operationally
significant differences between zones or spacing treatments.
2. Lane change—in the overall ANOVA, the day/night
factor was marginally significant (i.e., p > 0.05 and < 0.10).
The greater one-half speed limit (SL) distance accounts for
this result. T-test also indicated that the one-half speed limit

at night is significantly (p < 0.05) greater than the regular SL
condition.

3. Both spacing (F = 10.38, 2/84 df) and day/night (F =
95.4, 1/84 df) factors were significant (p < 0.001) for detection
distance. The one-half SL at night condition was detected
significantly farther away than the other two treatments. In
daytime, the one-half and regular speed limits were detection
distances significantly greater than the double-speed-limit
treatment.

4. At night only the one-half SL condition met the DSD
criterion; in daytime all treatments met it.

Here then is statistically stronger and operationally more
emphatic evidence than presented in Appendix D that the
one-half speed limit spacing does impact driver behavior.
Because there is no difference between the regular and
double-speed-limit conditions, the use of one-half speed limit
in the taper and double-speed-limit spacing in the tangent
should be considered. If traffic speed is maintained, the per-
ception of a continuous work zone is maintained. However,
if speed slows, driver perception will change because so
much time elapses between devices. Hypothetically, weav-
ing in and out of the closed lane could become a problem. The
exact speed at which this will occur is not known, but it is
probably a function of perception and driver personality
(e.g., in a hurry).

Experiment 6 —Cone Size

There were few cone size differences in Step 1 and this
experiment was to verify that finding.

The first comparison was between 28-in. and 36-in. cones
with the 3-band collars. In Figure F-19 day performance is
significantly better than night, as anticipated. The 800-ft
mean difference in daytime detection is marginally signifi-
cant (i.e., t = 1.54, 12 df, p > 0.05 and < 0.10), with the 36-in.
cone seen farther away, as expected. Both the 28-in. and
36-in. cone means are over 4,000 ft from the taper; however,
the variance around the 36-in. cone is much smaller. The lane
change data are virtually the reverse of the detection result:
28-in. cones outperformed 36-in. cones. The reason for this
reversal is not immediately obvious. The consistency of re-
sults for night and detection distance suggest the reversal is
a random artifact.

As shown in Step 1 tests, device size is relatively im-
material at night: drivers respond to amount of reflective
material. That phenomenon was also demonstrated in this
experiment.

A second comparison was between 18-in. cones with two
bands and 28-in. cones with 2-band, low-mounted collars. At
night there was no lane change difference between any of the
sizes tested. In detection terms the 18-in. and 28-in. low
cones were marginally different statistically (t = 1.67, 11 df,
p > 0.05 and < 0.10) but were seen over 800 ft farther away
than the high mounted 28-in. and 36-in. cones. Low mounting
was found earlier to make a minimal difference; thus the large
separation in this experiment is consistent but somewhat
unexpected.

Overall this experiment indicates cone size has no bearing
on driver response at night. In the daytime the larger cone is
detected farther away and has smaller performance variance,
but both 28-in. and 36-in. cones can be seen over 4,000 ft
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away. The DSD criterion is met by the 28-, 28 (L)-, and 18-in.
cones at night and the 36-in. cone in the day. Lane change is
not statistically different but operationally favors the 28-in.
cone. Speed differences are again inconsequential.

Experimental Results —Tubes

The data for tubes from the same six experiments are
discussed in this section.

Experiment | —Reflective Area on Tubes

From Step 1 tests it was rather clear that the 12-in. reflec-
tive collar was superior to 6-in. reflective collars. Because
this represents a change from current practice, the finding
was examined in Step 2.

Figure F-20 shows the results for 6-in. versus 12-in. high-
mounted reflective collars on 42-in. tubes. There was no
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diffference in lane change. The 12-in collar was detected
significantly (t = 2.59, 10 df, p < 0.025) farther away than the
6-in. collar. Both treatments met the decision sight distance
(DSD) criteria. Where sight distance is over 2,500 ft, the
12-in. collar is superior; under that distance, a 6-in. collar is
sufficient.

The nighttime speed difference was marginally significant
(t = 1.48 and 1.38, 10 df, p > 0.05 and < 0.10) with the
6-in. collar resulting in slower speeds in taper and tangent
sections.

Experiment 2—Number of Bands on Tubes

The finding that two bands on cones but one band on tubes
was most effective was not readily explainable in Step 1. Step
2 attempted to replicate that finding.

Figure F-21 shows the data giving consistent replication
for the higher performance of 1-band collars on tubes. Sta-
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tistically, ANOV A and t-test found that even though there is
wider separation in speeds than for most treatments, the
overall differences were not significant. The difference be-
tween one and two bands is significant (F = 6.73, 1/48 df,
p < 0.05) for point of lane change and detection distance
(F = 8.96, 1/48 df, p < 0.01). Daytime detection distance is
significantly greater than nighttime (F = 67.6, 1/48 df, p <
0.001). The 1-band configuration meets the DSD criterion on
the 28-in. tube in the daytime; other treatments do not meet
the criterion.

Experiment 3—Reflective Material and
Color on Tubes

In Step 1 tests, reflective materials produced somewhat
different results on cones and tubes. Further test of the im-
pact of materials and colors, specifically on tubes, was con-

sidered important in Step 2. Two colors (white and yellow)
were tested in the polycarbonate (Reflexite) and high in-
tensity Scotchlite (3M) materials. In addition, the vinyl
(Reflexite) and a combination (6 in. each) of polycarbonate
and vinyl were included in the tests for a total of six
treatments.

Figure F-22 shows the results. The ANOVA and t-test
statistics showed that the vinyl and polycarbonate in white
and yellow gave significantly (F = 13.09, 1/28 df, p < 0.01)
better lane change performance during the day, but at night
the differences were not significant. Detection distance in the
daytime averaged over 4,500 ft for all materials except the
3M white. Those same materials readily met the decision
sight distance criteria. No differences appear between ma-
terials at night, but the yellow color is significantly better
than the white (F = 21.29, 1/28 df, p < 0.001) in the same
material (poly and 3M). Note, however, that there is no
statistical difference between the white vinyl and yellow ma-
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terials. The poly/vinyl combination and poly yellow do not,
while the remaining treatments do, meet the DSD criterion.
The change in speed across zones was not significant and no
difference between colors was evident. There were signifi-
cant speed differences between the materials day and night.
Because the speed changes were slight through the work
zone these differences do not seem to be operationally very
meaningful.

Generally, the yellow color shows advantages over the
white, although not as consistently as in the case of cones. In
terms of reflective materials, all three (vinyl polycarbonate,
and 3M) have pros and cons; none consistently outperforms
the others on all measures day and night.
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Experiment 4 —Band Mounting Position

The Step 1 result that reflective bands placed low on
the tube were superior to high-mounted bands required
confirmation.

Statistically, there were no differences in mounting posi-
tion in the daytime. At night, neither the differences for lane
changing (t = 1.11, 38 df) nor detection distance (t = 1.31, 38
df) was significant. The only condition that did not meet the
DSD criterion was the low mounting at night. Figure F-23
shows the results. No differences in speed between treat-
ments or zones were found.

Even though the Step 1 tests found the low mounting supe-
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rior, adding additional task loading on the subjects appears to
have reduced the difference to the point that the high mount-
ing, although not seen quite as far away at night, shows less
variability in detection. Thus, the high mounting seems
slightly more appealing from a driver response perspective.

The low-high mounting question stems from European
findings (discussion between the authors and J. Godthelp of
the Institute for Perception, The Netherlands, May 1980)
suggesting low mounting as an aid to detecting path curva-
ture. Such curvature is not present in the lane closures used
in this project. Further exploration of the low mounting on
cones and tubes in lane diversion settings may answer this
question more clearly.

Another question beyond the scope of this project is the
impact of mounting position on dirt accumulation and corre-
sponding visibility/reflectivity decrement.

Experiment 5—Tube Spacing

Regular, half, and double speed limit (SL) tube spacing
(55 ft, 27.5 ft, and 110 ft, center to center) were tested using
28-in. and 42-in. tubes. Figure F-24 shows the data. ANOVA
tests confirm the graphic presentation. There are no statis-
tical or operationally significant differences between the
three spacings in the daytime. All three met the DSD crite-
rion. The lane change data at night are significantly different
(F = 67.8, 2/42 df, p < 0.001), with the regular spacing being
considerably separated from the half and double spacing. At
night the detection differences are not statistically different.
The half and regular spaced devices meet the DSD criterion,
but double spaced devices do not.

In general, results of this experiment are only somewhat
consistent with the tests reported in Appendix D. In the
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daytime the spacing has little influence. At night the double
spacing is less effective than regular spacing, as expected.
The half spacing shows a slight decrement, not the hypoth-
esized increase, compared to the other spacings. These find-
ings are really inconclusive in terms of supporting a half in
taper/double in tangent spacing scheme for tubes. However,
other results do support the half in taper/double in tangent
spacing for cones.

Although double spacing would not be excluded as an
operational option by these data, an important constraint
should be noted. All drivers had unblocked sight distance
(i.e., they could see the entire array) and were travelling
quite near a speed limit pace. In a traffic situation where a
driver could not see the array ahead and was going much
slower, the time between devices would appear long. The
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result could be a greater probability of drivers thinking the
work zone was over and pulling into the closed lane. Even if
all drivers immediately recognized the mistake and returned
to the through lane, the risk to construction workers and
equipment would be substantially (and unnecessarily)
increased.

Experiment 6 —Tube Size

Step 1 found daytime, but only slight nighttime differences
between the 18-in. and 42-in. tubes. This experiment further
tested the effect of device size.

Daytime findings are in the expected direction, with 42-in.
tubes being seen farther (but not significantly) away and lane
change being significantly (t = 1.87, 25 df, p < 0.05) greater.
This is reflected in Figure F-25.
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At night the findings are reversed. The 28-in. tubes were
significantly superior to the 42-in. tubes in lane changing
(F = 12.12, 1/60 df, p < 0.001). Detection distance was mar-
ginally different statistically (F = 3.48, 1/60 df, p > 0.05 and
< 0.10) with the 28-in. tubes holding the advantage. Both
sizes meet the DSD criterion day and night. Earlier results
indicated that the reflective material and area, not device
size, control driver response at night. This does not contra-
dict that finding, but the 28-in. and 42-in. tubes were not as
equal at night as expected.

Reasons for the nighttime differences are not evident. The
differences between legibility distance scores were not
significant. Anomalies in test subjects, weather, roadway, or
device conditions were not a factor judging from the experi-
mental log.

Considering the Step 1 and Step 2 results, the 42-in. tube
is somewhat superior in the daytime but at night the two sizes
with the same reflective treatment can be considered equally
effective. When vehicle mix (i.e., cars, trucks, buses) is con-
sidered, the taller tubes may be more visible in daylight from
higher vehicles. This should be verified with further testing.

Experimental Results —Other Tests

Experiment 7—Appendix D and
Optimization Study (Bridge) Comparison

The 12" x 24" panel and 8" x x 24" Type 11 (2 rail) barricade
were tested in (App. D) (Pennsylvania site) and in this optimi-
zation study (Virginia site) to determine if there was any
basis for comparing results from the two studies. Table F-13
gives the results of a comparison of mean array detection and
point of lane change data using t-tests. Although data were
not complete, 28-in. cones and 42-in. tubes were compared
where possible.

There is only partial support for concluding that the two
sites are comparable. In terms of measures, detection dis-
tance appears more consistently comparable. Lane change
is generally not comparable. The vertical curvature of
the Pennsylvania site may have inhibited lane changing
somewhat compared to the flat Virginia roadway. From a
device perspective, theType II barricade data are not
comparable and generally the optimization study data are
lower than the values from Appendix D (Pennsylvania site).

Detection distance data from the two sites appear directly
comparable. Lane change data can be compared but with the
qualification that the current study figures are consistently
higher than Appendix D values.

Table F-13. Comparison of Task 4 (App. D and
optimization) data for selected devices.

Array Detection Lane Change
Day Night Day Night
12"x24" Panel v v

8"x24" Type II
Barricade

28" Cone ¥ v ND
42" Tube v ND ND ND

= No statistical difference.

v
ND = Non-comparable or unavailable data.

Experiment 8a. Unresolved Questions —
Type Il vs. Type III Reflective Sheeting

Two issues were unresolved in Appendix D and an oppor-
tunity was present to collect additional data in Step 2 testing.

The first was a comparison of Type III reflective sheeting
against Type II sheeting on 2-rail 8” x 24" barricades. As re-
ported in Appendix D the vertical curvature of the test site
affected the outcome of the results. The flat roadway avail-
able at the Virginia site allowed a slightly different test of the
two materials. The Type II material was Fasign ‘‘engineering
grade’’ sheeting (specific intensity per unit area (SIA = 70),
and the Type IIT was 3M high intensity sheeting (SIA = 250).

Figure F-26 shows the results. ANOVA tests indicate that
daytime point of lane change and detection is not statistically
different. The higher intensity sheeting resulted in lane
change (F = 8.75, 1/28 df, p < 0.01) and detection (F = 36.7,
1/28 df, p < 0.001) significantly farther from the taper than the
engineering grade sheeting. Both types of reflective material
met the DSD criterion. There was a significant difference in
overall speed day (F = 4.24, 1/48 df, p < 0.05) and night
(F = 4.61, 1/56 df, p < 0.05) between the two intensities but
no difference across speed zones.

These findings show that there is a difference in driver
response to the two reflective intensities tested on barri-
cades. However, the flat, straight nature of the Virginia site
must be kept in mind when using these results; particularly
in view of the decreased performance shown by higher in-
tensity sheeting in Appendix D with vertical curvature.

Experiment 8b. Unresolved Questions —
One- vs. Two-Rail Barricades

Barricades of one or two 8" x 24" rails having high intensity
(SIA = 250) reflective sheeting on them were compared in
this experiment. Appendix D experiments made this compar-
ison using lower intensity (SIA = 70) sheeting and the differ-
ences between the two types of barricades were not conclu-
sive. Therefore, supplementary data were considered useful.

Figure F-27 plots the data. ANOVA tests confirm what is
evident in the graphs. Daytime lane change is the same for
both treatments. Daytime detection is marginally different
(t = 1.75, 13 df, p < 0.10 > 0.05). Day vs. night detection
results are statistically different (F = 16.56 and 5.66, 1/28 df,
p < 0.05). Two-rail device detection and lane changing are
significantly farther from the taper at night. None of the
speed comparisons are significantly different. Except for the
one-rail day condition, the devices meet the DSD criterion.

The evidence from this experiment suggests that the ad-
ditional reflective area at night has an impact on per-
formance. However, the daytime impact is much less
pronounced.

Experimental Results —Panels, Barricades,
Cones, and Tubes Compared

Because the Appendix D and the current study ‘‘bridge’”
data (experiment 7) did not totally agree, a comparison of
the most effective cones (poly-yellow, 269 in.2, 3 band) and
tubes (poly-yellow, 12-in. band, low mount) with other
devices tested in this appendix is instructive. Figure F-28
shows the differences. Analysis of variance showed that lane
changing was not different statistically. This is apparent if the
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Type I1I reflective sheeting barricade is ignored. Then all the
values, day and night, cluster.

There was a significant difference in detection distance
between devices (F = 11.65, 4/70 df, p < 0.001). Although
there are no day/night differences, the interaction of
day/night and devices is significant (F = 3.08, 4/70 df, p <
0.05). Examining Figure F-28 shows the reason for the inter-
action. Cone and tube detection is very high (= 4,500 ft) in
the day, whereas barricade detection is considerably lower.
At night the barricade with Type III sheeting improves con-
siderably, while cones and tubes decrease slightly. Panels
and Type II sheeting barricades change little. All devices
met the DSD criterion at night. In the day only the panels
and barricade with Type III sheeting did not meet the DSD
criterion.

Relative to the findings described in Appendix D, a most
important difference to note is that cones and tubes are
highly detectable in the daytime, and their performance re-
mains comparatively high at night. This nighttime perfor-
mance is quite superior to the cone and tube performance in
Appendix D and suggests that the optimization process de-
scribed in this appendix achieved the intended objective.

The devices had the same general effect on speed as found
in Appendix D. Speed was significantly reduced from the
before work zone (5,000-5,800 ft from taper) to the pretaper
area (300-1,100 ft), but no further change occurred through
the work zone. Table F-14 gives the data and t-test results.
Thus cone and tube device arrays alone generally reduce
mean speed in the vicinity of 1.5 mph. Once the initial speed
adjustment is made, further change is slight.

Experimental Results —Driver Questionnaire

Results from the ‘questionnaire shown in Exhibit F-2
served three purposes: (1) determine subjects subjective
reactions to the treatments they saw in the test; (2) compare
device types; and (3) obtain driver perceptions about work
zones in general. Also subject comments and ideas often
shed light on quantitative data.

Reactions to ConelTube Treatments

Questions B1, B5, and B6 were tallied by treatment.
Because the majority of responses were in the two top or
““best’’ categories on all three questions (see Table F-15),
only a very crude criterion could be used to discriminate
between treatments. Therefore, any treatment which had
more than two responses outside the top two ratings in each
of the three questions was considered less adequate than
other devices. A 28-in. cone with white high intensity sheet-
ing (3M), 28-in. cone with three bands of vinyl sheeting,
42-in. tube with double spacing, and 42-in. tube with poly-
yellow sheeting were the only devices so rated. There is no
evident pattern or commonality among these devices.

The important finding is the consistently high ratings elic-
ited by the various treatments across all devices tested.

In addition to ratings, written comments were solicited in
the questionnaire. The most typical responses are noted for
each question:

Question B 2—Can you note one feature about each set of
devices that you liked?
Response — Visibility, brightness, reflectorization, clear-
ness, cleanness. - :
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Table F-14. Mean speed (mph) behavior at array 2 (pooled
across devices).

Location Day Night
Before (5,000-5,800 feet
before taper) 56.2 56.1
. t = 3.07 t = 2.67
198 df 198 df
p < .01 p < .01
Pre (300-1,00 feet) 54.7 54,7
NS }NS
Taper 54.8 54.1
Jus }Ns
Tangent 53.9 54.2

NS = Not Significant

Table F-15. Summary of driver treatments ratings, at
night (in percent).

Question Rating Caones Tubes Other
8, Overall Device Adequacy Lo 2.2 15 3
2 28 36 3
3 122 9.6 8.7
4 45.2 46.6 51.0
Hi 376 38.7 343
55 Adequacy for Distant Detection Lo 9 0 0
2 16.1 125 65
3 35.3 426 435
Hi 48.7 449 50
8¢ Adequacy for Guidance
Through Array Lo k:] 8 [\]
2 96 14.2 62
3 339 331 46.9
Hi 55.6 51.9 469

Question B 3—Can you note one feature about each set of

devices that you disliked?
Response—Devices placed too close to open lane,
couldn’t tell how many lanes were blocked; at far distance
array seemed to block whole road; the 28-in. cones and
tubes not high enough; need advance warning (signs, etc.);
too bright, not bright enough.

Question B 4— What feature about these devices best told

you to change lanes?
Response —Placement in taper, gradual taper, brightness.

Question B 7— What changes would you make in the devices

to improve what they are trying to convey?
Response —Relatively few of the change options were
selected.

Compare Device Types

Panels, barricades, tubes, and cones were compared. No
major differences in mean rating for these devices day or
night in overall adequacy, advance detection, or path guid-
ance adequacy were found. As with the behavioral data cone
and tube performance did not change at night as it did in the
closed-field (App. D) study. This further confirms that the
design optimization process has had a positive effect.

Driver Perceptions of Work Zones in General
In the following the percentage of Step 2 subjects checking,

each response is given for each question:

Question B 8 —How do these devices affect your driving
when you see them out on the highway protecting a work
area?
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Response —
Night Day
8.4 11.1 Change lanes earlier
323 26.4 Change lanes later
13.2 14.5 Lower my speed until past them
23.0 24.9 Lower my speed at first, then pick it
up near them
23.1 23.1 Keep up same speed

Question B 9—What do you think is the purpose of these
devices around work areas (Check all that apply)?

Response —

Night Day
33 3.5 Give early warning of lane closed

ahead

15.2 14.1 Slow down traffic

28.2 30.0 Speed up traffic

25.6 25.9 Maintain speed

18.5 15.4 Guide traffic around work area only
9.2 11.0 Protect workers in work area and

keep cars out

Question B 10— What do you think is the proper way to
maneuver through a work area, regardless of devices used?

Response —
Night Day
9.6 10.3 Be able to maintain speed and get by
it quickly
9.6 6.6 Slow down when first sighting the
zone, then pick up speed in passing
the zone
80.8 83.1 Slow down and proceed with caution

until through the area completely

Perhaps the most interesting outcome from these ques-
tions is the divisiveness of the responses. Drivers do not have
a ‘“‘norm’’ or generally acknowledged behavioral expectation
at work zones. Once the traffic engineering community
decides what behavior(s) is most desirable it should be com-
municated to enforcement, driver improvement (licensing),
driver educators, and truck/bus operators for dissemination
to the driving public.

Question B 11 —Do you have any other comments or com-
plaints about the devices you have seen or any others, as well

as work zone traffic control in general?
Response — Warn of rough road in construction areas; dis-
like flashing lights in long work zones, distracting; want
more advance warning; taper should have solid barrier to
protect workers.

In summary, driver opinions generally confirm the behav-
ioral data: The devices tested in Step 2 are considered ade-
quate by over 80 percent of drivers. In general drivers do not
have a standard or generally accepted expectancy for driving
behavior through a work zone. This is particularly true for
speed control.

SUMMARY AND CONCLUSIONS

On the basis of the preceding experiments, several design
suggestions for cones and tubes can be offered. By incor-
porating these suggestions in cone/tube design, driver re-
sponse to these devices can be substantially improved at
night without daytime decrement. Tables F-16 and F-17 sum-

marize the various findings and state design and use guide-
lines based on the findings.

Several qualifying factors should be noted about these re-
sults. First, only cars were used in the closed-field testing.
The effect of truck/bus eye heights on these findings is not
known. Second, unique designs or modifications to tubes and
cones can be readily designed (e.g., wider tubes, flat reflec-
tive panels inserted in cone or tube.tops at night, light
mounts, cones or tubes with one side flat) but were not within
the scope of this project. Third, not all problems noted in the
user survey were addressed by this project. Stability, dura-
bility, storage (stacking), and vandalism, although obviously
important, were not considered. ’

In conclusidn, the result of the Steps 1 and 2 testing is a set
of design guidelines which produce cone and tube configura-
tions that are detectable at a distance of 3,000—4,000 ft at
night and 4,000-5,000 ft in the day; that meet the decision
sight distance criterion; that elicit lane changing 800-1,600 ft
before the taper; and after eliciting an initial speed reduction
(=2.5-3.5 percent) have minimal effects on speed from 1,100
ft prior to the taper through the tangent section.
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Table F-16. Summary of findings and design/use guidelines for cones.
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Parameter

Reflective Area

Number of Bands

Band Mounting
Position

Reflective Material
and Color

Device Spacing

Cone Size

Findings

e Decrement in performance below 138 in.2
but no significant increase in performance
above 207 in,

o The 138 and 207 in.2 areas met the Decision
Sight Distance {DSD) criterion.

e Step 1 tests showed recognition and detection
distance significantly higher for 207 in.

o Step 2 test lane change and detection distance

differences between 138 and 207 in.2 were
non-significant but favored the 207 in2,

o Step 1 clearly favored 3 bands at night.

o Two bands gave significantly better detection
results in Step 2, day and night.

e Lane change differences were not significant
but favored 2 bands at night.

® 2 and 3 bands met the DSD criterion.

@ Less than 2 or more than 3 bands degrade
performance.

o Minor differences in Step 1 tests for 2 band
configuration.

o No lane change differences.

o Low mounting was detected further away
at night.

o Both positions met the DSD criterion day
and night.

e Polycarbonate in yellow was the most consistently
high material at night.

o All six materials tested in Step 2 met the DSD
criterion at night,

o The illuminated cone and vinyl did not meet DSD
in the day.

e The illuminated cone was detected far away but
showed lowest lane change distance—some drivers
confused these devices with car taillights.

® 1/2 speed limit (SL) spacing was significantly
superior to regular or double SL spacing at night
for detection and lane change.

® Only 1/2 SL met the DSD criterion at night.

@ All spacings met the DSD criterion in the day.

® 1/2 and regular SL spacing were detected further
away than double in the daytime.

‘® There was no difference in lane changing during

the day.

@ 18" cones show a 25-33% loss in detection when
a 10" collar is in place during the day.

o The larger the cone, the further away it was
detected in the daytime.

e Lane change in the day was better for the 28"’
cone.

o There were no lane change or detection differences
due to size at night,

Design/Use Guidelines

An area in the 150-200 in.2 range
appears optimum.

Two or thrée bands are acceptable,
with two bands preferred.

A top band starting 3 inches from
cone top and lower band starting
3-5 inches from the bottom of the
cone appears optimum,

Where long (over 3,000) sight

distances are available the materials

most appropriate are:
Polycarbonate-yellow (Reflexite)
Poly/vinyl combination (Reflexite)
Polycarbonate-white (Reflexite)
Illuminated cone

For shorter sight distances (under

3,000) the following are equally

appropriate:
High Intensity {3M) White or Yellow
Vinyl (Reflexite)

1/2 SL spacing can be used in the
taper to increase detection and lane
change behavior at night. Double
SL spacing can be considered in
tangent applications.

At night the cone size is relatively
immaterial as long as it can support
the suggested reflective area, band,
and mounting position values.

In the day 28" or 36" cones are
suggested for high speed (45 or
more mph) operations.

This is analogous to a current
single 12’ to 14" cone collar.

A minimum of 3 inches should
separate the bands.

Comments

Use of double SL has possible
negative safety implications noted
but not studied in this project.

During the day cone size and

color contro! perception; at night
amount and type of reflectorization
control.
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Table F-17. Summary of findings and design/use guidelines for tubes.

Parameter

Reflective Area

Number of Bands

Band Mounting

Position

Reflective Material
and Color

Device Spacing

Tube Size

Findings

® The 12" collar is significantly better in
detection distance than 6" but there is no
useful improvement over 12 inches of collar
at night,

© 6 and 12" collars meet the DSD criterion.

® There are no differences in point of lane
change between areas.

o Daytime detection, recognition, and lane
change are not diminished by the 12" collar.

® One band was Tonsistently significantly
superior to two bands on lane change and
detection distance measures day and night.

® The DSD criterion was met in the day by
1 but not 2 bands.

@ Only the 2 band on 28" cones at night met
the DSD criterion.

o No differences in the daytime, lane change or
detection distance.

® No lane change or detection differences
statistically at night; however, low mounting
had consistently higher values.

® DSD criterion met by both positions in the
day but only by the high mounting at night.

o Of the six treatments tested all except the
High Intensity (3M) in white meet the DSD
criterion in the daytime.

® Yellow was generally superior to white at night.

o Differences between materials were not
significant.

o Two of the six treatments {polycarbonate-yellow

and poly/vinyi} did not meet DSD criterion at
night.

o No daytime differences.

o DSD criterion met by all three spacings in the day.

® Lane changing is significantly further away for
regular spacing at night.

o Detection at night is not statistically different
but the lower distance for double spacing is
consistent with earlier results.

® 1/2 and regular SL spacing meets the DSD criterion,

® 42" superior in the daytime, especially for lane

changing.

® 28" superior at night, especially for lane changing.
® All devices met the DSD criterion day and night.

@ 18’ tube detection and recognition distance
50% less than 28" tube,

Design/Use Guidelines

A collar in the 11-13 inch range
appears optimum,

One band of reflective material.

Use high mounting until additional
evidence available.

Use yellow color with
High Intensity (3M)
Polycarbonate (Reflexite)

There is no benefit for using 1/2 or
double spacing with tubes evident in
Step 1 or 2 findings.

42" preferred in the daytime. At
night any height with a minimum
4'""diameter which supports the
12’ collar should be adequate.

Comments

Low mounting may be more
effective in lane diversion or
detour settings; however, additional
study is necessary for that answer.

Findings were less clear than, but
generally consistent with results
for cones. Same material and color
can be used for cones and tubes.

Reflective surface area, not device
height/size controls at night.
Size is more important in the day.
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