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APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m?®
yd® cubic yards 0.765 cubic meters m?®
NOTE: volumes greater than 1000 L shall be shown in m*
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t*)
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m?® cubic meters 35.314 cubic feet ft*
m® cubic meters 1.307 cubic yards yd?
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t*) megagrams (or "metric ton") 1.103 short tons (2000 |b) T
TEMPERATURE (exact degrees)
“C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m?® candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

According to the National Work Zone Safety Information Clearinghouse (NWZSICH), Arizona
roadways saw 806 fatalities in 2009, of which 17 were in construction or maintenance work
zones (NWZSICH 2009)". Nationally, one work-zone fatality occurs every 10 hours (about 2.3
each day) and one injury every 13 minutes (110 each day) (FHWA 2009a). Motorists nationwide
can expect to drive through an active work zone for every 100 miles driven on the National
Highway System (NHS) (FHWA 2009a). As the roadways age, the frequency of drivers
encountering work zones should only increase.

Transportation agencies have been concerned for years about speed limit compliance in and
around work zones because excessive speeds (which vary according to conditions but may be at
least 10 mph over the posted limit) are a primary cause of work-zone crashes (Wasson et al.
2011; Pigman and Agent 1990). Potentially up to 25 percent of fatal crashes in work zones
involved speeds higher than posted limits. Large speed differentials (high variance) occur at
work zones where speed limits have been considerably reduced from normal speed limits (Hou
et al. 2011).

The Arizona Department of Transportation (ADOT) develops and follows Temporary Traffic
Control (TTC) Plans for work zones, as described by the Manual of Uniform Traffic Control
Devices, or MUTCD (FHWA 2009b), as well as supplemental policies adopted by ADOT. In recent
years, experiments have been conducted nationally using supplemental devices, loosely
described as technology-driven practices. This report focuses on this category of supplemental
work-zone control devices, specifically those aimed at reducing speeding. The report reviews
research done using these devices and discusses its applicability for use by ADOT.

This report also presents the original research conducted using a changeable message sign with
radar (CMSR) at one work-zone location in Prescott, Arizona, on State Route 89. In addition,
findings from a previous extensive study of CMSR use conducted by the South Carolina DOT
(Sarasua et al. 2006) are reported in detail to compare and contrast its results with the original
research in this study. The primary objective here was to investigate whether providing
potential traffic fine feedback (in U.S. dollars) to drivers of speeding vehicles in a work zone
changes their speeding behavior.

In the literature search, researchers investigated five supplemental devices: automated speed
enforcement, drone radar, speed trailers, changeable message signs (CMS), and CMSR. Various

! Methods of counting fatalities differ. Arizona reported 806 fatalities in 2009: 443 drivers, 216
passengers, 122 pedestrians, and 25 pedal cyclists. The number of crashes that resulted in one or more
fatalities was 709. Of these, 320 were single-vehicle crashes and 389 were multivehicle crashes. Rear-end
collision was the most common type of collision, and speed too fast for conditions was the most common
driver violation (ADOT 2010).



researchers found all of these devices were effective in reducing speeding in work zones.
Automated speed enforcement has been very effective in reducing the average speed and
increasing compliance with the work-zone speed limit of all vehicles. Speeds dropped to or
below the speed limit, and the percentage of vehicles exceeding the speed limit dropped to the
6 percent to 8 percent range. Researchers found that automated speed enforcement methods
were comparable to active police presence in the work zone, which is the most effective of any
supplemental method. Downstream effects were also positive (Benekohal et al. 2009; Medina et
al. 2009; Hajbabaie et al. 2009). Arizona has a long history of using automated speed
enforcement (also called automated speed photo enforcement) dating from about 1987. It was
deployed on the Arizona highway system for approximately two years and deemed effective
(Washington et al. 2007), but no studies have been done in Arizona work zones.

Researchers studied other supplemental devices, which are discussed in detail in this report.
Drone radar emits active radar frequencies that trigger radar detectors in vehicles equipped
with them. Overall mean speed reductions of 2 mph were observed for the entire traffic stream,
while vehicles equipped with radar detectors reduced mean speeds from 5 mph to 8 mph
(Eckenrode et al. 2007).

Many researchers studied speed trailers; some reported mean speed reductions from 2 mph to
9 mph (Fontaine and Carlson 2001), which was representative. Also much research has been
done on CMS with highly varied results, perhaps due to the wide variety of messages tested.
Overall reductions in mean speeds ranged from about 2 mph to 5 mph.

In studies of CMSR effectiveness, typically (but not always) the CMSR provided speed feedback
to the drivers via messages such as “YOUR SPEED XX MPH.” Additionally, the speed message was
alternated with another message such as “SLOW DOWN,” “YOU ARE SPEEDING SLOW DOWN,”
“HIGH SPEED SLOW DOWN,” “REDUCE SPEED IN WORK ZONE,” and “EXCESSIVE SPEED SLOW
DOWN.” Overall results of reductions in mean speeds varied, but the greatest reductions were 7
to 8 mph for traffic immediately adjacent to the CMSR.

The research conducted for this study extended the work of prior CMSR research by adding the
dollar amount of the speeding fine to the feedback message. The South Carolina DOT study also
explored a feedback message relating to the speeding fine (Sarasua et al. 2006). In the South
Carolina DOT study, researchers used a static message alternating with the speed of the
approaching vehicle: “MINIMUM FINE $200.” This ADOT study alternated the speed feedback
with the message “POSSIBLE FINE SXXX,” where the dollar amount varied depending on the
speed of the vehicle. As the vehicle slowed (or accelerated), the sign message changed to reflect
the new speed and any resulting change in the amount of the fine.

The South Carolina DOT study showed greater reductions in mean speeds. However, this ADOT
study’s data documented marked reductions in vehicles driven 10 mph or more above the
posted limit.



The speed limit prior to the work zone was 50 mph, decreasing to 35 mph at the beginning of
the work zone, with a 45 mph intermediate step. Before the CMSR was placed in the work zone,
counting 2900 vehicles traveling through the work zone per day, percentages of the vehicles
traveling over the 35 mph speed limit were 83 percent at more than 5 mph over, 51 percent at
more than 10 mph over, 20 percent at more than 15 mph over, 5 percent at more than 20 mph
over, and 0.6 percent at more than 25 mph over the speed limit. When the CMSR was deployed
with its alternating speed and fine feedback messages, these percentages dropped to 63
percent, 31 percent, 10 percent, 2 percent, and 0.3 percent, respectively. In practical terms, that
third figure of 10 percent means that for the free flow volume of vehicles at the site (2900
vehicles per day), the number of speeders traveling at or greater than 50 mph (15 mph over the
work-zone speed limit) was reduced from about 580 vehicles to 291 vehicles—a reduction of
one-half. The number of vehicles traveling at the extreme speed of 25 mph above the speed
limit was reduced from about 18 vehicles to nine, again a reduction of one-half.

In summary, this research indicates that, in the tested Arizona work zone, messages coupling
the speeding fine feedback with alternating vehicle speed provided a slight reduction in mean
speeds and greater reductions in vehicles that, without the feedback, traveled at least 10 mph
more than the posted limit. Based on these findings and the results of the South Carolina DOT
study, the researchers recommend that ADOT deploy in its work zones mobile CMSR with
alternating speed feedback and fine feedback messages wherever practicable.






CHAPTER 1. INTRODUCTION
MOTIVATION FOR THE RESEARCH

In 2009, the Federal Highway Administration (FHWA) reported 667 fatalities nationally resulting
from vehicle crashes in work zones, which represented a decrease of 37 percent from 2005
(1058 fatalities) (FHWA 2011). According to the National Work Zone Safety Information
Clearinghouse (NWZSICH), Arizona experienced 806 total fatalities in 2009, of which 17 were in
construction or maintenance work zones (NWZSICH 2009).2 The downward national trends are
encouraging and can be attributed to many factors, but nationally the numbers are still
alarming: one work-zone fatality every 10 hours (about 2.3 each day) and one injury every 13
minutes (110 each day) (FHWA 2009a).

While the four-year 37 percent decrease is significant, it follows an opposite trend. Previously, a
45 percent increase was experienced for the 10 years ending in 2006. More than 41,000 people
were injured in 2003 as a result of vehicle crashes in work zones, which was an approximate
increase of 40 percent from 1996 (36,000 people injured). According to estimates, more than 20
percent of the National Highway System (NHS) is under construction during the peak
construction season, which will have more than 3,000 work zones. An estimated 12 billion
vehicle miles of travel each year will be through active work zones. Motorists can expect to drive
through an active work zone for every 100 miles driven on the NHS (FHWA 2009a). As the
roadways age, the frequency of drivers encountering work zones should only increase.

Transportation agencies have long been concerned about speed limit compliance in and around
work zones because excessive speeds (which vary according to conditions but usually are at
least 10 mph over the posted limit) are a primary cause of work-zone crashes (Wasson et al.
2011; Pigman and Agent 1990). Potentially up to 25 percent of fatal crashes in work zones
involved speeds over the posted limits. Additionally, a large speed variance coupled with
hazardous work zone conditions (such as the presence of workers, lane closures, and narrow
lanes) can lead to higher crash rates at work zones. Crash rates have been found to increase as
speed variance increases. Large speed differentials (high variance) occur at work zones where
speed limits have been considerably reduced from normal speed limits (Hou et al. 2011).

? Methods of counting fatalities differ. Arizona reported 806 fatalities in 2009: 443 drivers, 216
passengers, 122 pedestrians, and 25 pedal cyclists. The number of crashes that resulted in one or more
fatalities was 709. Of these, 320 were single-vehicle crashes and 389 were multivehicle crashes. Rear-end
collision was the most common type of collision, and speed too fast for conditions was the most common
driver violation (ADOT 2010).



SCOPE OF THIS RESEARCH

The Arizona Department of Transportation (ADOT) develops and follows Temporary Traffic
Control Plans (TTC Plans) for work zones, as described by the Manual of Uniform Traffic Control
Devices, or MUTCD (FHWA 2009b), as well as supplemental policies adopted by ADOT. In recent
years, researchers have conducted experiments nationally using supplemental devices, loosely
described as technology-driven practices. This report focuses on this category of supplemental
work-zone control devices, specifically those aimed at reducing speeding. The report provides
an extensive review of research done to date using these devices and discusses its applicability
for use by ADOT. The report also includes the original research conducted using a changeable
message sign with radar (CMSR) at one work-zone location in Arizona, and detailed results of an
earlier, extensive study done by the South Carolina DOT to compare and contrast its results with
the findings in this study.

Arizona has extensive experience using one technology-driven method: portable automated
speed enforcement (also known as automated speed photo enforcement). While this practice is
capable of supplementing standard MUTCD methods, its use in Arizona is problematic. First, it is
a limited resource and is probably not feasible to deploy at all ADOT work zones at any given
time. Second, the ADOT Division of Motor Vehicles has currently curtailed its use. Another
technology-driven device available to ADOT is the dynamic message sign (DMS) equipped with
radar, which is alternately referred to as a variable message sign (VMS) or CMSR, which is how it
is referred to in this report.

Using a CMSR is currently available to most ADOT districts. Often, however, the radar feature is
not used. If the device is used, it is limited to only giving vehicle speed feedback to the
approaching vehicles. This is an effective way to use the device and has been shown to
measurably reduce driver speeds. However, the device has far more capabilities. By accessing a
built-in menu, ADOT can program the radar unit to change the displayed message based on the
speed of the approaching vehicle, a feature used in this research.

The primary objective of this project was to investigate whether providing potential traffic fine
feedback (in U.S. dollars) to drivers of speeding vehicles in a work zone changes their speeding
behavior. Ideally, researchers would track the behavior of individual vehicles to collect data for
this study. However, this approach is difficult, and researchers instead gathered data on all
vehicles traveling through a work zone.

Researchers evaluated the change in mean speeds using speed feedback only and using both
speed and traffic fine feedback. Equally important was the study of the distributions of speeds.
Specifically, changes in the proportions of the speed distributions above the speed limit were
investigated.



PROJECT APPROACH

To gather information for this project, researchers initially conducted a literature review in the
area of speed reduction using a DMS that gives actual vehicle speed feedback. In addition, they
worked with the manufacturer of ADOT’s VMS radar-capable trailer and ADOT Equipment
Services to confirm capability, program the VMS display, and shop-test the trailer and display.
Algorithms developed for this project allowed for two separate displays: vehicle speed only and
an alternating display of vehicle speed and traffic fine amount.

Working with ADOT personnel, researchers then identified potential construction work-zone
sites that could serve as a test site, selected the final site for gathering data, and installed the
equipment at the test site. Once the study was under way, researchers collected data from the
test site while using no DMS (hence, no feedback), DMS with vehicle speed feedback, and DMS
with alternating vehicle speed/traffic fine feedback.






CHAPTER 2. GENERAL LITERATURE REVIEW

Substantial research has been conducted on improving the safety of the work-zone
environment. Previous research has cited driver inattention, speed differential, failure to yield,
unsafe speed, and following too closely as leading work-zone hazards (McAvoy et al. 2011;
Akepati and Dissanayake 2011). One study (Hou et al. 2011) found that speed in general has
been identified as a significant contributor to unsafe conditions affecting drivers and roadway
workers in the roadway right of way. Specifically, they found up to 25 percent of fatal crashes in
work zones involved high speeds. Additionally, a large speed variance coupled with hazardous
conditions in work zones (for example, workers’ presence, lane closure, and narrow lanes) can
also lead to higher crash rates at work zones. Finally, one study they reviewed specifically found
that crash rates increase as speed variance increases while another found large speed
differentials (high variance) occur at work zones where speed limits have been considerably
reduced from normal speed limits. An additional literature search (Wasson et al. 2011)
documented that speed limit compliance in and around work zones has been of concern to
transportation agencies for many years because excessive speeds are a primary cause of work-
zone crashes.

The methods used to control speed in work zones can be split into two broad groups: standard
practices and technology-driven practices. Standard practices can loosely be defined as those
described in the MUTCD (FHWA 2009b) and involve a TTC Plan, usually with static signs and
markings. (Note: ADOT (2009) has supplemental policies regarding work-zone TTC Plans that
also apply.) Technology-driven practices cover a host of devices that have and are being
developed using various technologies. Typically these new devices, often dynamic in nature,
supplement the TTC Plan.

It is important to note that TTC Plans where the work zone speed limit is reduced do effectively
reduce driving speeds. Researchers conducted field studies in Missouri on three rural Interstate
70 short-term work zones, all of which had normal speed limits of 70 mph (Hou et al. 2011).
Only free-flow vehicles were used in the analysis. The authors found that the differences in 85th
percentile speeds and their associated variances were significant for the three cases studied of
no posted speed reduction, 10 mph limit reduction, and 20 mph limit reduction. Results for each
case were 81 mph and 10 mph variance, 62 mph and 8 mph variance, and 48 mph and 6 mph
variance, respectively. The authors reported that their study results were counter to those of
previous studies.

The previous studies cited by Hou et al. (2011) had generally found that drivers were more likely
to exceed the speed limit in a work zone with a greater speed limit reduction. The Hou et al.
study was for a short-term work zone on four-lane rural, divided Interstates with one lane
closed to traffic; therefore their results cannot be generalized for other conditions. However, for
their study conditions, and by defining aggressive drivers as those exceeding the speed limit by



more than 10 mph, they found that, in the no-speed-limit reduction case, about one driver in
seven was an aggressive driver; in the 10 mph speed reduction case, about one driver in 21 was
an aggressive driver; and in the 20 mph speed reduction case, aggressive drivers were almost
nonexistent. Another important result noted was that the lower speed limits in the work zones
did not lead to greater variation in vehicle speeds; in fact, they led to less.

Researchers conducted an extensive study of work-zone speed reduction practices for the lowa
DOT (Maze et al. 2000). They concluded from their literature review that:

... flagging and police enforcement speed reduction strategies have had very
positive impacts in reducing work zone speeds. They are, however, labor
intensive and can become costly with long-term use. Flagging by its nature is
physically tiring, boring work. Moreover, due to limited resources, the use of
police officers at work zones is infrequent by many agencies. The impracticality
of the extensive use of law enforcement at work zones may result in a short-
term impact on motorists. Replacing these strategies with innovative
technologies ... may be practical, more cost-effective solutions (Maze et al.
2000, 1).

The research reviewed here first examines the main characteristics of crashes in work zones and
then focuses mainly on five types of innovative technology devices:

e Automated speed enforcement.

e Drone radar.

e Speed trailers.

e CMS.

e CMSR.

CHARACTERISTICS OF CRASHES IN WORK ZONES

Work-zone crashes have accounted for 9,900 fatalities in the United States in the last 10 years
(Akepati and Dissanayake 2011). Akepati and Dissanayake used data from the five-state Smart
Work Zone Deployment Initiative taken between 2002 and 2006 to characterize the nature of
work-zone crashes:

Results showed that most of the work zone crashes occurred under clear
environmental conditions [such] as during daylight, no adverse weather, etc.
Multiple-vehicle crashes were more predominant than single-vehicle crashes in
work zone crashes. Primary driver-contributing factors of work zone crashes
were inattentive driving, following too close for conditions, failure to yield right
of way, driving too fast for c