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CHAPTER 1: Introduction and Background

Roadway maintenance and repair has become increasingly comneonpkae United
States over the past several decades as our roadway intrastrhas continued to age and
deteriorate. Maintenance and repair work on an existing roadvery @miesents the challenge of
maintaining traffic on the existing roadway while work is beinggrened, thereby necessitating
the use of roadway work zones. It is estimated tl@aerthan 20% of the National Highway
System (NHS) is under construction during the peak construction sellkxarists can expect
to encounter an active work zone in one out of every 100 miles drivéime NHS. Work zones
on freeways are estimated to account for nearly 24% of non4reguaelay, and 10% of overall
delay. More than 60 million vehicles per hour of capacity is lostadk zones each day during
the peak construction period (1). As our aging infrastructurenc@# to require increasing
maintenance and repair in the years to come, the number of work zdresmtinue to increase,
which will undoubtedly impact roadway safety.

Significant improvements have been made in the field of roadysafet the past several
decades. In 2007, the fatality rate on roadways in the UniteesJtatS.) was 1.37 fatalities per
100 million miles of travel, which was down significantly from 5.5Qlities per 100 million
miles of travel in 1966. Nevertheless, in 2008, nearly 2.4 million peopieiwered and 37,261
people died on our nation’s roadways (2). Of these 37,261 fatalities, tAllflefm occurred in
work zones.

Like the overall fatality rate, the work zone fatality rates ldecreased considerably over
the years.A look at the most recent five years shows a down trend of téédlda@ashes related
to work zones both in the U.S. and in Michigan, as shown in Figures 1 eegp@ctively. It is

important to note, however, that work zone safety continues to be acaghifiroblem that
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needs attention from engineering, enforcement, and other areasrdihg to the FHWA (1),
each year more than 40,000 people are injured as a result of motor vehicle cragireszbnes.
One work zone fatality occurs every 10 hours and one work zone injouysoevery 13 minutes
(1). According to AAA, he societal cost of crashes is nearly two and a half tineegegrthan

congestion (3).
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Source: Fatality Analysis Reporting System (FARZRF, NHTSA
Figure 1: Work Zone Fatality Trend in the United States
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Figure 2: Michigan Work Zone Crash Trend
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Work zone driving conditions differ from normal driving conditions and typical
demand more attention from drivers. Therefore, to help motorists @hiing through the work
zones, various traffic control devices are used, which include: ggwement markings; and
channelizing devices. The Manual on Uniform Traffic Control Deit#$TCD), 2009 Edition,
states “the primary function of temporary traffic control (TTi€}o provide for the reasonably
safe and effective movement of road users through or around TTC zdilesr@asonably
protecting road users, workers, responders to traffic incidents, and equipment” (4).

“Most TTC zones are divided into four areas: the advance wasmrggy the transition
area, the activity area, and the termination area” (4). atlivance warning area is the section of
highway where road users are informed about the upcoming work zoned URees are
redirected out of their normal path during the transition area. agtity area is the section of
the highway where the work activity takes place and it is caagrof the work space, the traffic
space, and the buffer space. The termination area is thensetcthe highway where road users
are returned to their normal driving path.

Out of these four areas, the most crash prone area would barbitidn area. This is
due to the vehicle being forced to deviate from its original path guaoied by a change in
speed and other operating conditions. It has been estimated that w@¥k abne crashes occur
in the transition zonprior to the work area (5).

In the transition area, the function of the channelizing devicesos orucial The
channelizing devices, aawbng to the MUTCD, are intended to warn motorists of the impending
work activities ahead in or near the roadway and to guide mottristdlow a safe speed and
path by demarking the edge of the travel way. Channelizing devicds,asucones, tubular

markers, vertical panels, drums, and barricades, provide for a smmabtradual transition of
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traffic flow from one lane to another. In work zones of prolonged duration, drumasraraonly
used as traffic control devices to channelize traffic throughvtire zone due to their visibility,
good target value, and the respect they command from motofisestype and duration of the
work being performed often requires that these channelizing dengo®ain in place at all times
day and night.

Maintaining traffic through nighttime work zones poses increas&d for drivers and
roadway workers due to the lack of ambient light. To help overconnétime visibility issues,
the 2009 MUTCD requires work zone traffic control devices to beredtective or internally
illuminated. To help supplement retroreflectivity, Section 6F.8h®009 MUTCD allows for
the use of auxiliary steady burn warning lights (SBWL) on wooke channelizing devices.
Steady burn warning lights on work zone channelizing devices have useel by roadway
agencies throughout the United States for many years, althouglsé¢hef brighter sheeting
materials has prompted investigation into the value and effectivaddssl by such lights. As a
result, research was undertaken to explore the impacts assotititeitie use of steady burn

warning lights on channelizing drums considering a variety of work zone scenarios
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CHAPTER 2: State-of-the-Art Literature Review

A comprehensive literature review of past research andiggaetlated to the use of
steady burn warning lights on drums was performed in the etalyes of this research.
Pertinent journal articles and research reports were identifsddg database queries and
bibliographical reviews from key reports. Documents that weraiugethis research were then
carefully identified and thoroughly reviewed to extract informatiorvamous topics of interest.
These topics included:

=  Work Zone Safety and Work Zone Crashes

= Traffic Control Devices Used in Work Zones

= Steady Burn Warning Lights

= Field Evaluation Methodologies

= Photometric Properties and Standards for Work Zone Devices

A brief summary of the key research papers that were reviéwede above mentioned

topics is presented in the following sections.

2.1 Work Zone Safety and Work Zone Crashes

The Federal Highway Administration (FHWA) published a documentlemti'Work Zone
Impacts Assessment: An Approach to Assess and Manage Work Zosgty Safl Mobility
Impacts of Road Projects” (6). The intent of this document wasavide guidance to the road
agencies in assessing and managing the work zone impacts widiinjurisdictions In
September 2004, the FHWA published updates to the work zone regulations<C&R2830
Subpart J. The updated Rule is referred to as the Work Zone Safety and MobilitiR&Ra)eapd

applies to all state and local governments that receive Feddrahighway funding.
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Transportation agencies are required to comply with the provisions &uleeby October 12,
2007. The changes made to the regulations broaden the formewoRdtear address the work
zone issues of today and the future. To help address the issnamtdining work zone safety
and mobility, the Rule provides a decision-making framework thalité&es comprehensive
consideration of the broader safety and mobility impacts of waoykes across project
development stages, and the adoption of additional strategies thanhefge these impacts
during project implementation. At the heart of the Rule is a requgnt for agencies to develop
an agency-level work zone safety and mobility policy. The policyntended to support
systematic consideration and management of work zone impacts atfatages of project
development. Based on the policy, agencies will develop standard proaedspsocedures to
support implementation of the policy. These processes and proceduteacéhde the use of
work zone safety and operational data, work zone training, and veod @rocess reviews.
Agencies are also encouraged to develop procedures for work zone asgegsment. The third
primary element of the Rule calls for the development of prégeel procedures to address the
work zone impacts of individual projects. These project level procedunckgle identifying
projects that an agency expects will cause a relativelylbigh of disruption (referred to in the
Rule as significant projects) and developing and implementing traaspormanagement plans
(TMPs) for all projects.

The Michigan Department of Transportation (MDOT) establishedWaK Zone Safety
and Mobility Manual” (7) to improve safety and mobility in wordnes by reducing congestion
and traffic incidents. Specific processes, procedures and guidelisepport implementation of
the policy are developed and communicated through this manual. This Inaégsmancludes

methods for the analysis of crash data, mobility analysis, work zameng requirements by
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classification and work zone process review procedures. All gisojeequire that a
Transportation Management Plan (TMP) be developed and implemented.ofemtpthat are
considered significant, those that exceed the mobility analyseshbids, an in depth
transportation management plan will be required. A transportationgeresat plan consists of
three primary components: 1) a temporary traffic control gian addresses traffic safety and
control through the work zone, 2) a transportation operations plan outlining strétegied| be
used to mitigate work zone impacts, and who 3) a public informationcpla@ining strategies
to inform those affected by the work zone impacts and the changing conditions.

A study performed by Garber et al (8) investigated the clexratics of work-zone
crashes that occurred in Virginia from 1996 through 1999. The informatioaanceash was
obtained from police crash records. Each crash was located in ane afdas of the work zone:
(a) advance warningpj transition; €) longitudinal buffer; ) activity; and €) termination. The
percentage distributions were analyzed relative to crashdocatrash severity, collision type,
and highway type. The proportionality test was used to determgndicant differences at the
5% significance level. The results indicate that the actaga is the predominant location of
work-zone crashes regardless of highway type, and rear-encg<srashthe predominant crash
type. The results also indicate that the proportion of sideswipanre-direction crashes in the
transition area is significantly higher than that in the advance warreag ar

Ha et al (9) performed research and identified injury leveltgpel of crashes in state of
Ohio work zones, between 1982 and 1986. This research identified thabhdesnashes were
predominant during the day time, while fixed object crashes wedoprinant in the night time

driving conditions, similar to the findings of Garber et al study.
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Mohan et al (10) studied the details of the various injury tymestheir coststimates.
Two types of accidents occur in highway work zones: thoserhalve construction workers,
which account for 30% of the acciderdnp those that involve motorists outside the construction
area, whichaccount for 70% of the accidents. Construction/maintenance workersr suff
approximatel\27,000 first-aid injuries and 26,000 lost-time injuries per yearaiial annual cost
of $2.46 billion dollars, and motorists suffgsproximately 700 fatalities, 40,000 injuries, and
52,000 property-damage-only accidentsy &ttal cost of $6.2 billion dollars per year. Highway
work zone fatalities, per billion dollars spent, cost at least tioues more than in total U.S.
construction. While the highway traffic fatality rate has beéediningby approximately 3.3%
per year since 1960, and construction fatalltedege been decreasing by approximately 6% per
year since 197Qyork zone fatalities have stayed constant at around 700 g¢betlgear. Using
available databases, it was found thah#&)average direct cost of a motorist's injury is estimated
at $3,687; and 2) an overturned vehicle has the laagesage cost of $12,627, followed by a
rear-end collision averagi®p,541. Analysis of the causes of these traffic accidents shbated
driver error was the most expensive pre-crash activity, amthverage cost of $7,676, and rear-
end collisions are themost common (31%) vehicle crashes, followed by “hit-small-object”
collisions atLl1% of the total motor vehicle crashes.

Khattak et al (11) performed a study to evaluate the differdme®geen pre and during
work zone conditions for 36 roadway segments in California. Studydfthat: sideswipe and
rear-end crashes occur more frequently in work zones compareshiwork zones; crashes in
work zones are typically less severe than those occurring in adnzaene areas; and the total
crash rate observed in the pre-work zone period was 0.65 crashedliparvahicle kilometers

(MVK) compared to 0.79 crashes per MVK while the work zone wagdaoe, representing an
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increase of 21.5 percent. A t-test performed at 90 percent coedidievel showed that the two
crash rates were not statistically different. It is img@atrtto note that the analysis assumed that
the traffic volumes remained same during both conditions. This agsampay not be a valid
one as traffic volumes reduce when woke zone is in place compaegltarrtraffic conditions.
This research found that after controlling for various factors, dongork zone duration
significantly increases both injury and non-injury crash frequencies.

Graham et al (12) did a study to investigate crashes both thieilevork zone was in
place and during pre-work zone conditions at 79 work zones in sevenista®&. These 79
locations represented a broad range of work activities and work apmétd. The study found
that the overall crash rate was found to increase by 7.5 perbenttive work zone was in place,
however, this increase varied by state and by type of work.
Chambless et al (13) researched the crash data from the efatdabama, Michigan and
Tennessee between the years of 1996 and 1998. Their researcivesbpere to: prform a
comprehensive analysis of computerized work zone and non work zonedatash Alabama,
Michigan and Tennessee; compare and contrast charactenmstice three states in order to
determine whether problems are local or national; and condteicircumstances of a “typical”
work zone crash. The study was greatly facilitated by udieg Ihnformation Mining for
Producing Accident Countermeasure Technology (IMPACT) module ofic&@riAnalysis
Reporting Environment (CARE) software. IMPACT compares astdsset (in this case, crashes
in work zones) with a control subset (crashes outside of work zone&lalhama, for example,
35% of work-zone crashes occur in rural areas, which exceed thefa8% work zone crashes
occurring in rural areas. Although rural crashes do not consatuteajority of work zone

crashes, because the proportion of rural crashes is higher in arge& than in non work zones,
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rural crashes are said to be over represented in work zones. u@iieeshcluded that: 63% of
the work zone crashes took place on interstate, U.S. and std$e asacompared to only 37% of
non work zone crashes. It appears that work zone safety etfouseid on these highways will
provide the greatest safety gains; 48% of the work zone crashasioet5 and 55 mph speed
zones, as opposed to 34% of non work zone crashes. Drivers more thdes2fsam home are
significantly over represented in work zone crashes (25% to 15%). udgweoncentrating
efforts on 45 and 55 mph speed zones and drivers more than 25 miles from home appears to offer
good opportunities to improve work zone safety; and “Misjudging stoppingndes/following
too closely” accounts for 27% of the “prime contributing crashuonstances” for work zone
crashes as opposed to 15% for non work zone crashes. The study atgedothset pedestrians
are involved in work zone crashes at practically the samethrajeare involved in non work
zone crashes.

Daniel et al (14) reported the study performed by The GeobDgpartment of
Transportation to identify the type of collision, location, and construction tgchissociated with
fatal crashes in work zones. This study is expanded furtheratoie& the difference between
fatal crash activities within work zones, compared withl fat@shes in non work zone locations.
Using data from three work zone locations in Georgia, fatal @etshty within work zones was
compared with nonfatal crashes within work zones. Finally, the fatal crastyastis examined
to determine the influence of work zone activity on the frequefdgtal crashes. The overall
findings of the study indicate that the work zone influences thedfypellision, light conditions,
truck involvement, and roadway functional classification under which ¢asshes occur. The

study also indicates that fatal crashes in work zones are likelgeto involve another vehicle
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than non-work zone fatal crashes, and fatal crashes in work zomdesa influenced by
horizontal and vertical alignment than non-work zone crashes are.

Venugopal et al (15) conducted research to develop regressionsnpoddicting the
expected number of crashes at work zones on rural, two-lane fresmgayents. Crashes on
approaches to work zones and those inside the work zones were dnsdyegately. For
developing these models, an extensive database was obtained, including freenagsiatiata,
and work zone characteristics. Negative binomial models wevelaped with average daily
traffic, the length of the work zones, and the duration of the waje@s as exposure-to-risk
variables. The cost of the various work projects was found to be a good substisaie ¢oof the
exposure-to-risk variables. The investigated variables included thieemwhon and off ramps,
both on approaches and inside the work zones; the type of work; amdethgity of the road
work involved. The models may be used to evaluate beforehand the expectest ntisrashes
on the work zone, given the work zone characteristics.

Ullman et al (16)presented an analysis of work zone fatal crashes nationwide &% asse
possible underreporting due to differences in how information about a zeorlk crash is
captured on standard state crash reporting forms. The possibles effedifferences in crash
report forms on work zone crash statistics were first idedtih the mid-1990s, by using data
from the Highway Safety Information System. The influencditiérent crash report forms on
work zone crash data contained in the Fatality Analysis Reportysger8 (FARS) were
examined. An investigation of the data contained in FARS from 1998 to 20CGfateslia
statistically significant dependence between the way intwhiork zones are denoted on a

state's crash report form and the percentage of fataht#tsare coded as occurring in a work
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zone. From this analysis, it appears that nationally, existitegrday underreport the number of
fatalities that occur in work zones by as much as 10%.

Fontaine et al (17) presentdlde effectiveness of speed displays and portable rumble
strips to reduce speeds in rural-maintenance work zones. Speeysle@ radar-activated signs
that dynamically display approaching vehicle speeds. These dewvee tested on two-lane,
low-volume and high-speed rural roads where maintenance activeresoompleted in a single
day. Speed and volume data were collected for cars and trucksyasatreded through four
work zones. These data were collected when no work zone traffiokorgs present, when
normal work zone traffic control was set up, and when the testmiea was installed. The
results for the portable rumble strips were mixed, with passerage experiencing less than a
3.2-km/h (2-mph) reduction in mean speed approaching the tempordior¢aaitrol zone. The
impact of the rumble strips on trucks was more pronounced, with s@eed reductions
approaching the temporary traffic-control zone of up to 11.6 km/h (7.2 ropie) than normal
traffic control. The percentage of vehicles exceeding the spridn the advance warning area
was also reduced when the rumble strips were used. The speea digd generally more
effective than the rumble strips at reducing speeds in the advamomgvarea. Mean speeds
were often reduced approaching the activity area, with speedticeduof up to 16.1 km/h (10
mph) being achieved. The percentage of vehicles exceeding tltelspik@vas also reduced in
the advance warning area.

Wang et al (18)conducted research to identify the potential of fluorescent orange
sheeting, innovative message signs, and changeable messageavighignadar for reducing
speeds in highway work zones. The study investigated the effeetcbf strategy immediately

after implementation (immediate effect) as well as séweeaks after implementation (novelty
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effect). In addition to the overall effect of each strategy bwedlicles, the study included the
effect on specific vehicle types during various lighting conditione fédsearchers collected
traffic data before, immediately after, and 2 to 3 weeks #ftermplementation of each strategy
(3 consecutive weeks for the changeable message sign). dhegterl data upstream of the
temporary traffic-control zone, in the advance warning area, and adjacentatditieevork area.
The researchers used various statistical tests to evaluagytifecance of speed changes from
phase to phase and adjusted vehicle speeds with the upstream speed chiangiene. The
study indicated that fluorescent orange sheeting and innovative messegieedgreduce speeds
at highway work zones (with diminished influence over time). Moreobketh strategies
influence vehicle speeds more during the day than at night. Brafgrassenger vehicles tended
to decrease their speeds more than truck drivers did. Changeebage signs with radar
significantly reduced vehicle speeds in the immediate vicioitythe sign and did not

demonstrate a novelty effect.

2.2 Traffic Control Devices in Work Zones

As mentioned in the previous chapter, nighttime work zone crashesmeeally rare
events primarily because of the relatively short duration and Heofjtmost work zones
combined with drivers’ perception of elevated risk while travelingugh work zones. The
safety benefits that can be attributed to improved visibibtygpicuity of traffic control devices
can only truly be evaluated through the direct measurement ofedévimpact on crashes.
However, because of the transient nature of work zones it is diffiouidentify causal
relationships between crash occurrence and various work zone ehat@st In order to
circumvent this challenge, surrogate measures like driver behawvibiperformance are often

utilized. The common surrogate measures that are pertinent to work zonensddieley.
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e Lateral placement of vehicles within the travel lane,

e Erratic maneuvers (i.e., rapid alignement changes or avoidance maneuvers),

e Steering reversals (i.e., changes in lateral placement),

e Encroachment onto the centerline or edgeline, and

e Vehicular speeds.

The comprehensive search identified a number of studies that \dehltdriver
behavior/performance and investigated the effectiveness of sbeadywarning lights used on
various channelization and/or delineation devices in work zones. &hkearch obtained
valuable guidance from these studies related to experimentgnddsld data collection
methods, MOEs, and data analysis.

McGee et al (19) conducted a study with an objectivede¢welop a performance
requirement or standard for the detection and recognition of retrorefleetifie ¢ontrol devices
used in work zones. The scope of the study was limited to an aabbiercise and drew on
existing information and data where possible. The discussion focugesrifyri on those
channelization devices frequently used in work zones (i.e., drums, bagjigahels, and cones).
The performance standard developed in this study was establishedhi principles of driver
information needs and, specifically, the requirement for decisioht siistance. The
performance standard is presented in terms of visibility reqem&nthat is; the distance at
which motorists should be able to detect and recognize the devicegh& The standard
selected was a minimum distance of 275 m (900 ft) when illuednby the low beams of
standard automobile headlights at night under normal atmospheric onadithis appears to be
a reasonable, yet arbitrary, standard which should cover most situations.

Garber et al (20) conductedtao-phase longitudinal study to identify the impacts of
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Changeable-message signs (CMSs). The first phase, conductedldsy &ad Patel, examined
the short-term effectiveness of the CMS with radar in redueghicle speeds in work zones. In
the second phase, some of the results presented, evaluated the enfifidhe duration of
exposure of the CMS with radar on its effectiveness in reduciegdspin work zones. Speed
and volume data for the population were collected at the studypgisstomatic traffic counters
placed at the beginning, middle, and end of each work zone. In addition, ¢aks sfpéendividual
drivers who triggered the CMS by exceeding the threshold spessl also recorded (using a
video camera) at two other locations within the work zone for abweseks and then analyzed.
The results of the study indicated that the duration of exposure @M does not have a
significant impact on speed characteristics and driver behavioreféherthe CMS continues to
be effective in controlling speeds in work zones for projects of longtidar The results also
indicated that the CMS with radar reduces the probability ofdspgen work zones and this
effect is maintained for up to at least 7 weeks.

Dudek (21) summarized the New Jersey Department of Transporiatiiated research
study designed in part to further the state-of-knowledge ahgdable message sign message
designs with specific application to the needs of the staldewf Jersey. Laboratory studies of
human factors are described here; the studies were conducted idekéey to evaluate shorter
alternative messages than those currently used to display tuag,adays of week, and calendar
dates. These types of messages are often displayed on portaigeatila message signs used in
highway work zones. Among the findings were that a dash can be s$eadiof the term Thru
to indicate roadwork for a range of successive days; the\Wsekend is not a good descriptor
for work that begins on Friday evening and ends on Monday morning; rtheDiays did not

connote specific day time or off-peak times for roadwork, but it beagatisfactory for certain
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time periods; likewise, the term Nights did not connote specifictriime or off-peak times for
roadwork, but it may be satisfactory for certain time periodi& ¥ an acceptable substitute for
Night; and calendar dates were not easily translated by drivers to spagsgiof the week.

Bligh et al (22) summarizeskveral research studies sponsored by the Texas Department
of Transportation to evaluate the impact performance of various wark wraffic control
devices, such as temporary and portable sign supports, plastic digmsubstrates for use with
plastic drums, traffic cones, and vertical panels. Work zonactedhtrol devices themselves
may pose a safety hazard to vehicle occupants or work crbers wpacted by errant vehicles.
Thus, there was a need to research the safety performancekatamertraffic control devices to
ensure that they perform satisfactorily and nie€HRP Report 350 guidelines. Specifically
addressed are the studies on barricades. Standard wooden barricadetamstas found to be
unacceptable due to a demonstrated potential for intrusion of fractoueetbers into the
occupant compartment. In response to deficiencies identified in the wdiadecade tests,
several alternate barricade designs were developed and successftatly t

Bryden et al (23) presented @uality assurance program that was developed and
implemented by the New York State Department of Transportasiomhage work zone traffic
control on department projects. Using a standardized process, afteaperienced engineers
inspect a large sample of projects across the state eaclstaadard rating forms are completed
to describe the temporary traffic control observed on each prdigtiphasis points,” which
describe recurring areas of concern, are evaluated on eacletpeane a quality rating is
assigned using a standardized six-point 0 to 5 scale to deshbabeveérall condition and
effectiveness of the project. Quality goals have been establsbtbdfor average ratings for

regional program areas and for individual projects. Implementatiahi®fquality assurance
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program over the past 14 years has led to a substantial improventeatquality of work zone
traffic control on New York State projects.

Bryden (24) examined61 work zone crashes involving Category 3 and Category 4 work
zone safety features, portable traffic signs, and work \esharhd equipment. Category 3 devices
include crash attenuators and temporary traffic barriers. Cgtefatevices include trailer-
mounted arrow panels, changeable message signs, and light towsts.d@ta reported here,
compiled from recent New York State Department of Transportat@mrstruction projects,
shows that portable signs and Category 4 devices are involved iallanember of crashes and
rarely result in injuries to vehicle occupants or workers. Tleeofisraffic barriers or attenuators
to reduce crash frequency and severity involving these devicesirgiuated, because severity
rates on temporary barriers and work zone attenuators are thigineon the devices they would
be used to protect. Both work zone attenuators and temporary bargsgsirwolved in a
substantial number of crashes and injuries. These crashes emphasmportance of deploying
the devices according to accepted work zone practices anchgjntiteir use to situations in
which they are warranted to protect more serious hazards. Workeesnjeported in a number
of these crashes emphasize the importance of safe work pgasticie as restraint use by vehicle
occupants, even at slow speeds in work zones, and effective sepafatimkers from traffic in

work zones.

2.3 Steady Burn Warning Lights

Pain et al (25) conductedsearch on the design and use of channelization devices so they
could be more effectively used for positive guidance in a work zohehdlfield experiments
for the research were conducted on highways with a speed lin&ib ohiles per hour and

including stationary, long-term work zones. Théeefiveness of several channelizing devices
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and configurations were examined for spacing, reflectivity andpteeence of steady burn
warning lights using an instrumented automablle particular, the impact of steady burn
warning lights on driver behavior was compared with two types aifredtective sheeting; Type
Il (engineering-grade sheeting) and Type Il (high-intensitgeting) The steady burn warning
lights were found to add considerable detection distance to drumsT'ypth Il sheeting and
more than triple the distance in which the lane change occurdqtioe taperThe steady burn
warning lights on drums were found to be effective on each omatieg devices and the
presence of lights in tapers was not statistically diffetbian those that are on each or
alternating drums in the tangent sectiomgpe Il retroreflective sheeting was significantly
better at night than the Type Il sheeting. It was also foundhkeatype Il sheeting and steady
burn warning lights were comparable in terms of lane changédocand detection distances
along straight roadways; however, the effect of vdrtazad horizontal curves on roadways
should be considered when selecting only reflective sheeting due émdles of the headlights
of approaching vehicles. NCHRP Report 236 concluded that steady bummgvéights do
provide additional delineation to guide drivers through a work zone duritg tange driving
conditions. The main advantage of the steady burn warning lightionger detection distance
which promoted early lane changing. As the lights are detfiihating, the lights are not
dependant upon the headlights of approaching vehicles as is the ¢hsestvareflective
sheeting. The steady burn warning lights would also be suitabl@arigent sections, but the
spacing could be on alternating channelizing devices or spaced at lategvals. The steady
burn warning lights can also enhance the delineation of the channeleargges near horizontal
and vertical curves, if the lights are properly maintained. Thkoas recommend the use of

steady burn warning lights at night, particularly for taperigest approach ends, and curved
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roadways. The steady burn warning lights can be used on all clzampelevices in a taper and
on all or alternating devices in tangent sections of work zones.

Shepard (26performed a study to investigate vehicle guidance through work bynes
evaluating the effectiveness of two primary components ofdredintrol relative to delineation.
First, a comparison of the steady burn warning lights now used on tigmebrary concrete
barriers was made with experimental reflectorized panels. Second, the adddiosedf spaced,
raised pavement markers as a supplement to the existing pavearkirigs was evaluated. The
study was limited to work zones on Interstates and four-lane highviidne results of this
investigation have led to the recommendation that (a) steady bunmgdights on temporary
concrete barricades should be replaced with reflectorized paielsated with high-intensity
sheeting and placed along the tangent sections only and (b) cépselgd, raised pavement
markers should be used as a supplement to existing pavementgstripareas where the
roadway alignment changes.

FDOT (27) recommendedhe continued use of steady burn warning lights on
channelizing devices. Districts are, therefore, advised tor@nfand maintain the use of
channelizing devices in accordance with Index 600 requirements, apdde with any further
independent field experiments being conducted on this matter. The Mainge of Traffic
Committee (MOTC) received several requests from the Disttio revisit the Department's
policy requiring the use of Type C steady burn warning lightsndulnours of darkness on
channelizing devices. In response, the MOTC reviewed a number oésstocdmpleted by
different states and educational institutions which provided a rahgecommendations and
conclusions. Among those studies reviewed, several appear to poiitléoof no benefit"

when installing steady burn warning lights in work zones. Thaigssons range from "no effect
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in tangent areas" to "minimal benefit" in transitional amealing with specific driver reactions.
On the other hand, none of the studies established provide sufficieleine®ito support a
decision to eliminate the use of steady burn warning lighteigittime. Additionally, none of
these studies were conducted in areas that would represent the dnnguge characteristics in
Florida, which includes large numbers of elderly road users angtgupboth domestic and
foreign.

Finley et al (28)performed research to assess the effectiveness of a flasamgg-
light system for use at work zone lane closures. The systeoongposed of a series of
interconnected, synchronized flashing warning lights that produceilltisson of motion.
Researchers investigated motorist understanding and perceefethass of various designs of
the warning-light system, and the potential of this system et \8ignificant operational or
safety benefits in actual work zone applications. Results fromngayiound and field studies
show that the flashing warning-light system used in the work zame tlosure is perceived
positively and is not confusing to the motoring public. The field-stedylts also revealed that
the prototype warning-light system may encourage motorists tatevac closed travel lane
farther upstream from the work zone (which is believed to offmtential safety benefit). When
the warning-light system was activated at the urban fregestysite, a relatively new closure,
there was a one-fourth reduction in the number of passengeregeaid a two-thirds reduction
in the number of trucks in the closed lane 305 m (1,000 ft) upstream d&rtbeclosure.
However, the system did not significantly affect lane choidbetural road test site where the
lane closure had been installed for 6 months. Thus, the greatesightafdty benefit of the
warning-light system may be when it is used in conjunction shttrt-duration or intermediate-

term maintenance in construction projects.
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Pant et al (29) embarked upon a research study to determinedbis eff steady burn
warning lights used inconjunction with high-intensity retroreflective sheeting on drums in
construction work zones for the Ohio Department of Transportation in. T9®9researchers
studied the effectiveness of steady burn warning lights on drumis kgh-intensity
retroreflective sheeting along tangent sections of rural, htelj four-lane divided highways
under dry, rainy and foggy weather conditionbe sample size for the study was 132 motorists
between 16 and 75 years of age. The actual number of driver sulojeetach type of lane
closure scenario, right lane or left lane, was Bite drums utilized for the work zones were
spaced at 100 to 120- foot intervals with some of the drums and pavesamtgs in the work
zones dirty and wotrEach subject drove an instrumented vehicle along one of three anal w
zones with speed limits of 65 or 55 miles per hour with a video eamstalled on the roof of
the automobile to collect the dafBhe data was collected during three time periods; day time
conditions, night time conditions with the steady burn warhigigts and night time conditions
with the steady burn warning lights covered. The data collectdat iresearch analysis included
speed, lateral placement, acceleration noise and weavind_dtdeal placement was defined as
the distance between the vehicle and the longitudinal pavement makkogderation noise was
defined as the frequency of speed change cy¢aving was defined as the "rate of change in
lateral displacement of unit time." The data for the right &fididne closures were separately
analyzed with hypotheses for speed, lateral placement, atelenaise and weaving tested.
The hypotheses were tested by performing t-tests for damsnand F-tests for the variances at a
level of confidence of 95% or alpha equal to 0.P&iredt tests were also performed for the
noted measures of effectiveness. The mean speeds, speed variateres$, placement,

acceleration noise and weaving at each site were testectedpdor the day time conditions
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compared to the night time conditions with the steady burn warnghgs| the day time
conditions compared to the night time conditions without the steady larmng lights and the
night time conditions with the steady burn warning lights contptvehe night time conditions
without the steady burn warning lights. The data for all thes sitere then combined to perform
the remaining test3 he data was also categorized by weather camgjiage of subjects, gender
and those that noticed the removal of the steady burn warning kyfiotheses were tested for
each of these categories as w€hie authors concluded that the steady burn warning lights have
little to no effect on driver performance in tangent sectionsuddl, unlighted, and divided
highways The authors concluded that the research indicated that the hightintensi
retroreflective sheeting outperformed the steady burn warights|The presence or absence of
steady burn warning lights had little impact on the subjects’ sjadedal placement, acceleration
noise or weaving. The recommendation of this study was to discontiauesé of steady burn
warning lights along tangent sections of constamctvork on rural divided highways.

A second study by Pant et al (30) in 1991 examined the effeetigseof steady burn
warning lights on divided and undivided highways with horizontal and vetigaks, with and
without ambient lighting, ramps, tapers and crossovers. Agaimstrumented vehicle was used
as the measurement tool for 107 human subjects as they drove throughnal®.ldhg work
zone during day time conditions and night time conditions with thel\stearn warning lights
and night time conditions without the steady burn warning lights. Tbek veones were
delineated with drums at 100 to 120-foot intervals in the tangenbseand 50- foot intgals
in the taper sections. The steady burn warning lights were nmadtan good condition with the
pavement markings and drum conditions varying from good to poor and Theydrivers did

not drive the instrumented automobile in the same sequence to assusedinbgults in the
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study. Both right and left lane closures were utilized with ragid left curves in the work zone.
The instrumented automobile was equipped with a video camera on thibabpfovded a six-
foot view of the roadway including a partial view of the fronteelor of the automobile. The
automobile was also equipped with underbody lights that illuminated thenpatenarkings for
better photography during night time driving conditiohke authors stated that these lights did
not provide extra illumination of the driver's path. The measure$fedtigeness were speed,
lateral placement, acceleration ngiseaving, traffic conflict, lane change and driver preference.
The measures of speddteral placementacceleration noise and weaving were defined similar
to the previous Pant and Park study (29). Traffic conflict wamebfas an unusual or evasive
action taken by the driver while driving through the construction.Zbme authors felt that the
presence of a traffic conflict in the absence of steady luaming lights would indicate a
dangerous situation for the driver and others on the roadway. The digtamcthé work zone
where the motorists changed lanesa lane closure situation was the measure of lane change
Driver preference was the observation of any difference batwee work zones to measure
whether or not the driver noticed the steady burn warning light®toHypotheses were tested
by performing two-tailed t-tests for the means and F- tests fanagiat a level of confidence of
95% or alpha equal to 0.05 for each site and travel direction sepaaatebhgain for combined
travel directions of each site. A paired-t test was perforateal level of confidence of 95% or
alpha equal to 0.05 to test the hypothesis that the mean speeds dyrimg af the three test
periods (day, night with steady burn warning lights and night withghis) were equalZ-tests
were performed to test the significance of lane change widhwathout steady burn warning
lights for each site separately for any two of the threepsods The authors concluded that

steady burn warning lights had no impact on driver behavior regpsgieed, lateral placement
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acceleration noise, weaving and traffic conflithe absence of steady burn warning lights also
did not have an impact on the lane changing behavior of motoristgtat Only 9 of the 107
subjects noticed the absence of steady burningights during their driving trials. This study
recommended that the use of steady burn warning lights alongdcuigieted, unlighted and
tapered sections of roadways with ramps and crossovers be discontinued.

KLD Associates (31) investigated the effectiveness of gtdadn warning lights
mounted on drums in terms of delineation and positive guidance forslowethe approach and
through a highway work zone. ATSSA a national trade association representing over 900
companmes involved with traffic control and highway safety. This reseamchsisted of a
laboratory experiment as well as a field experimémtthe laboratory experiment, 53 subjects
were exposed to 288-35 millimeter slides of work zones under thetmghdriving condition
with steady burn warning lights on all the drums, alternating sranmone on the drum$he
subjects were exposed to three work zone configurations; rightclasare, right shoulder
closure and left lane closure with the spacing of the drum$-éoot or 80-foot intervalsThe
subjects were required to chose the correct driving action thgtwoeld take given the
configuration of the work zone shown on the 35- millimeter sliddewua distance perspectives
from the work zone; 250-feet, 500-feet, 7i@@t and 900-feefThe study found no significant
differences between the three light configurations of stéadly warning lights on all drums
alternating drums or none of the drums. There was a signifiit@tence in response accuracy
for those subjects older than 54 years of age and those yo#syexpected, the younger
subjects yielded a more accurate response. For subjects underetioé 2% at the shortest
observation distance of 250 feet, the drums without lights produced bettilts. However, for

those over 65 years of age, lights on alternating drums produaeticsigtly better results at
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distances of 700 and 900-feBased upon the age-distance interaction, a field experiment was
conducted to determine the effect various channelizing devices, »am& configuration,
warning light use, observation distance and subject age had on thetsbehefteady burn
warning lights. In addition to drums, vertical panels were destdile the work zone
configuration and warning light use remained similar to thosededtring the laboratory
experimentThe observation distances were modified to 400-feetf@&) 1020-feet, 1350-feet,
1700-feet and 2600-fe€ethirty additional motorists were then subjected to the field stuusre
they were asked to determine the correct action required, haswehich traffic control device
was preferredin this study, the motorists were driven through 16 simulated work zhmesy
the night time hours along a closed section of roadway in DelaWMaeesubjects changed their
seating position every fourth run to assure each subject sathirvelaicular position, other than
the driver seat, for four trials. The research study stated that the seattiapmbd not influence
the results. The correct response increased for all subjeatkosiee the observational distances
were to the work zone. The percentage of correct responses was faghbe scenario
incorporating lights on all the drums for the right lane closweslistances between 2060-feet
and 1350-feet from the work zone. However, the scenario without lightseealirims produced
better correct responses for the right lane closure between 1&58xfe 400-feet from the work
zone than the scenarios with lights or alternating lights. Foleftilane closure scenario, the full
light scenario produced higher correct responses for distancesehe?@60-feet and 1350-feet
than the no light scenaridhowever,the no light scermé produced higher correct responses
between 1350-feet and 400-feet from the work zone than the fulldoginmario Regardless, in
the left lane closure scenario, the alternating light scemaaduced higher correct responses

than the full light and no light scenarios fot distances. For all scenarios, the age group less
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than 54 years of age responded with higher correct responses thasidbeicounterpartd-or
the age group greater than 54 years of age, the absence ofohgtite channéeting devces
produced poor results for the ldeine closure, but produced better resultghe rightlane
closure scenarid he authors of the study concluded that steady burn warning lighésfactive
in influencing driver behavior for distances exceeding 1200-Tdety also concluded that the
use of steady burn warnidgyhts on drums are more effective than drumtheut lights for
older drivers. The studyecommended the use of steady burn warning lights on alternate
channelizing devices for left lanéosures The study did not recommend the use of steady burn
warning lights for right lane closures unless high speeds, low visibilityenment weather or
complex maneuvers were required on behalf of the drivers. In thiesdions, the study
recommends steady burn warning lights on all devices for right lane dosure

McAvoy et al (32) performed research to determine the tefeseess of drums with and
without the addition of steady burn warning lights in terms of bafatg and delineation A
field experiment was conducted throughout the State of Michigan atructen work zone
sites on the state's major arterial roadways and freewdlysyita various geographical,
environmental, and traffic conditions. A total of 15 sites werel @igethe study (5 interstate, 4
other freeways, and 6 arterials). A work zone site usinfictidiums without the addition of the
stead burn warning lights was indicated as a "test" site. A work zdeeusing traffic drums
with the addition of steady burn warning lights was indicateda dsontrol" site. Traffic
operational and safety data was collected for eachnsibeding traffic crash dat@peed data at
various locations in the work zontteral placement ofehicles, and number of steering
reversals. Data was collected in the off-peak hours in the tightbetween 9:00pm to 6:00

AM where motorists are free to travel at their desired spgednpeded by congestion. Traffic
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crash data was collected from the MidmgState Police database for each of the study sites.
Dates and locations of the crashes wewestigated to determine location of crash in the work
zone, and whether or not steady burn warning lights on drums weeniprés all locations,
crash data was collected during the construction pedod one year prior to the said
construction period. A comparison using thesBon Tet was made of the crash data for both
controltest sites for all the sites combined, the interstatgs treeways only, and arterials only.
Results indicate that the number of crashes that occurred doerggpnstruction period and for
the same period one year prior was similar for 3 of the Galmites and 2 of the 9 test sit€¥

the control sites, 1 experienced 4 less crashes during constrti@iomuring one year prior.
The remaining two sites both had two more crashes during thewdiwst period than during
one year prior. Four of the test sites experienced an averagwoofess crashes during
construction as compared to prior to construction. The other three ex@eri@n average of two
more crashes during the construction period. Thus, the total numberasiies before
construction, and during construction for all the test and control stesined the same.
Therefore, it was concluded that there is no difference between the crastioseabd after the
installation of traffic control devices in a work zone for both cordwrad test sites. Speed data
was collected for vehicles using portable radar detectotktheasites. Speed data was taken, in
general, at the beginning, middle, and end of the work zone duringtinnghtonditions. Speed
was used as an indication of the motorists' perceived risk ofitrgubough work zones with
and without steady burn warning lights. For test and control sjtesp mean speeds afg"
percentile mean speeds were determined. The stati4ficast was used when comparing the
mean speed for a group of test sites with a group of contrslustag thécomparative parallel’

evaluation plan. Results indicate no difference in control sitesemhdites group mean speeds

www.manaraa.com



28

with a 95% confidence level. Lateral placement data was altem tand quantified in order to
assess the ability of drums with and without steady burn watights in guiding travelers
through a work zone. Driver behavior and vehicle placement was reassoheda digital video
camera mounted inside a survey vehicle, following target vehicksor&ing was done for a
number of runs through the advanced warning area and the work zone angandyht time
hours at each site. With the recorded data, lateral placeméme @Ehicle can be assessed by
locating the vehicle in three positions; center of the lane, imighé third of the lane, or in the
left third lane. Acceptable lateral placements are the twdipasifurthest way from the traffic
drum. Results show that the percentage in acceptable lane positcamtiar sites and sk sites
were 926 and 94% respectively. The percentage in acceptable lane positioedarajr test
sites and freeway control sites were%®@nd 926 respectively. Finally, the percentage in
acceptable lane positions for arterial control sites and testwere 95% and 9@ respectiely.
Based on the resultsjo difference is noticeable between the acceptable lane position
percentages for the control sites and the test sites at a 95% confidence level

Finally, the steering reversal frequency data was alseated simila to that of the
lateral placementFor each site, the mean number of steering reversals per vevasle
calculated as the average number of steering reversals obgmwedthicle, per siteThe
average steering reversals per minute for all control gitss2.54 and 1.84 for test sites. The
average steering reversals per minute was 3.08 for intecstati®| sites and 2.34 for that of test
sites The freeway control sites averaged 2.72 steering reversalsipaienwhile the test sites
averaged B5. Lastly, the arterial control sites experiencedfl laverage steering reversals per
minute in comparison to.47 for that of test site©verall, there were less steering reversals for

the test sites than the control siBased on these results, at a 95% confidence interval, again, no
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significant difference in the number of steering reversals is seen Ipeteetol and test sites
Based on the results, McAvoy et al concluded the following:

e There are no significant differences between crashes beforaftendhe installation of
the construction zone for both control (with steady burn warningslightdrums) and
test (without steady burn warning lights on drums) work zones.

e Statistical analysis of the speddtaindicat nodifference between the mean a8t
percentile speeds at thatantrol sitesand test sites.

e Statistical analysis of the lateral placenisteering reversa data indicates no significant
differences between lateral placement of vehicles whikndyithrough test sites and
control sitesHowever, for most of the grouped comparisons, for lateral placerhent, t
test sites without steady burn warning lights had a high@eptage of vehicles in an
acceptable lateral positioAlso, in terms of steering reversals, for most of the grouped
comparisons, it was seen that the test sites again, witle@adysburn warning lights on
drums, had a lower number of steering reversals per vehicle patepnand thus, can be
considered a safer driver performance

e Overall, the findings conclude that there is no significant diffiezein delineation and
safety between drums with and without steady burn warning lightslings are

consistent with that of previous studies (29,30).

2.4 Photometric Properties and Standards for Work Zone Drums

To be effective, work zone traffic control devices must be visible day and night far
enough in advance of a given situation to allow for suitable ceatithe. Nighttime visibility of

work zone channelizing devices, including drums, is of particular impmetdue to the lack of
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visual guidance information from other sources. The ability fonaidiro visually detect a work
zone drum at night is dependent on many factors, including:

e Amount of light actually striking the drum from headlights or ambient lighting

e Retroreflective characteristics of the sheeting material adherbd tum,

e Any auxiliary light sources affixed to the drum,

e Location of the driver with respect to the drum, and

e Visual characteristics of the driver.

2.4.1 Photometric Characteristics Related to Work Zone Drums

It is first necessary to understand basic photometric chasditerused to describe the
“brightness” of a work zone drum. Luminance is the charactetisét describes the physical
measure of brightness and is defined as the luminous intensitguwfaae in a given direction
per unit of projected area (33). In other words, luminance is thkaotount of visible light
leaving a point on a surface in a given direction. The light leaViagsurface can be due to
reflection, emission, and or transmission. For a work zone drumgtiefiés provided by two
sources: 1) retroreflection of the vehicle’s headlamp illuminafimm the retroreflective
sheeting material affixed to the drum and 2) diffuse reflectioanalbient light. Emission is
provided by an attached light source, such as a steady burn wdiglng if present.
Transmission of light through a drum is negligible as the drumegagque. Typical units for
luminance are candelas per square meter @d/&1 units), although luminance is sometimes
reported in foot-lamberts (English units).

Luminance is often confused with other photometric characterlgteedluminance and
retroreflectivity. It is important to understand the clear wstbn between these terms.

Luminance is the amount of light leaving a surface while illumiaaiscthe amount of light
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striking the surface (33). Retroreflectivity can be definedhascoefficient of retroreflected
luminance and is the ratio of retroreflected luminance to the pequésdheadlamp illuminance.
Retroreflectivity is essentially a measure of the “eficy” of a material, such as sheeting or
pavement markings, to reflect headlamp illumination back to the drigge. It is important to
note that retroreflectivity is not an appropriate measuremetigfdremitting sources, such as a
light affixed to a work zone drum — it is only for materialsigaed toreflect light. Minimum
in-service levels for sign retroreflectivity are specifizd2009 MUTCD, but no retroreflectivity
minimums are given for pavement markings (4able 1 summarizes the basic photometric

units typically used in photometric characteristics-related reséartfaffic control devices.

Table 1: Photometric Units of Measurement Related to Traffic ControDevices

ABBREVIATED

QUANTITY UNIT UNIT NOTES
. lumen .

Luminous flux (cdsteradian) Im Total light output from a lamp

!_umm_ous candela . cd Sl base unit, also termed candle, candlepower

intensity (Im/steradian)

Luminous intensity per unit area reflected from |an

candela per square illuminated surface or emitted from a non-illumiect

Luminance meter; foot-|cd/nt; fl surface, i.e., “brightness”. May also be measurefbot-
lamberts lamberts (foot-lambert = (1/pi)*candeldjft 1 cd/nf =

0.292 foot-lamberts

lumen per square
meter (lux); lumen
per square foo
(footcandles)

Light incident on a surface or plane, i.e., “liglvel” 1 Ix =

llluminance 0.093 footcandles

[Ix; fc

Ratio of retroreflected luminance to the perpenidic
headlamp illuminance. Sensitivio viewing geometry
ASTM E1709-09 (34) specifies a standard geometny| fo
measurement under a viewing geometry of 200 m, waith
observation angle = 0.2° and entrance angle =.-4.0°

—

Retroreflectivity |candela per lux cd/Ix/n?
(Signs) per square meter

Ratio of retroreflected luminance to the perpenidic
headlamp illuminance. Sensitive to viewing geosne
Retroreflectivity |millicandela  per ASTM E1710-05 (35) specifies a standard geometny| fo
(Pavement square meter pemcd/nf/lx measurement under a viewing geometry of 30-metdrgh
Markings) lux corresponds to a driver eye height = 1.2 m, hehthgight
= 0.65 m, observation angle = 1.05° and entranggean
88.76°.

—
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As mentioned earlier, retroreflectivity is not an appropriate son@ment for light
emitting sources, such as a steady burn warning light attéactsediork zone drum. It should be
used only for materials designed to reflect light. Luminaathe appropriate photometric unit
of measurement for light emitting sources and is equally asoppate for measurement of
retroreflective sources as it is a general measuremenigbtrioess. Fontaine et al in Texas used
luminance in their work zone-related research for measureméhe dirightness of work zone

garments (36).

2.4.2 Minimum Preview Time/Distance

For work zone drums to be effective, they must be visible far enough in advarogito al
drivers sufficient time to perform all of the necessary guidance-tefasé&s including:
e Detecting the drums,
¢ Recognizing the message being conveyed by the drums (i.e., taper, lane shift).
e Deciding on the appropriate reaction,
e Initiating response, and
e Completing the vehicle maneuver.

A technical report produced by the International Commission on itlaton (CIE)
suggested a 3.0 second minimum preview time is necessary to m@rdper lane positioning
(37). Zwahlen and Schnell utilized a 3.65 second minimum preview tintbeabasis for
determining the minimum retroreflectivity required by in-sesvigavement markings, which
included the 3.0 seconds recommended by CIE plus an additional 0.65 secowdsin fac the
time it takes for a driver's eye to fixate on a target (38,3%hey claimed that a minimum
preview time of 3.65 seconds allows for delineation-related tiske performed while still

providing for some margin of driver error and driver comfort. Recesatareh by Deballion et al
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(40) sought to develop minimum levels of pavement marking retroingftgcsuggesting that a
minimum preview time of 2.2 seconds was necessary to satisfynigidtime delineation
visibility needs of a 62 year old driver. Deballion et al als@ddhat the 3.65 second preview
time suggested by Zwahlen and Schnell was one of the longestwpitevies recommended in
the literature for delineation-related tasks. As work zone chiaimte devices provide
delineation information that is similar to that provided by pavememkimgs, minimum preview
times ranging from between 2.2 to 3.65 seconds, as suggested by CHerzared Schnell, and
Deballion et al (37,38,39,40)vere deemed appropriate for channelizing drums in work zones.
The minimum necessary preview distance provided by work zone darnegher delineators)
can simply be determined by multiplying the minimum previewetly speed. For example, at
65 mph, a 2.2 second minimum preview time relates to approximately t@ffeninimum
preview distance of the roadway ahead.

McGee et al (19) conducted a study with an objective to develperfarmance
requirement or standard for the detection and recognition of riéainee traffic devices used
for work zone channelization. The minimum visible distance wablesdtad based on decision
sight distance and was determined to be 900 feet when illuminatee byw beams of standard
automobile headlights at night under normal atmospheric conditions whelingaat55 mph.
McGee et al noted that this value assumes that all driver iafamis provided solely by the
channelizing devices, thereby ignoring the fact that other dewsoeb, as warning signs and
arrow panels, are typically placed in advance of the work zone to alentsdof the approaching
required maneuver (19). While decision sight distance may be amieofor advance warning
devices in work zones, such as warning signs and arrow panelapttngcessarily appropriate

for channelizing or delineating devices as these devices prasteEady and simple to interpret
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stream of information to aid drivers in proper lane positioning.

2.4.3 Minimum Luminance Requirement

While there currently exists no established minimum luminanc&émand” luminance)
requirement for work zone traffic control devices, research hasrexl the issue with respect to
sign legibility, such as detecting a letter “C” or readsmgple text. An extensive review of
several human factors studies by Sivak and Olson in 1983 found thabthetge mean of the
minimum luminance values was computed by the authors to be 2.4 (dd)m The minimum
luminance recommendation of 2.4 cd/for traffic control devices was referenced by Chrysler
(42) and later supported in a 2003 FHWA report, which based on new haotars fresearch,
recommended a minimum luminance value of 2.3 éénreading guide signs with E-Modified
font legends (43). Schnell et al (44) suggested slightly higher mmilaminance levels of 3.2
cd/nt for reading guide signs and street name signs. Schnell sbawggested that 2.3 cd/m
represents the absolute minimum luminance value for in-servide gigns and street name
signs and that signs should be replaced prior to reaching such levels.

It must again be noted that these recommended minimum lumindoes velate to the
tasks of identifying letters or simple words (i.e., legibjlitwhich relates to a more complex
cognitive task compared to detection of a situational charaatermich as delineation or
channelization. Thus, minimum luminance values of 2.3 tdtm3.2 cd/m were deemed
conservatively appropriate when applied to the case of work zone chatiaelizwhere
legibility is not required. Drums also provide the advantage ofgb@imuch larger target when
compared to the text on guide signs and street name signsherfuwte, the color contrast
between the white and orange retroreflective striping on thenglralso aids drivers in

recognition of the work zone.
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Other research projects have focused on the determination of umnipavement
marking retroreflectivity levels necessary to satisfy trevigw time requirement for older and
younger drivers. Zwahlen and Schnell found that on a fully mahkgidspeed roadway, a
62 year old driver requires approximately twice the retroréfiggtas a 22 year old driver in
order to have the same detection distances (45). Similarly, yodrigers have been shown to
possess detection distances that are on average 55 percentth@amgelder drivers (39). The
range of acceptable levels of pavement marking retroreflgctisanged from 400 to
515 mcd/r/Ix for older drivers traveling at 70 mph on unlit highways (45). rétsoreflectivity
is directly related to luminance, these results can be dirgethslated to suggest that older

drivers require twice the luminance from pavement markings as drivérsiireairly 20’s.

2.5 Summary of Literature Review

A concise summary of all the information reviewed under theatitee review section
was performed and the following conclusions were derived:

1. Rear-end crashes are the predominant type of work zone crashes dlyiight hours
while fixed object crashes are predominant at nigh®)(8Crashes that involve
construction workers account for 30% of the work zone crashes wtithes that
involve motorists outside the construction area account for the remaiGRo of work
zone crashes (10).Work zones tend to cause an increase in crasbasweays. The
overall crash rate for a sample of highways was found to incteieeen 7.5 percent
and 21.5 percent when the work zone was in place (11,12). The acteatyisathe
predominant location of work zone crashes regardless of highway fipe.use or non-
use of steady burn warning lights on drums was found to have no cagimiimpact on

work zone crashes (32).
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2. Nighttime work zone crashes are generally rare events. rdsuét, researchers typically
utilize other intermediate measures of effectiveness, suthoas related to nighttime
driver behavior/performance, to assess potential safety-refegeefits of work zone
traffic control devices. Several driver behavior/performanceuatiahs investigating the
effectiveness of steady burn warning lights on various channehzamnd/or delineation
devices in work zones were found in the literature review (8,9,10,11,12,13). The
behavioral/performance-related MOEs utilized in these evaluations included:

e Lateral placement of vehicles within the travel lane,

e Erratic maneuvers (i.e., rapid alignement changes or avoidance mangeuvers)
e Steering reversals (i.e., changes in lateral placement),

e Encroachment onto the centerline or edgeline, and

e Vehicular speeds.

3. Steady burn warning lights on Type 1 barricades with engirgegriexe sheeting provide
significant increases in the detection distance of the devicgs 2&wever, the steady
burn warning lights did not produce changes in driver behavioral Mi@&sding mean
speed, lateral placement, or point of lane change upstream of the ek Z'hese
results should be viewed cautiously, as they apply to warning bghisg/pe 1 barricades
with engineering-grade sheeting — neither of which is commordg loy MDOT for
channelization in work zones.

4. Steady burn warning lights on vertical panels with high intershiBetingprovided no
differences in the percentage of correct driver action respanse®rk zones when
viewed at distances of 1,020-ft or less (31). At viewing distaot&s330-ft and above,

greater correct response percentages were observed when tba yamels included
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steady burn warning lights. However, because channelizing deviceslegrgraater
assistance in lane-positioning guidance rather than advance wanewq)g distances
over 1330-feet are not necessarily applicable for determiningftbetiveness of steady
burn warning lights on channelizing devices.

. Steady burn warning lights on drums had little impact on driver vietah MOES,
including vehicular speed, lateral placement, acceleration fregusteering reversals,
erratic maneuver rate, or lane change location upstreane e¥drk zone (29,30,32). It
appears that the use of 1) high-intensity sheeting on drums anyBjed arrow panel at
the beginning of the taper provides a desirable work zone delineation (30).

. Luminance is a general measure of “brightness” and representguaintity of visible
light leaving a point on a surface in a given direction (33). Lunueaneasurement is
the most appropriate measurement unit for devices with both hgittirey components
(such as steady burn warning lights) and retroreflective compof®ntl as sheeting
materials) because it is a general measurement of brightness.

. Research has suggested that at least 2.2 to 3.65 seconds of preeiésvnecessary for
drivers (including older drivers) to maintain proper lane positionihgdewstill providing
some margin of driver error and comfort (37,38,39,40). Because the ypfumnation of
work zone drums is to channelize and delineate the edge of théwayethe drums
assist in providing lane-positioning guidance to drivers.

. There currently exists no established minimum luminance requirefoentork zone
traffic control devices. Minimum luminance recommendations for bsgit legibility
(i.e., recognition of a single letter or reading a simple word) have beestigated with a

range of 2.3 cd/fmto 3.2 cd/m being recommended (41,42,43,44). Minimum luminance
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values within this range are conservative when applied to detectiomord zone
channelization, as 1) they relate to the more complex task iililgg(i.e., reading)
rather than simply detection of a situational characterisich sas that provided by

channelizing drums and 2) drums provide a larger target compared to sign text.
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CHAPTER 3: Problem Statement and Objectives

3.1 Problem Statement

Until recently, plastic drums with steady burn warning lightsl lh@en the primary
channelizing device utilized in work zones throughout the State of Michigr several years.
The decision to use steady burn warning lights on drums in Miclagd elsewhere was made
prior to the existence of highly visible retroreflective matsriaHowever, the recent use of
sheeting materials with improved retroreflectivity, including higtensity and microprismatic
(i.e., prismatic) materials, has prompted investigation into the \eaddecsffectiveness provided
by the steady burn warning lights when used with channelizing drukgencies throughout
Michigan have begun using drums without warning lights in certairk zones, while several
Michigan work zones continue to use drums with steady burn wargingg.li This provided an
excellent opportunity for an extensive comprehensive field evaluatiomheofvalue and
effectiveness of steady burn warning lights on work zone chammglthiums in Michigan.
Although previous research has explored the effectiveness afysbesn warning lights on
drums both in Michigan and elsewhere, these efforts included aeglaimited number of
work zone sites and/or focused on controlled human factors experimedtspravided
inconclusive results with respect to the value that steady burmingadights provide.
Furthermore, microprismatic sheeting materials were recaltbwed for use on drums in
Michigan work zones to increase visibility of the devices. Toemidthese issues, research was
undertaken to explore the impacts associated with the use of dieadywarning lights on

channelizing drums considering a variety of work zone scenarios utilized in iinchig
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3.2 Objectives

The purpose of this research was to evaluate the safety inagaotsated with the use of
steady burn warning lights on drums in roadway work zones in MiohigThe following
research objectives were addressed in this study:

1. Determine the state-of-the-art of work zone channelization threuglbmprehensive
literature review.

2. Determine the state-of-the-practice regarding the use aflyteurn warning lights by
roadway agencies throughout the United States.

3. Assess the crash experiences of states with respect tmtkeane steady burn warning
light policy or practice.

4, Evaluate the impacts that steady burn warning lights on chamgelizums have on
work zone crash occurrence in Michigan.

5. Evaluate the driver behavioral impacts associated with the useady burn warning
lights on channelizing drums in Michigan work zones.

6. Determine the degree by which steady burn warning lightstéafie overall brightness of
work zone drums in Michigan.

7. Assess the overall impacts of steady burn warning lights on work zone safety.

3.3 Methodological Summary

A comprehensive research methodology was developed to address theseesbjddte
initial tasks involved a comprehensive review of the current-sfaiiee-art and a state DOT
survey related to the use of drums or other channelizing devicesdway work zones, both
with and without the presence of steady burn warning lights. Tke tasks involved a

comparison of work zone crash trends, both among states with varyiogegan the use of
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steady burn warning lights, as well as a detailed investigation s data for work zones within
the State of Michigan. To further supplement the crash dataries 0f field studies were
performed at 36 Michigan work zones to provide a more in-depth ealuattidifferences in
driver behavior and performance with respect to the use of steadywauning lights. In
addition to these field studies, a series of luminance tests al®veconducted to assess the
relative brightness levels provided by drums with and without warighgs. The luminance
tests were performed both in the field and in a controlled environmegduge the impacts of
steady burn warning lights on drum visibility.

Established sampling procedures were utilized to determine thet taample sizes
necessary to assess statistical inference on the MOEsdatheavere collected for each study
component under a variety of representative field conditions, whichdedlIdifferent types of
roadways, work zone configuration, levels of ambient lighting, roadyemymetry, and other
factors. Each of the MOEs were analyzed using appropratististal techniques to determine
the impacts of steady burn warning lights and the impacts of tab®rs. A synthesis of the
results allowed for conclusions and recommendations to be drawn gpicteéo the impacts of
steady burn warning lights on work zone safety. A full descripgfothe research performed
including data collection, analysis, results, conclusions, and recomnogrsdean be found in

the chapters that follow.
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CHAPTER 4: Current Practice Survey

As a part of this research, an attempt was made to undets@rmdirrent practices of
various departments of transportation (DOTs) throughout the country. diauueaire survey
was developed and distributed to appropriate DOT representatitraa e@ach state. Initially,
the survey was distributed via email. Telephone follow-ups wefferpeed on an as needed
basis to obtain information from the agencies that did not respond to the emails teldsene
follow-ups also helped clarify responses that were not cleanissing. Detailed information
related to work zone standards for each DOT, including the usfageums with or without
steady burn warning lights and alternative channelizing dethegsvere used for both day and
night time operations, was collected. Survey was first admiadter November 2009 and
completed in August 2010. A copy of the blank survey questionnaire is provided in Appendix A.

A total of 41 DOTs responded to the survey. Therefore, including §aohDOT,
information about usage of steady burn warning lights was obtainea tatal of 42 DOTSs.
Eight state DOTs did not respond to the survey. Details pertinghe usage of steady burn
warning lights on drums from these 42 state DOTs are showngure=B. The full survey
responses that were obtained from the DOTs are included in AppendixdBmmary of these
responses are presented as follows:

e Of the 42 responding DOTSs, fifteen DOTs (35.7%), currently ohénrécent past, used
steady burn warning lights on drums or other devices to some degree.

Out of these fifteen DOTSs:

o Three DOTs (Florida, lllinois, and Oklahoma) reported frequent usasteady

burning warning lights on drumg @G0 %) in work zones.
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> WDR &

LEGEND:

- Drums* with Warning Lights — Frequent Use

(i.e., >30% of work zones)
*Arizona uses vertical panels instead of drums

- Drums with Warning Lights — Infrequent Use
(i.e., 1% to 10% of work zones)

Drums with Warning Lights — No Use

No Response

Figure 3: State-of-the-Practice Pertaining to the Use of Warning Lighten Channelizing
Drums in Work Zones in the United States

www.manharaa.com




44

o0 Arizona DOT also reported frequent usage of steady burn warnihgg,lig
although this usage was mostly for vertical panels rather than drums.

o Michigan DOT had used steady burn warning lights on all work zone drums that
were left in place overnight for all the construction projects Wee let until
August 6, 2009. Projects let after this date do not use steady launmgy
lights on drums, as per the moratorium issued by MDOT.

o Ten DOTs (Colorado, Indiana, Maryland, Missouri, Montana, New York,
Pennsylvania, Texas, Washington, and Wisconsin) reported infrequentafisage
steady burn warning lights. This ranged anywhere from 1 % to 1) &4
work zones. It is important to mention that those agencies whiaqugntly
used steady burn warning lights on drums mentioned that lightsordrave
been used for specific applications like, spot hazards, tapers, Hdtse and
crossovers.

e The remaining 27 DOTs (64.3 % of the respondents) mentioned that thegt dse
steady burn warning lights on work zone channelizing devices. Worle zon
channelization is provided by using drums or other types of chamgetizvices without
steady burn warning lights, like cones, vertical panels or tubular markers.

e With respect to the grade of retroreflective sheeting usedwnsdand other work zone
channelizing devices:

o No DOT reported using engineer-grade sheeting (ASTM Typdl) &r work

zone drums.
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o Eight DOTSs (Arizona, Idaho, lllinois, Maryland, New Jersey, NewKy Rhode
Island, and Utah) reported microprismatic sheeting (ASTM Type and
above).

o Eleven DOTs (Alabama, Connecticut, Florida, Georgia, lowa, Michilyam
Hampshire, North Dakota, Pennsylvania, Washington, and Wyoming) reported
high-intensity retroreflective sheeting (ASTM Type IlI) ttwvimicroprismatic
sheeting (ASTM Type VIl and above) given as an option.

o Thirteen states (Arkansas, Colorado, Mississippi, Missouri, Montagtarakka,
Nevada, South Carolina, Texas, Vermont, Virginia, West Virginia, and
Wisconsin) reported high-intensity retroreflective sheeting (ASTye 1)
only.

Of all the responding DOTSs, seven had performed studies on theveffiests of steady
burn warning lights on drums (Florida, Michigan, New Jersey, Ohio, sTéxtah, and
Wisconsin). Of these seven, four DOTSs, including Michigan, have guéstdy ceased
or have begun phasing-out using steady burn warning lights. imptant to note that
the New Jersey DOT had documented incidents where the wargimgassembly(s)

went through the windshields of vehicles.
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CHAPTER 5: Field Evaluation Methodology

In order to identify if driver behavior and performance relatece@spdiffer between
work zones with vs. without steady burn warning lights on drums, exeefisid studies were
conducted in numerous work zones that used drums as the primary chéoneliexices.
These studies were conducted during periods of darkness so thatatwadagathered during
conditions when the warning lights were illuminated and presumably effesttive. Work
zones where these studies were performed were located on boti Eizocally maintained
roadways and were spread throughout the Michigan’'s Lower Peninsulare3éasch utilized a
comparative parallel study design as the data were concyroatigécted at separate work zone
locations, including locations with steady burn warning lights anditowsawithout steady burn
warning lights. Before-and-after analyses were not performed.

As work zone channelization assists drivers in tasks like maingaa safe speed and
path through the work zone, it follows that the crash risk assdcwith channelization would
be associated with behavioral characteristics related to they abidrivers to maintain a safe
lane position and speed control while negotiating the work zone. Therafoageful selection
of surrogate MOEs related to driver behavior/performance veaformed to provide an

indication of the relative crash risk pertaining to the work zone channelization.

5.1 Measures of Effectiveness

Several measures of effectiveness (MOEs) were used to qtigatit assess the
effectiveness of steady burn warning lights on drums from the adéitected during the field
evaluations. The driver behavioral MOEs were similar to those insprevious research by

Pant et al (31,32) and McAvoy et al (6). These MOEs were as follows:
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Percent of time each subject vehicle spent in the centemptasiton - The center lane
position represents the safest lateral position within the lsisticles that are positioned
too closely to the drums risk collision with the drums, workers, orpegemt, while
vehicles that are in the farthest position from the drums risksicwilwith other vehicles
or running off the road. Therefore, a higher percentage ofdpeat in the center lane
position represents a traffic safety benefit. Furthermol@yar percentage of time spent
in the lane position closest to the drums also represents a traffic safety, benef
Percent of time each subject vehicle spent in the lane positisest to the drums — As
mentioned above, a higher percentage of time spent in the lane poksestdo the
drums presents a greater potential for a driver to encroachhmtework area and thus,
represents a negative safety impact;

Rate of steering reversals for each subject vehicle, per mii@igering reversals can be
explained as a driver’s inability to maintain a consistent parstion. Thus, a lower rate
of steering reversals represents a traffic safety benefit;

Percent of drums that were damaged — Damage to a drumrnscafised by vehicular
collisions. Therefore, lower percentages of damaged drums indeagr vehicular
intrusions into the work area; and

Vehicular speed characteristics — Difference in vehiculardspkaracteristics may also
be indicative of safety benefits. In particular, as the variant®vel speeds is reduced,
the likelihood of traffic crashes is also reduced. Reduction in otbbicle speed
characteristics, such as the™8percentile speed or mean speed, provide evidence of

additional safety benefits due to reductions in crash severity and stopping distance
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¢ Mean luminance — Increased luminance was considered a safefy bene relates to
improved brightness of the device. This MOE was assessed bothtdocaliected in

actual work zones and in a controlled environment.

5.2 Sample Size Determination

As mentioned above, data were collected regarding the specific M#ysare: 1) the
percent of time vehicles spent in the center lane position; 2eticernd of time vehicles spent in
the lane position closest to the drums; 3) the rate of steenegseds per minute; 4) the mean
vehicular speed; 5) the percent of drums that were damaged; dvida@) luminance. The
characteristics of the data used to compute a particular M@kences the selection of the
appropriate statistical sample size equation. In a situatiorevda¢a are reported as percentages
or proportions, the formula shown below can be used to estimate the noimtsdricles that
should be observed within each of the two groups (drums with and withady $tern warning
lights) in order to identify the specified difference betweenM@Es calculated for the two

groups:

(2, (e PG ai2|

n= ( )2 , Equation 1
PP

Where:
n = number of vehicles to be observed in each group (i.e., drums withVigisus drums
without lights)
Z,» = standard normal value assuming a significance lewebefcent
p1 = mean proportion or percent for group 1

P2 = mean proportion or percent for group 2

ga=1-p
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G=1-p
Furthermore, if the data are reported as rates or percertagésijowing formula can be

used to calculate the number of vehicles that must be observed eaittingroup in order to

detect a specific difference between the MOEs calculated for thgroups:

2( 2 2
n= (Za’i) (01_+ 02) Equation 2
(Xl - )(2)2
Where:
n = number of vehicles to be observed in each group (i.e., drums withvegktss drums

without lights)

Z,» = standard normal value assuming a significance lewebeftcent
X1 = sample mean for group 1

X = sample mean for group 2

o1 = standard deviation of data for group 1

o, = standard deviation of data for group 2

As a part of this study, using sample data from one partitadation and assuming a
significance leveld) of 0.05 (per standard statistical practices), the minimum numisetbgct
vehicles required to detect a statistically significanteddhce in each MOE was determined.
Target sample sizes for each of the five MOEs under consateraere determined using the
following sample estimates based on sample data collected at alsoagien:

e Percent of Time Spent in Center Lane Placement = 24.8

e Percent of Time Spent in Position Closest to Drums = 9.9

e Steering Reversals per Minute: Mean = 4.0, St. Dev. = 2.89

e Vehicular Speed (mph): Mean = 61.1, St. Dev. = 6.3
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e Percent of Damaged Drums = 12.1

It was determined that detection of a 5 percent difference woelécceptable for
proportion data, while a difference of 0.5 steering reversals andgh@mmean speed would be
acceptable differences for the respective MOEs. Table 2sskimevminimum number of
vehicles that must be observed within each group of locations in ordertdot dpecific
differences for the particular MOE, based on the assumed sawsheates. Based on the
minimum sample size estimates shown in Table 2, the reseambermined, based on the
largest sample size for any of the tracking-based MOEsath@nimum sample of 532 vehicles
would be obtained from each group of work zone locations. This would allatetection of a
minimum difference between the two groups (i.e., locations using dwmithssteady burn
waning lights vs. locations using drums without steady burn warmghgs) of 0.50 steering
reversals per minute and 5-percentage point difference for temalldane position MOEs.
Furthermore, a minimum of 305 vehicular speed samples were necpssamoup to detect a
1.0 mph difference in mean speeds and a minimum of 267 drums observatiemewgssary to

detect a 5-percentage point difference in drums that were damaged.

5.3 Site Selection

A total of 36 work zones in 15 counties across lower Michigan wedeeted for use in
this evaluation. The work zone locations were randomly selected drbst of active work
zones in the lower peninsula of Michigan. It was required that each study localimie iane or
more continuous sections of channelizing drums that 1) remained mblazighout the night
and 2) were at least %2 mile in length, which was assumed asrimum distance to effectively

assess driver behavior. It was not necessary for work to be performed at night.
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MEASURE OF EFFECTIVENESS (MOE)

MINIMUM SAMPLE SIZE REQUIRED
PER GROUP

SIZE OF DETECTABLE DIFFERENCE

5% 10% 15% 20%
Percent of Time Spent in Center Lane Placement 532 121 49 24
Percent of Time Spent in Position Closest to Drums 21 36 8 -
Percent of Damaged Drums 267 51 15 4

MEASURE OF EFFECTIVENESS (MOE)

MINIMUM SAMPLE SIZE REQUIRED
PER GROUP

SIZE OF DETECTABLE DIFFERENCE

0.50 1.00 1.50 2.00
Steering Reversals per Minute 257 64 29 16
Mean Vehicular Speeds (mph) 1,220 305 136 76

The characteristics for each of the 36 work zones are presaritadle 3. Thirty of the
36 work zone sites were located on MDOT roadways, while the ramgasi sites were on local

roadways. The work zones selected for use in this studgctiolly represented a broad range

of scenarios, including:

e Drums with steady burn warning lights and drums without steady burn wadigttsy

e Drums with high intensity sheeting and drums with microprismatic sheeting,

¢ Single lane closures, double lane closures, and shoulder closures,

e Roadway lighting and no roadway lighting,

e Undivided arterials and freeways,

e Drums on the left and drums on the right,

e Various drums offsets from the edge of the lane,

e Locations with and without horizontal curvature, and

e Urban and rural environments.
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Table 3: Characteristics of Work Zone Safety Sites

Length

of W.Z. | Drum Roadway | Roadway | Area Horizontal
Site County (mi) Lights | Light Type Type Alignment
M-59 Oakland 6.5 Yes Mixed Freeway Urban Curved
M-59 Oakland 2.1 No Yes Freeway Urban Curved
1-96 Wayne 12.0 Yes Yes Freeway Urban Curved
M-39 Wayne 1.7 No Yes Arterial Urban Straight
us-24 Oakland 1.0 No Yes Arterial Urban Straight
1-275 Wayne 9.7 No No Freeway Urban Curved
I-75 Monroe 2.0 No No Freeway Rural Straight
I-75 Monroe 8.0 No No Freeway Rural Straight
1-675 Saginaw 7.9 Yes Mixed Freeway Urban Curved
1-696 Macomb 4.0 Yes Yes Freeway Urban Straight
M-43 Ingham 2.0 Yes Yes Arterial Urban Straight
M-1 Wayne 15 No Yes Arterial Urban Straight
I-75 Monroe 25 No No Freeway Rural Straight
1-94 Kalamazoo 0.5 Yes No Freeway Urban Curved
Us-131 Kalamazoo 6.6 No No Freeway Rural Curved
us-12 Wayne 1.3 No Yes Arterial Urban Straight
1-94 Washtenaw 13.0 Yes No Freeway Rural Straight
1-94 Jackson 2.7 No No Freeway Rural Curved
I-75 Bay/Saginaw 3.7 No No Freeway Rural Straight
Rochester Rd Oakland 1.0 No Yes Arterial Urban iGitita
John R Rd Oakland 1.0 No Yes Arterial Urban Straigh
Geddes Rd Washtenaw 0.5 No No Arterial Urban Sttaig
1-196 Allegan 6.7 Yes No Freeway Rural Straight
US-24 Business| Oakland 1.1 No Yes Arterial Urban rved
I-75 Wayne 15 No Yes Freeway Urban Straight
M-17 Washtenaw 1.0 Yes Yes Arterial Urban Straight
Utica Rd Oakland 1.0 No Yes Arterial Urban Straight
1-96 Ottawa 15.3 Yes No Freeway Rural Curved
1-196 Kent 2.5 No No Freeway Urban Curved
1-94 Business Berrien 15 Yes Yes Arterial Urban| raight
1-94 Berrien 19.0 Yes No Freeway Rural Curved
1-94 Macomb 3.0 No Yes Freeway Urban Curved
M-40 Van Buren 1.6 No Yes Arterial Urban Curved
1-696 Macomb 4.0 No Yes Freeway Urban Curved
Metro Pkwy Macomb 1.0 No Mixed Arterial Urban Syhi
19-Mile Rd Macomb 2.0 No No Arterial Urban Straight
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Demographic information, including population and driver licensing datarelatvely
consistent between each of the 15 counties utilized in this stutlg. oerall percentage of
licensed drivers over the age of 65 for the 15 study counties was 158&tperaich was slightly
lower than that for the State of Michigan (16.6 percent). Crash inmelveof older drivers was
also comparable across the sample counties. As the studweresandomly selected from all
candidate work zones, it is reasonable to assume that the drivingatpamplwere also

comparable between the work zones with and without steady burn warning lights.

5.4 Field Data Collection Procedures

Field data collection was performed at the study sites duringdseof darkness between
January and May of 2010. These studies were conducted from eamnipgVafter dark) hours

until the required number of samples were collected.

5.4.1 Driver Behavior

A two member crew along with a survey vehicle was utilized for the vid&ocddection.
The survey vehicle was used to covertly record the nighttime dofeavior data of randomly
selected subject vehicles while they were followed through th& wone. This process of
following a subject vehicle (each pass) typically startegersd hundred feet upstream of the
work zone. The driver would position the vehicle a safe distance4(ite 8 seconds) behind the
selected subject vehicle as the survey vehicle approached thmn siEctirums. In a situation
where multiple lanes were available, vehicles that were lingvén the lane closest to the
channelizing drums were observed. During this process of followisgbgct vehicle, the
survey vehicle driver made reasonable attempts to maintain &8 4écond spacing between

vehicles.
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A high definition video camera mounted on a tripod was utilized tortigwaapture the
behavior of the subject vehicle. Care was taken that the camasraositioned in a consistent
manner for each subject vehicle such that the field-of-view easered on the rear of the
vehicle. In order to assess the subject vehicle's lateral qosiithin the travel lane, the
camera’s view was positioned to include a substantial distance b#yeneft and right lane
markings, including the channelizing drums. In order to make suréhthdesired camera view
was maintained, the passenger in the survey vehicle held the tnpaduniform position
throughout each pass. Camera position adjustments were only nmeasolfitely required to
ensure a uniform field-of-view. After each pass, the driver dvduin around at the nearest
crossroad, turnaround, exit, or a driveway and the survey procesepeaded in the opposite
direction, assuming the work zone had two-directional traffiavoifk zone was only in a single
direction, then the survey vehicle went back to the starting positioregpedted the process. A
minimum of 20 passes per direction were typically obtained at each work zone.

Not all passes went smoothly or without interruption. Occasionalgybgect vehicle
exited from the lane prior to the end of the work zone. In theses ctse driver of the survey
vehicle would take reasonable measures to reposition the dagetionllvehicle behind the next
closest subject vehicle, assuming a sufficient length of drurhsrestiained. If an another
vehicle merged between the vehicles, the survey vehicle driverdwmalke necessary
adjustments and continue following the new subject vehicle, agairffifient length of drums
was still left to cover.

Nighttime road work was active during data collection at si¥hef36 study locations.
Of these six locations, extensive work activity was being peddrat three locations, while at

the other three locations had localized bridge repair workrirfgethat the presence of workers
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and/or equipment would potentially bias the driver behavior charamsgyrigiriver behavioral

data were not collected in the proximity of the work area.

5.4.2 Luminance Measurement

Research was undertaken to explore the relative differencesg imighttime brightness
characteristics between drums with and without steady burn walights used in a variety of
work zone scenarios. Two evaluations were performed: 1) measuremamnservice-drum
luminance in actual work zones and 2) measurement of drum luminancecamti@lled
environment. The objectives of this research were as follows:

e Controlled environment - Examine nighttime luminance characterisiccommonly
used work zone drums with and without steady burn warning lights aong&olled
environment.

e Field environment - Examine nighttime Iluminance characteristitswork zone
channelizing drums with and without steady burn warning lights irsegéveral work
zones scenarios within the State of Michigan.

Selection of a photometric unit of measurement that describes tradl dbeghtness” of
the drum including both the retroreflective sheeting and a\steach warning light attached to
the drum was important. A review of the literature found thatntlest appropriate unit of
measurement for comparing the relative brightness of drums widhwathout steady burn
warning lights was luminance. This is because luminance desditile physical measure of
brightness regardless of whether the light is reflected flmensheeting or emitted from the
steady burn warning light. It is important to note that refi@cgvity is not an appropriate unit
of measurement for this research as it is only applicabteflective surfaces and not to light

emitting sources, such as a steady burn warning light.
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The instrument used for all luminance measurements was a Kdimio#ta LS-100.
This utilizes a flareless fixed aperture single-lens-xeftgtical system with a 1 degree
acceptance angle. All drums and drum components observed in thisdtadied Michigan
Department of Transportation (MDOT) standards (4). The sheatatgrials affixed to the
drums were ASTM D 4956 Type Il sheeting (i.e., high intengityhigher (i.e., microprismatic
sheeting). All steady burn warning lights followed the currentOMBstandard for Type C (i.e.,
steady burn) warning lights and included an LED enclosed insidég0aléyree yellow lens.
MDOT’s standard requires all steady burn warning lights to conto the current Institute of
Transportation EngineelRurchase Joecification for Flashing and Seady Burn Warning Lights

(46).

5.4.2.1 Controlled Environment

This research involved nighttime luminance measurement of selrenmal scenarios at
the top of a large parking structure on the campus of Waynel8iatersity. The objective was
to evaluate the luminance impacts associated with the prealeseece of a steady burn warning
light in a controlled environment from a stationary vehicle. Thisuetan utilized three sample
drums with each of them having a different sheeting type and/or mondifThe sheeting on
these drums met or exceeded MDOT'’s in-service standards. uidhsdused were MDOT
standard size, measuring 36 inches tall with a top diameter of A8sindcach drum had a 360
degree amber steady burn warning light that was 4.25 inchéexellisive of the base) and 3.25
inches in diameter. Including the non-illuminated base, the light adilaethes to the height of
the drum.

Drum luminance was measured under several predefined conditions shown below:

e Sheeting Type — Three types of sheeting were used, they are:
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- New high intensity sheeting
- Used high intensity sheeting
- Used microprismatic sheeting
e Drum lighting condition — Both with and without conditions were evaluated:
- Steady burn warning light on drum
- No warning light on drum
e Lateral offset to the near edge of the drum from the center of the vehicle:
- 6 ftright (represents O-ft offset from the right edge of a 12-ft lane)
- 10 ft right (represents 4-ft offset from the right edge of a 12-ft lane)
e Vehicles — Two different vehicles with different driver eye gheilevels and
headlamp characteristics were used, including:
- 2002 Oldsmobile Alero
- 2008 Ford E-Series Cargo Van

Luminance data for each combination of the above mentioned conditionshtaneed.
Therefore, a total of 3*2*2*2 = 24 drum scenarios were measured dthmangcontrolled
evaluation.

The vehicle used for the study was first carefully positionethetpredefined location
with its center aiming straight ahead to make sure a consistadtamp alignment. The vehicle
was not moved from this spot until all the measurements were deahptather the drums were
moved or modified accordingly to form the predefined drum scenarios. aHothe
measurements, the vehicle’'s low beam headlamps were utilized.

As was measured in the field, all drum scenarios’ luminancenveasured through the

windshield from the passenger seat of the vehicle from a dis@n260 ft. This 200 ft.
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measurement distance corresponds to the distance where in thendruvaraing light fits into
the 1-degree aperture measurement circle on the luminance rGate was taken to ensure that
the measurement circle was positioned identically for all drueggrdless of whether or not it
had a steady burn warning light. As each drum possessed a wiaghtnthe “without warning
light” condition was created simply by covering the light withkdaeavy towel. Figure 4 shown
below displays the photographs of drums with and without steady burn wéghtgyviewed at

a distance of 200 ft.

In order to keep a consistent level of background luminance, the dchmde@n wore
dark clothing and stood behind the drums. However, it was not possiblectothe parking
structure lighting during the study and therefore some amountlméatlighting was present as
can be seen in Figure 4. It is important to note that cardakas to minimize the impact of
ambient lighting by keeping the drums as far away from the sowasepossible and were
approximately 50 feet from the nearest lamp post's base. Fudhersince the drums were

placed in identical locations during each test, all scenarios had consistenttdigbie

5.4.2.2 Field Evaluation of Drum Luminance
A total of 15 work zones in 10 counties within Michigan were randaulgcted for this

field luminance evaluation. These work zones were all under Mp@ddiction and were on
limited-access freeways. These identified work zones rapesbedifferent scenarios
collectively. They include:

e Drums with and without steady burn warning lights,

e Drums with high intensity sheeting and drums with prismatic sheeting,

e Locations with roadway lighting and locations with no roadway lighting,

e Locations with drums on the left and locations with drums on the right, and
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Drum with Light

(b) Used high intensity drum
Figure 4: Example Drum Scenarios Used in the Controlled Evaluation
(Taken from the 2002 Olds Alero at 200-ft with a 6-ft lateral offset from thizhes center)

e Urban and rural environments.
The collection of field luminance was performed between the hours 80 M and
4:00 AM on dry nights in late-May and early-June of 2010. Luminanizewdas collected by a
two person crew driving through the work zone at low speeds. Thednoe meter operator
was seated in the front passenger seat with the meter moungedripod to ensure stability

during measurement. All measurements were performed fromathe 2010 Toyota Corolla
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using only the low beam headlamps. At least 20 luminance measuseweret obtained from
randomly selected individual drums at each of the 15 study work zddepending on the
length of the work zone and traffic volumes, multiple passes thrdughwvork zone were
sometimes necessary to obtain the target sample size.

Similar to video data collection, each pass began several hundtadofteeam of the
work zone. The driver would proceed towards the work zone, positioning fideven the
travel lane closest to the channelizing drums. After enteéhagvork zone, the driver would
decelerate to a speed at or below 20 mph. The driver carefullyarezhihe rear-view mirror
for vehicles approaching from behind. If an approaching vehicle wested, the driver would
pull onto the shoulder or behind the barrels (if possible) or actelera safe operating speed.
If the traffic volumes at a particular site were such thatas generally unsafe to travel at such
low speeds, the luminance measurements were not performed for that site ahsuch ti

Luminance measurements were performed by identifying glesgirum at random that
was several hundred feet downstream from the vehicle. The tadyatedvas tracked through
the eyepiece of the meter until the drum, including any steadhyligint affixed on top, touched
the top and bottom of the 1-degree aperture measurement citbi@ e eyepiece of the
luminance meter. It was at this moment that the triggerrelaased and the final measurement
was recorded. To provide consistency between measurements, dsarengent circle was
positioned identically for all drums, regardless of whether or st¢éady burn light was attached
to the top of the drum. Readings were discarded if stray light bpposite direction vehicular
headlamps, ambient lighting sources, or other drums were in thé na@gsurement area when
the reading was taken. Based on the fixed 1-degree aperttleedafithe luminance meter and

the drum height, the measurements were taken when the vehiclgopragimately 200 feet

www.manaraa.com



61

upstream of the targeted drum. Each measurement was vedealiged into the microphone of
a high definition video camera that had been positioned in the centerecohdioé vehicle. The
video camera provided both an audible record of the luminance readingsvesudl record of
the entire work zone scene during each measurement. The videdswasilized to visually
identify whether the study location utilized drums with high intgnsheeting or prismatic
sheeting, as this characteristic is apparent to the naked e&yare 5 provides examples of the
luminance measurement area (within the circle) at a distahepproximately 200 feet for
drums with and without steady burn warning lights.

All luminance data were measured from the travel lane thatad@cent to the drums.
Luminance data were only collected for continuous sections of ehaing drums that were
parallel to the travel lane on flat, straight sections of r@egdwDrums were positioned no more
than 4-ft from the edge of the travel lane. In order to remoyepatential biasing factors,
measurement of the luminance was not performed under any of the following conditions:

e Taper sections — Readings were only obtained on drums that wetelgardhe

travel lane to ensure that the headlight beams were consistently stn&idguins at a
similar angle;

e Roadway segments with excessive horizontal or vertical curvatu@hanges in

horizontal or vertical alignment would also impact the angle atiwtiie headlights
reflect off of the drums, resulting in higher or lower luminancsasurements as a
result;

e One or more vehicles were closely following the data cotiactehicle — If a another

vehicle were traveling closely behind the data collection vetstlay light from the
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trailing vehicle’s headlamps may tend to inflate the subseqleminance

measurements;

Approximate
measurement areg
for 1° aperture at

200 feet

measurement
distance

(a) Drums without steady burn warning lights, unlit freeway, prismatic sheeting

Approximate
measurement area
for 1° aperture at

200 feet
measurement
distance

(b) Drums with steady burn warning lights, unlit freeway, high intensty sheeting

Figure 5: Field Luminance Measurement Examples
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e Opposing vehicles were present and no barrier existed to block thearnpadl
illumination — Measurements were also not taken if a vehicleomasng from the
opposite direction and its headlights were impacting the luminanesumsments.
Measurements were only taken with opposing traffic present iédiam barrier of
sufficient height was available to block this traffic’'s headlamps;

e Rough pavement sections — Measurements were not obtained on rough pavement
sections as the luminance meter could not be appropriately sdbslificiently in
order to obtain consistent measurements on such sections;

e The steady burn warning light was missing, burned out, or maléumag (only for
drums with lights) — If the steady burn warning light was not tionang properly,
the luminance measurements would be biased; or

e Drums were closely spaced such that individual drums could not bé&edatathe
measurement target circle on the meter — If consecutive drumes spaced too
tightly together, it was not always possible to isolate onlytainget drum. In such
cases, the second drum may result in an artificially high luminance meastirem

Table 4 presents the list of all the locations where luminaneeved collected and also

the basic characteristics of these work zones.

5.4.3 Drum Physical Condition and Spacing

Information related to the physical condition of the drums along thighspacing from
the edge of the road was assessed as a part of fielccaleation. This information was
collected at 29 work zones, out of which 12 work zones used drums witly §tean warning

lights while the other 17 used drums without steady burn warrghg¢sli The drum condition

www.manaraa.com



64

information was extracted from the videos collected as part oflilker behavior evaluation

described in the previous section.

Table 4: Characteristics of Work Zone Sites for Field Study of Luminane

STEADY BURN

WARNING ROADWAY
SITE BEGIN AND END COUNTY LIGHTS ON LIGHTING

DRUMS
M-59 Ryan to Adams Oakland Yes Yes
M-59 Woodward to |-75 Oakland No Yes
1-96 Grand to Southfield Wayne Yes Yes
1-275 [-94 to Monroe Co. Line Wayne No No
I-75 LaPlaisance to Sandy Monroe No No
1-94 US 131 to Westnedge Kalamazoo Yes No
US-131 Center to Flowerfield Kalamazoo No No
1-94 Baker to Jackson Co. Line ~ Washtenaw| Yes No
1-94 Sergeant to Race Jackson No No
I-75 Rouge River Bridge Wayne No Yes
1-96 48th to 68th Ottawa Yes No
1-196 Fuller to M-37 Kent No No
1-94 US-12 to I-94 BR Berrien Yes No
1-94 10-Mile to 12-Mile Macomb No Yes
1-696 [-94 to Hayes Macomb No Yes

For each work zone location, the video for a single pass through the settion of
channelizing drums was reviewed and assessment of the conditiachadrean was performed.
If a work zone existed for both directions of travel, assessmaeatrtiof condition was performed
independently for each direction. The following damage condition assassmag performed
for each channelizing drum observed in the videos:

e Scuffed,

e Dented,
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e Knocked over/leaning,
e Missing, or

e Undamaged.

5.4.4 Vehicular Speeds

Collecting spot speed data within a work zone required positionindataf collector
within the work zone limits. However, most of the times it isllehging to get a safe spot for
the data collector to park the car for gathering spot speedsaugeof these difficulties, spot
speed studies were conducted at at total of 13 work zone locatimes et which were
locations without steady burn warning lights and six were logatwvith steady burn warning
lights. These sites included various combinations of shoulder and weed and different
work zone lengths. All spot speed studies were conducted during niglaiinaitions using a
radar gun. Data were collected covertly by an observer wh@essoned above the roadway
on a freeway overpass, at a location that was approximatehwémal through a series of
channelizing drums in a particular work zone.

Free-flowing vehicles (i.e., minimum headways of 5 seconds) salexted at random
and, if the work zone was operating in both directions, speed data sereodected in both
directions. To reduce the possibility of external bias, casetaken to collect data only under
dry pavement conditions and only in work zones where no work was beiognpedf at the time
of the study. Only freeway sites were utilized for the spetd study because these locations
had consistent work zone speed limits (i.e., 60 mph when no workergvesent) while the
work zone speed limits at arterial locations varied widelNo workers were present at the work
zone locations during any of the speed data collection efforts. urhmary of the sites where

speed data were collected are shown in Table 5.
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Table 5: Characteristics of Freeway Work Zone Locations for Speed Measuresnt

WARNING WORK ZONE
SITE COUNTY LICSI;LSMgN SP%EEE[E\%T R(i'lo‘GDl_\:yrAY '_‘Fsgé

US-131 (Center to Flowerfield) Kalamazoo No 60/45 No Rura
1-94 (Sergeant to Race) Jackson No 60/45 No Rural
1-196 (Fuller to M-37) Kent No 60/45 No Urban
1-94 (10 Mile to 12 Mile) Macomb No 60/45 Yes UrbarP
1-696 (1-94 to Hayes) Macomb No 60/45 Yes Urban
I-275 (Sibley to Huron River) Wayne No 60/45 No Urbar
[-75 (MM5 to MM11) Monroe No 60/45 No Rural
1-94 (US 131 to Westnedge) Kalamazoo Yes 60/45 No Urbah
1-94 (Baker to Jackson Co.) Washtenaw Yes 60/45 No Rurdl

1-96 (48" to 68" Ottawa Yes 60/45 No Rura

1-94 (US-12 to 1-94 BR) Berrien Yes 60/45 No Rural
M-59 (Mound to Van Dyke) Oakland Yes 60/45 Mixed Urban
M-59 (Adams to Dequindre) Oakland Yes 60/45 Yes Urbah

* Workers not-present/workers present

5.5 Extraction of Diver Behavior Data from Videos

Video data was gathered from more than 1,200 total passes of thg weimae through
the study work zones. This video data was transferred to a conigruteriew upon return to
the office. A team of trained technicians reviewed the videoxttaot the necessary driver
behavioral data. The reviewer first recorded basic information @hewvork zone conditions,
including:

e Presence/absence of steady burn warning light on drums,

e Position of the drums (right or left),

e Approximate distance from the edge of the travel lane to the near edge of the drums,
e Horizontal alignment (straight or presence of one or more curves),

e Roadway type (arterial or freeway), and
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e Presence/absence of roadway lighting.

From the video data, each pass through the work zone was reviewed aiiit spe
characteristics of the behavior for each subject vehicle wesessed. Both passenger and
commercial vehicles were observed. The reviewer began agpéssibehavior of the subject
vehicle at the start of the lane or shoulder closure (i.e., thitetaper). The behavior of the
subject vehicle was continuously assessed throughout the entire sédhierwork zone where
channelizing drums were present. The following information waairsdd for each subject
vehicle during the review:

e Time spent in left-of-center lane position,

e Time spent in center lane position,

e Time spent in right-of-center lane position,

e Total tracking time, and

e Frequency of lane position changes (i.e., steering reversals).

Prior to reviewing the videos, each observer was trained accormdlitigetfollowing
procedures. An initial training session was provided for each obltservers in which the
instructor demonstrated the techniques for extracting the necelsaryrom a sample video.
The observers were then provided with a set of training videos tthadéacl2 vehicles tracked
through a work zone. Each observer was instructed to determine bothdorvehicle and
overall 1) the percent time spent in each of the lateralipositind 2) the number of steering
reversals. Upon completion of the training videos, the extracted vahdatha for each observer
was then compared to the instructor’s data, which were considerepresent the “true” values.
The lateral positioning data were considered “correct” if theye within 2% of the instructor’'s

values, while the raw steering reversal data were condidereect if they were within one
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reversal. If any of the data did not comply with the specif@drances, the observer was
provided with targeted feedback and required to reassess allgraidens. This was repeated
until the observer met the specified tolerances for all MOEBe average observer required
three reviews of the training videos to fall within the specified tolerances.

To provide consistent boundary definitions for each of the three l|giesdtions, the
video reviewers were instructed to fixate their view on the pwosif the vehicle’s license plate
with respect to the center of the lane, provided that the licensewds centered on the vehicle.
A vehicle was considered in center lateral position if any poribthe license plate was
positioned over the center of the lane. A vehicle was consideredpmshi®ned left or right of
center if the entire license plate had shifted lateraliypbéd the center of the lane. Examples of
the three lateral lane positions are shown in Figure 6. Ifitkade plate was missing or off-
center, the reviewer would utilize a secondary distinguishingreatn the center of the vehicle
to determine the lateral position.

The amount of time spent in each lateral position was determinad tiee clock
embedded in the video review software. All times were recotaé¢de nearest second. The
total tracking time was equal to the sum of the time speeaah of the three lateral positions.
Data were collected only for vehicles that were tracked fomémum of 10 seconds, as this was
assumed as the minimum duration for which an accurate dribhewvioeal assessment could be
made. After the videos were reviewed, the data were tabuwatkdoded into a single data set
for analysis.

Each MOE was computed such that equal weighting was given soilgéct vehicles,
regardless of the amount of time that each vehicle was tradkezlfollowing example provides

an explanation of the procedure by which each MOE was computed for a subject vehicle.
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Figure 6: Example of Vehicular Lateral Lane Position Assessment
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A review of the video for one particular run found the subject vehicleave spent the
initial 9 seconds in the left-of-center position, the next 14 secorttie icenter position, the next
15 seconds right-of-center, and the final 18 seconds in the centaorposithe total tracking
time for this subject vehicle was 9+14+15+18 = 56 seconds. A tothle steering reversals
were observed, as follows: 1) left to center, 2) center td,rand 3) right to center. Thus, the
rate of steering reversals for this vehicle was computed 26)f80 = 3.21 steering reversals per
minute. The percent time this vehicle spent in the center lanéoposias computed as
(14+18)/56*100 = 57.14 percent. The channelizing drums were on the lefifdite lane. As
such, the percent time spent in the position closest to the druméeft-ef-center position) was
(9/56)*100 = 16.07 percent. Similar calculations were repeated foroédich vehicles included

in the data set.

5.6 Site Categorization
As mentioned in the previous sections, work zones selected fornugasi study

collectively represented a broad range of scenarios, including:

e Drums with and without steady burn warning lights,

¢ Single lane closures, double lane closures, and shoulder closures,

e Roadway lighting and no roadway lighting,

e Undivided arterials and freeways,

e Drums on the left and drums on the right,

e Various drums offsets from the edge of the lane,

e Locations with and without horizontal curvature, and

e Urban and rural environments.
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Using the above mentioned criteria the sites were catedointe different groups for
analytical purposes. Note that not all grouping factors werefasedl MOEs because in many

cases only a subset of the study sites was utilized for a specific emaluati

5.7 Statistical Analysis Methods

The statistical significance of the impact of using the drwitts and without steady burn
warning lights was tested in order to better understand wh#tbechanges observed in the
MOEs are attributable to the steady burn warning lights on the drums.

Appropriate statistical analyses techniques were determioechnpare data between
locations with and without steady burn warning lights, after samala for each MOE were
examined.

Two-sample Z-test of proportions was used to compare data esgbrésserms of

percentages, this can be calculated by the following general formula:

Pwith _ Pwithout

Z= Equation 3

1 1
\/Rotd (1_ I:¥ota.l )[ n, + n, j
ith ithout

Where:
Z = calculated Z-test statistic
P.ith = the proportion corresponding to work zones wtrady burn warning lights
Puithout = the proportion corresponding to work zones witheteady burn warning lights
Piwotal = the proportion corresponding to all work zonesibined
nwith = the sample size corresponding to work zones stéhdy burn warning lights
Nwithout = the sample size corresponding to work zonesowtiteteady burn warning lights

If the calculated Z-statistic is greater than tinéical value (x1.96) obtained from the
cumulative standard normal distribution table, whi#éference in proportions is statistically

different at the prescribed level of confidence @scent).
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Test of equality of means was used to compare thi63Es that are expressed in terms of
a continuous random variable. Such tests includeledt’'s t-Test, Welch’s t-Test, or non-
parametric equivalents such as the Mann-Whitneyest.T The appropriate test among these is
determined based upon whether the underlying datan@rmally distributed and whether the
variances in the MOEs between the groups with aitdowt steady burn warning lights are
significantly different from one another. If thatd are normally distributed with equal variances,
Student’s t-Test is appropriate; if the data aremadly distributed with unequal variances,
Welch'’s t-Test is appropriate; and if the datarasenormally distributed, the Mann-Whitney U
Test is appropriate. The normality assumption assessed using the one-sample Kolmogorov-
Smirnov test while the equality of variances waseased using the Levene test for homogeneity
of variance.

For those MOEs that may be influenced by other aldes (in addition to the
presence/absence of steady burn warning lights)thitee aforementioned tests also expanded to
a multi-factor analysis of variance (as an altemeato the t-Test) or using the Kruskal-Wallis
Test (as an alternative to the Mann-Whitney U Tedtpr example, the lane positioning data
were analyzed using a multi-factor analysis of aace (ANOVA). Main factor effects and
interactions of the main factor effects were inelddn the ANOVA. The independent factors
entered into the ANOVA for each of the vehicle-kiag based MOEs (i.e., lateral placement,
steering reversals) included:

e Steady burn warning light on drums (presence oerates),

e Horizontal alignment (straight or at least one homital curve),

e Drum side (left or right), and

e Drum distance from edge of the lane (less thanat-fit least 1-ft).
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CHAPTER 6: Results of Field Evaluation

The results of the statistical analyses of allfibkl data collected are discussed in this
chapter. The analyses were performed using theei@ehinear Model procedure in PASW

(formerly SPSS) version 18.0 (47).

6.1 Driver Behavioral Factors

As mentioned earlier, a total of 36 sites werelizatdl for the driver behavior
characteristics. From these sites data a totdl, 400 subject vehicles were obtained from the
videos, representing an average of 38.9 vehiclesstpely site. Of the total sample of 1,400
subject vehicles, 793 were observed in work zondsowt steady burn warning lights on drums,
while the remaining 607 were observed in work zomigis steady burn warning lights on drums.
One-hundred twenty-seven of the work zone passsidecluded two or more subject vehicles,
representing 10.2 percent of the 1,251 total pas$és significant differences were detected
between the behavioral data obtained from pass#ainong multiple subject vehicles compared
to passes containing a single vehicle.

The behavioral MOEs were analyzed using a muttieiaanalysis of variance (ANOVA).
All statistical inferences were determined at ap@%cent confidence level. Each of the three
MOEs were analyzed individually. Main factor etfeand interactions of the main factor effects
were included in the ANOVA. The independent fagtexamined included:

e Steady burn warning light on drums (presence oerates),
e Roadway type (arterial or freeway),
e Horizontal alignment (straight or at least one hontal curve),

e Drum side (left or right), and
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e Drum distance from edge of the lane (less thanat-t least 1-ft).

The presence of a steady burn warning light ondtluens had very little impact on the
center lane positioning tendencies of drivers. aherage percent time each vehicle spent in the
center lane position was 39.99 and 39.52 for looatiwithout and with steady burn warning
lights on drums, respectively, representing a diadlly insignificant difference of 1.2 percent.

These results are shown in Table 6 along with ésalts for the other MOEs.

Table 6: Results of Driver Behavior Impacts Associated with Steady Burkvarning Lights

on Drums
MEASURE OF STEADY BURN Arithmetic ey || O U RS
EFFECTIVENESS WARNING LIGHT MEAN Diff Diff Significantly
PRESENCE/ABSENCE liierence inerence Different?
Percent of Time Each Drums Without Light | 39.99
Vehicle Spent in the -0.47 -1.2 No
Center Lane Position | Drums With Light 39.52
Percent of Time Each s without Light | 7.14
Vehicle Spent in the
Lane Position Closest L +4.28 +59.9 Yes
Drums With Light 11.42
to Drums
Steering Reversals perprums Without Light 3.94
Minute for Each —— +0.8 +20.3 No
Vehicle Drums With Light 4.74

Notes: These data represent 793 vehicles obserwedrk zones without steady burn warning lightsdoams and
607 vehicles observed in work zones with steady bearning lights on drums. Statistical testing wasformed at
a 95-percent confidence level.

The presence of a steady burn warning light ordthens did impact drivers’ tendency to
travel in close proximity to the drums. The averggercent time each vehicle spent in the
position nearest the drums was 7.14 and 11.42 doatibns without and with steady burn
warning lights on drums, respectively, representingfatistically significant difference of 59.9
percent. This finding may indicate that drivers arore confident while driving through work
zones with steady burn warning lights on drums aatural tendency of drivers to drift toward
the lights.

The presence of a steady burn warning light ondtinens had a marginal impact on the

rate of steering reversals. The average ratesefigg reversals per minute for each vehicle was
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3.94 and 4.74 for locations without and with steldyn warning lights on drums, respectively,

representing a difference of 20.3 percent. Howetle® ANOVA results indicated that this

difference was not statistically significant.

6.2 Other Roadway or Work Zone Related Factors

The impacts of the other roadway or work zoneteeldactors that were included in the
analyses were also investigated for each of theetMOEs. While none of these four factors
were found to have a statistically significant iroppan all MOES, several statistically significant
differences were observed. The ANOVA results fuese additional factors are reported in
Table 7. Note that these factors were tested samebusly along with the presence or absence

of steady burn warning light factor in the ANOVA d&. As such, the ANOVA model controls

for the effects of each of the other factors.

Table 7: ANOVA Results for Additional Factors Related to the Roadway or Work Zoe

Pct. Time Each Veh. | Pct. Time Each Veh. | Steering Reversals per
Spent in Center Lane| Spentin Lane Pos. Minute for Each
Position Closest to Drums Vehicle
No. of Significant Significant Significant
Factor Level Vehicles | Mean | Difference?* | Mean | Difference?* | Mean Difference?*
Arterial 500 46.07 8.16 3.87
$ oadway Yes No Yes
ype Freeway 900 36.2p 9.46 4.52
Horizontal | Straight 705 41.44 7.96 3.85
Al ¢ No No No
ignment | cyrved 695 38.10 10.05 4.74
Left 797 45,75 12.65 4.75
Drum Side Yes Yes No
Right 603 31.9( 4.17 3.68
Drum Dist.|  <1-ft 540 41.84 8.31 3.90
from Edge Yes No No
of Lane >1-ft 860 38.50 9.43 453

* Based on a 95-percent confidence level

Roadway type was found to significantly impact tdeater lane positioning and steering

reversal MOEs. Vehicles traveling through work e®ron arterial roadways had significantly
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higher rate of center lane positioning and a sigaitly lower rate of steering reversals
compared to freeways. This may have been duedddtt that two-way traffic was often

maintained through the arterial work zones, prongptrivers to maintain a centralized position
between oncoming traffic and the channelizing drums

Drum side (e.qg., left or right) was found to havstatistically significant impact on both
of the lane positioning MOEs. Drums positionedtloa left side elicited a significantly higher
rate of both center lane positioning and positigritosest to the drums compared to drums on
the right side. This is likely due to drivers pessing greater confidence in the ability to judge
their vehicle’s distance from the drums when thents are positioned on the left side of the
vehicle. Drivers are less confident of their posilng when the drums are positioned on the
right, resulting in drivers “shying” away from tloeums.

Drums positioned within 1-ft of the edge of thavel lane were found to significantly
increase center lane positioning, although no impas observed for the other MOEs. The
horizontal alignment of the roadway did not haw&gmificant impact on any of the three MOEs,
although slight differences were observed.

Additional statistical testing was also performed éach of the MOEs by considering
each of the independent factors (i.e., steady tuamming light, horizontal alignment, drum side,
and drum distance from edge of lane) individua#ither than together, as was the case for the
ANOVA testing. The additional testing included Ibdhe independent sample t-test and the
Mann-Whitney U-test, which is similar to the t-telstit does not require the data to be normally
distributed. The results for each test for eachBviDd factor are shown in Table 8, which show

very little differences between the two tests foy af the variables.
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Table 8: Comparison of t-Test and Mann-Whitney U-Test Results for Varios MOEs

Pct. Time in Center Lane | Pct. Time in Lane Pos. Steering Reversals per
Position Closest to Drums Minute
Statistical Statistical Statistical

Type of | Significance of Type of | Significance of Type of | Significance of
Factor Test the Factor* Test the Factor* Test the Factor*
Steady Burn T-test Not Significant T-test Significant T-test| gS8ificant
Warning Light | U-test | Not Significant U-test | Significant U-test| gSificant
Horizontal T-test Not Significant T-test Not Significant T-tes | Significant
Alignment U-test | Not Significant U-test | Not Significant U-tes| Not Significant

, T-test Significant T-test Significant T-test Sigaint

Drum Side — —

U-test Significant U-test Significant U-test Sigai#nt
Drum Dist. from | T-test Not Significant T-test Not Significant T-tes | Significant
Edge of Lane | y-test | Not Significant U-test | Not Significant U-tes| Significant

*At 95 percent level of confidence
6.3 Speeds

Spot speed studies were conducted at a total dbdaBions and all of these locations
were on freeways because these locations had tamtsigork zone speed limits (i.e., 60 mph
when no workers were present). Arterial locatiorese not utilized as the work zone speed
limits varied widely. Of the 13 study locationgven were within work zones without steady
burn warning lights and six were within work zomeh steady burn warning lights. All spot
speed studies were conducted during nighttime ¢tiondi using a radar gun from a covert
location on an overpass. Data were only collecteder dry pavement conditions and only in
work zones where no work was being performed atithe of the study. Only freely flowing
vehicles were sampled. The summary of the spetadada shown in Table 9.

Comparing the resultant speed data between thesgpgof locations showed that the
median, mean, and 8%ercentile speeds tended to be between 3.1 anthg@higher in the
work zones where steady burn warning lights weillezed. Work zones on freeways without
steady burn warning lights on the drums had nigtettmedian, mean, and"8percentile speeds

of 57.8 mph, 59.5 mph and 63.8 mph, respectively.
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Table 9: Spot Speed Measurements at Work Zones on Freeways

WORK
s | postep | NO.OT | MEAY | MEDIN | 5 | STD
SRV e MEAS. | (MPH) | (MPH) (MPH) (MPH)

(MPH)*

US-131 (Center to Flowerfield No 60/45 106 57.9 55.8 61.4 5.9
1-94 (Sergeant to Race) No 60/45 100 59.6 57.3 61.6 5.0
I-196 (Fuller to M-37) No 60/45 101 54.0 50.5 57.0 4.4
1-94 (10 Mile to 12 Mile) No 60/45 101 63.2 60.9 66.5 5.4
1-696 (I-94 to Hayes) No 60/45 100 60.3 58.3 64.7 6.6
I-275 (Sibley to Huron River) No 60/45 100 59.2 57.7 63.3 4.8
I-75 (MM5 to MM11) No 60/45 100 62.6 60.6 65.7 3.7

\IJ\SA\CRA"\I-I;:\?C’;\IEK\QV;?_S'OUT STEADY BURN 708 59.5 57.8 63.8 5.9

1-94 (US 131 to Westnedge) Yes 60/45 100 63.3 60.2 65.5 4.3

1-94 (Baker to Jackson Co.) Yes 60/45 100 60.1 58.1 62.5 5.7

1-96 (48" to 68" Yes 60/45 101 68.0 65.3 70.2 4.0

1-94 (US-12 to 1-94 BR) Yes 60/45 106 65.4 62.0 68.5 4.3

M-59 (Mound to Van Dyke) Yes 60/45 100 61.1 59.2 65.3 6.0

M-59 (Adams to Dequindre) Yes 60/45 100 62.2 60.4 66.2 5.6
LIS LTI STEADY BURN 607 | 634 | 609 66.9 5.7

* Workers not-present/workers present

Work zones on freeways with steady burn warningtign the drums exhibited median,

mean, and 85percentile speed of 60.9 mph, 63.4 mph, and 6¢I9, respectively. These speed

differences between the two groups (i.e., drumd wights vs. drums without lights) were

statistically significant.

In addition to compagirthe differences in speed characteristics, the

average standard deviation (or variance) in trapeleds were also compared between the two

groups.

The standard deviation of travel speeds slightly higher at the locations without

steady burn warning lights (standard deviation.8friph compared to 5.7 mph at locations with

steady burn warning lights), although this differenvas not statistically significant.
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6.4 Drum Condition Assessment

The nighttime drum condition assessment was peddrat 29 work zone locations. Of
these, 17 locations did not have steady burn wgrhghts on the drums and 12 locations did
have steady burn warning lights on the drums. Wdmenpared with each other, relatively minor
differences between the two groups were obserw&fdrk zone locations without steady burn
warning lights had 14.1 percent of the drums damagemissing, while locations with steady
burn warning lights had 16.1 percent of the drusrsaged or missing. The z-test of proportions
showed that the difference between the two grouas statistically significant at a 95 percent

level of confidence. The drum condition assessmdat# are shown in Table 10.

6.5 Luminance

As mentioned earlier luminance data was collectetth under controlled environment
and also in actual work zones. The following sewidescribe the statistical analyses results

obtained from the data collected under both coorkti

6.5.1 Controlled Environment

Each of the 24 drum scenarios was measured thmes tiluring the controlled evaluation
for a total of 72 luminance measurements.

The descriptive statistics for nighttime drum luamice measured during the controlled
evaluation are shown in Table 11. Again, all luamoe measurements were taken through the
windshield from the front passenger seat of a ghrkhicle at a distance of 200-ft from the
drum. For display purposes, the luminance datdaible 11 have been combined for the two

vehicles used in the study.
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Table 10: Nighttime Drum Condition Assessment

WARNIN
SITE DRUM LIGHTSG DQ%AS?NEGD / UNDAMAGED BORTUA,\;
SIDE ON COUNT
DRUMS COUNT % COUNT %
I-196 (M-37 to Fuller) Left No 22 9.0% 223 91.0% 24
[-275 (1-94 to Monroe Co. Line) Left No 136 18.8% 8& 81.2% 724
I-75 (675 to M-84) Right No 27 6.29 410 93.8% 437
I-75 (MM1 to MM3) Right No 9 17.6% 42 82.4% 51
I-75 (Nadeau to 1-275) Right No 20 37.0M% 34 63.006 4 5
I-75 (Rouge River Bridge) Left No 8 9.1% 80 909% 8 8
1-94 (10-mile to 12-mile) Left No 10 11.0% 81 89.0% 91
M-1 (Chandler to Tuxedo) Right No 22 13.7% 139 86.3 161
M-39 (1-94 to I-75) Left No 17 12.1% 124 87.9% 141
M-40 (St. Joseph to Chicago) Both No 31 10.0% 278 0.0% 309
M-59 (Woodward to I-75) Right No 23 28.4% 58 71.6% 81
US-12 (Outer Dr. to Brady) Right No 40 29.4% 96 6PO. 136
US-131 (Center to Flowerfield) Right No 27 19.0% 511| 81.0% 142
US-24 (12-mile to 13-mile) Left No 31 41.3% 44 5R.7 75
US-24 BL (Chavez to Woodward) Left No 11 9.3% 107 0.7 118
I-75 (LaPlaissance to Sandy Creek) Left] No 0 0.0% 9 6| 100.0% 69
1-94 (Sergeant to Race) Right No 3 1.7% 178 98.3% 81 1
LOCATIONS WITHOUT STEADY BURN WARNING 437 14.1%| 2,666 85.9% | 3.103
LIGHTS
I-196 (71st to 118th) Left Yes 36 24.0% 114 76.006 501
I-675 (Tittabwassee to I-75) Both Yes 59 23.6% 191 76.4% 250
[-696 (I-94 to Hayes) Left Yes 23 22.8% 78 77.2% 110
[-94 (Baker to Jackson Co.) Both Yes 43 8.5% 465  .5%l 508
[-94 (US-12 to 1-94 BR) Left Yes 112 18.0% 510 8.0, 622
[-94 (US-131 to Westnedge) Left Yes 3 1.8%% 162 98.2 165
1-94 BR (Fair to 2nd) Right Yes 4 2.9% 136 97.1% 014
I-96 (48th to 68th) Left Yes 117 20.6% 450 79.4% 756
[-96 (Wyoming to Grand) Right Yes 38 24.1% 120 6.9 158
M-17 (Carpenter to Golfside) Right Yes 5 4.9% 97| .195 102
M-43 (Pine to Walnut) Left Yes 31 38.3% 50 61.7% 81
M-59 (Ryan to Adams) Both Yes 10 6.9% 134 93.1% 14
t%CHA_\r'I;ONS WITH STEADY BURN WARNING 481 16.1%| 2,507 83.9% | 2988

Calculated z-Statistic for Difference in Proportions = 2.20
Critical Z-Statistic = 1.96

Significant Difference? Yes
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The luminance data from the controlled evaluati@renvanalyzed using a full-factorial
analysis of variance (ANOVA). All statistical inBnces were based on a 95 percent level of
confidence. The independent variables included:

e Presence/absence of steady burn warning light,

e Sheeting type,

e Drum lateral offset, and

e Vehicle type.

The ANOVA model had an adjusted Bf 0.994. The ANOVA results indicated that
drum light, sheeting type, lateral offset, and ekhitype each had a statistically significant
impact on drum luminance at a 95 percent confidéenel. Sheeting type had, by far, the most
significant impact on luminance, as indicated g/ dlative magnitude of the F-statistic.

The average luminance of the prismatic drum (catsid all scenarios) was 4.92 cd/m
(59.3 percent) greater than the new high interthityn and 8.45 cd/Mm(177.1 percent) greater
than the used high intensity drum.

Steady burn warning light presence had relativithe limpact on luminance, although
the impact was statistically significant. The aubeh of a steady burn warning light to the drum
increased the average luminance by 0.11 £@n3 percent) and 0.22 cd/id.7 percent) for the
new and used high intensity drums, respectively @80 cd/m (3.9 percent) for the prismatic
drum. Although small in magnitude, the luminanneréases associated with the steady burn
warning light were statistically significant for &a of the sheeting types. However, when
compared to the F-statistics for each of the o¢lvatuated factors, including sheeting type, drum
offset, and vehicle type, the presence of a stdadp warning light was found to have the

smallest relative impact on drum luminance.
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Table 11: Descriptive Statistics for Controlled Luminance Evaluation

STANDARD
e | sermanes | (TESYSRN | MEM | oemton | IVEEROT

Drums Without Light 9.28 0.13 6

New High Intensity | Drums With Light 9.22 0.40 6

ALL 9.25 0.29 12

Drums Without Light 5.22 0.97 6

6-ft right | Used High Intensity] Drums With Light 5.53 0.88 6

ALL 5.38 0.90 12

Drums Without Light 14.12 2.15 6

Used Prismatic Drums With Light 14.72 1.45 6

ALL 14.42 1.77 12

Drums Without Light 7.20 0.31 6

New High Intensity | Drums With Light 7.48 0.25 6

ALL 7.34 0.31 12

Drums Without Light 4.09 0.51 6

10-ft right | Used High Intensity] Drums With Light 4.24 0.54 6
ALL 4.17 0.51 12

Drums Without Light 11.81 1.59 6

Used Prismatic Drums With Light 12.21 1.34 6

ALL 12.01 1.42 12
Drums Without Light 8.24 1.11 12

New High Intensity | Drums With Light 8.35 0.96 12

ALL 8.30 1.02 24
Drums Without Light 4.66 0.94 12

ALL Used High Intensity] Drums With Light 4.88 0.97 12
ALL 4.77 0.94 24
Drums Without Light 12.97 2.17 12
Used Prismatic Drums With Light 13.47 1.87 12

ALL 13.22 2.00 24

Notes: The data have been combined for the twacleshused in the study. Average background lunti@an0.116
cd/nf
The lateral offset of the drum also significantimpacted luminance, as the average

luminance decreased by 1.56 c8/(81.3 percent) for the two high intensity drumsl @41
cd/nf (16.7 percent) for the prismatic drums when mofrech a 6-ft lateral offset to a 10-ft

lateral offset.

6.5.2 Field Evaluation

Field luminance data was collected from 15 locatiavhich yielded a total of 372

nighttime drum luminance measurements with an @e 24.8 measurements per location.
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Luminance measurements were recorded for 287 druiths high intensity sheeting and 85

drums with prismatic sheeting. Drums with steadynbwarning lights accounted for 145 of the

luminance measurements, while drums without thatdigaccounted for the remaining 227

measurements. Again, all field luminance measungsnerere performed from the passenger

seat of a slow moving vehicle at a distance of axprately 200-ft away from the drum. The

descriptive statistics for field measured luminadata are shown in Table 12.

Table 12: Descriptive Statistics for Field Luminance Evaluation

SHEETING ROADWAY STEADY BURN MEAI;I S;C:\,IA?"IA\ORI\IID NUMBER OF
TYPE LIGHTING WARNING LIGHT (cd/m?) (Cd/mg) MEASUREMENTS
Segments Without | Drums Without Light 5.56 1.74 89
Roadway Lighting | prums With Light 5.00 2.19 69
_ Segments With Drums Without Light 4.22 1.98 86
IntHelggity Roadway Lighting | prums With Light 5.68 2.35 43
Drums Without Light 4.90 1.97 175
ALL SEGMENTS | Drums With Light 5.26 2.26 112
ALL DRUMS 5.04 2.09 287
Segments Without | Drums Without Light 14.69 4.27 41
Roadway Lighting | prums With Light 15.05 3.22 24
Segments With Drums Without Light 17.62 4.46 11
Prismatic | Roadway Lighting | prums with Light 15.87 5.79 9
Drums Without Light 15.31 4.43 52
ALL SEGMENTS | Drums With Light 15.27 3.99 33
ALL DRUMS 15.30 4.24 85

The field measured luminance data were analyzedguai full-factorial analysis of

variance (ANOVA). All statistical inferences webbased on a 95 percent level of confidence.

The independent variables included:

e Presence/absence of steady burn warning light,
e Sheeting type, and

e Presence/absence of roadway lighting.
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The ANOVA model had an adjusted R 0.727. Sheeting type and roadway lighting
each had a statistically significant impact on druminance at a 95 percent confidence level.
Of the statistically significant variables, shegtitype had the most significant impact on drum
luminance, as indicated by the magnitude of théakissic. This finding was consistent with the
controlled evaluation.

The presence of a steady burn warning light didnaet a statistically significant impact
on luminance for either the prismatic or drums wiihh intensity sheeting. High intensity drums
had an average luminance of 4.90 cdand 5.26 cd/ffor drums without and with steady burn
warning lights, respectively. Prismatic drums feadaverage luminance of 15.31 cé/and
15.27 cd/mfor drums without and with steady burn warning tigtrespectively. Thus, drums
with steady burn warning lights had average lumieaalues that were 0.36 cd/(7.3 percent)
greater and 0.04 cdfn{0.3 percent) lower than drums without steady buamning lights for
high intensity drums and prismatic drums, respetfiv The presence of roadway lighting had a

relatively small impact on luminance, although tlaistor was found to be statistically significant.

6.5.3 Comparison of Controlled and Field Evaluations of Luminance

Another objective of this research was to compareinance measured within actual
work zones to luminance measured within a contlofavironment. Although measurements
performed in a controlled environment present aersaind more efficient data collection
procedure, there was uncertainty as to the traasifdy of these luminance measurements to
actual field conditions. The mean and 95 percenfidence intervals for the field-measured and
controlled-measured luminance data separated bgtisgetype and steady burn warning light

presence are displayed in Figure 7.

www.manaraa.com



85

Steady Bumn
175 Warning Light
- I Drums Without Light
l i I Drums With Light
|
®
15.0 l i -
: I
4 (L 95% Confidence
N . Interval (Typ.)
£ |
= 125 1 A4
E |
)
(&)
c
g
= 10.0
5 Mean (Typ.)
- 5
\ dI)
.
7.5
& T
5.0 b
¢ 1
T T T T T
Field Controlled  Controlled Field Controlled
Study Study Study Study Study
(Used Drum) (New Drum)
— AN J
High Intensity Sheeting Prismatic Sheeting

Figure 7: Mean and 95 Percent Confidence Interval for Drum Luminance by i#aluation
Type, Sheeting Type, and Steady Burn Warning Light Presence

It shows some similarities between the measurenparfermed in the field compared to
the controlled environment for the high intensibdgrismatic drums. However, the new high
intensity drum clearly displayed a higher mean hanice compared to the field measured high
intensity drums. This was not unexpected, as neund are generally not representative of a
typical in-service drum.

An independent samples t-test was performed tamete the statistical significance of
the differences observed between drum luminancesuned in the field versus in the controlled

environment. Separate t-tests were performedherhigh intensity drums and the prismatic
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drums. Based on the reasons stated previouslyndhehigh intensity drum used during the
controlled evaluation was excluded from the t-tedthe results of the t-test are shown in
Table 13.

The t-test confirmed that no significant differereaests between luminance measured in
the controlled environment versus in the field fbe high intensity drums. The average
luminance for high intensity drums was 0.27 cd{17 percent) greater when measured in the
field versus the controlled environment. Howeubkg average prismatic drum luminance was

statistically significantly larger (2.08 cdfiL5.7 percent]) when measured in the field vethes

controlled environment.

Table 13: t-Test Results for Luminance Measured During the Field ¥aluation Versus the
Controlled Evaluation

STANDARD ABSOLUTE ARE THE
SHEETING EVALUA- NUMBER OF MEAN DEVIATION DIFFERENCE P-VALUE MEANS
MATERIAL TION MEASUREMENTS (cd/mz) d/mz) IN MEANS SIGNIFICANTLY
e (cd/im?) DIFFERENT?*
High Field 287 5.04 2.09
. 0.27 0.243 No
Intensity | Controlled 24 4.77 0.94
orrmat Field 85 15.30 4.24 08 0.001 y
nsmatic = =ontrolled 24 13.22 2.00 : : es

*Based on a 95 percent confidence level
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CHAPTER 7: Impacts of Steady Burn Warning Lights onWork Zone
Crashes
Work zone crash data were examined for the stat®liofiigan and also other states

where such data were available, as a part of #search. Crash trends were examined to see
whether the use of steady burn warning light hagiampact on such trends. Also, an in-depth
study of crash data for specific work zones witthie state of Michigan was performed. The

results of these statewide and location-specifiogarisons are presented in this chapter.

7.1 Work Zone Crashes in Other States

While performing the state-of-the-practice surveadditional data were collected
pertaining to each state’s population, vehicle sntlaveled (VMT), percentage of construction
projects with lights on drums and no lights on dsutotal crashes, and number of crashes which
occurred within work zones. Also, additional da&garches were conducted to identify other
relevant sources of information that were availdbleeach state. Data were requested for the
period from 2006 through 2008. Complete informafimm 26 states was obtained for all of the
requested data categories.

Based upon the percentage of statewide work zdraedsutilized steady burn warning
lights on drums for delineation/channelization,sth€6 states were divided into three groups.
These groups are:

e Group 1: States that do not use lights on drums for amgtraction work zones.

e Group 2 States that use lights on drum in at least 36gue of construction work

zones (i.e., frequent use of lights on drums).

e Group 3: States that use lights on drums in between 118maercent of construction

work zones (i.e., infrequent use of lights on drums
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The average annual crash rates (based on stateatald/MT in millions) for both total
crashes and work zone crashes were determinecébr @ the states individually and for each
of the three groups. The percent of total crashasoccurred in work zones was also compared
between the three groups to determine if the gtatey regarding the use of steady burn
warning lights had a meaningful impact on the odte/ork zone crashes.

Only slight differences were observed between ttasic rates for each of the three
groups for both total crashes and work zone crasi&»up 2 (i.e., frequent use of lights on
drums) had the highest crash rate of any of theetlgroups for both total crashes (2.927 per
Million VMT) and work zone crashes (0.059 per MVMTgroup 3 (i.e., infrequent use of lights
on drums) had the lowest crash rates of any ofttteee groups for both total crashes (1.823 per
MVMT) and work zone crashes (0.034 per MVMT). Tdrash rates for Group 1 (i.e., no use of
lights on drums) fell in between the rates for G®2 and 3 for both total crashes (2.243 per
MVMT) and work zone crashes (0.038 per MVMT). Neagrnable differences were observed
between any of the three groups when considerintk veone crashes as a percent of total
crashes as all groups ranged between 1.7 percdr2.@rpercent. Both the raw crash data and
crash rates are shown in Table 14.

These aggregate data do not show the degree tdsteady burn warning lights are
utilized to have a significant impact on the ratemork zone crashes. It must be noted that
utilizing total VMT as the primary exposure facfor the computation of work zone crash rates
assumes an equal proportion of work zone VMT taltetMT for each state. As VMT data for
work zones are generally not available on a statewr project-specific level, total VMT was

used as the primary crash exposure factor in liewook zone data.
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Table 14: State Work Zone Crash Data and Associated Crash Rates

GROUP AVERAGE OF 3 YEARS (2006-2008) CRASH RATES Vggﬁé
BASED ON TOTAL  |WORK ZONE | CRASHES
LIGHTS STATE VMT WORK CRASHES | CRASHES | pcT. OF
ON DRUM popuLATION | (MILLIO | TOTAL ZONE (PER (PER )
USE N’\Illflgsli R = CRASHES M”\;II\_/II'IC'))N M”\;II\_/II'IC'))N CRASHES
Alabama | 4,625,353 60,376 133,009 2,336 2.203 0.039 1.8%
Idaho 1,493,715| 15,410 25,226 258 1.637 0.017 .0%1
Kansas 2,778,594 29,997 67,302 1,728 2.244 80.06 2.6%
Kentucky | 4,234,998 47,780| 125,112 644 2.619 0.013 0.5%
Maine 1,315,070| 14,879 32,011 640 2.151 0.043 .0%2
Mississippi | 2,918,787| 42,849 77,201  1,22p 1.802 0.029 1.6%
Group 1: |_Nebraska | 1770805 19,341 34430 441 1.780 30.02 1.3%
No Lights |North Dakota| 638,613 7,851 | 15,903 165 2.026 0.021 1.006
on Drums = 5, 11,473,980 109,970 | 327,941 5,609 2.982 0.051 1.7%
Oregon | 3,735526| 34,567 43,791 543 1.267 0.016 1.2%
Rhode Island 1,054,305 | 8,374 | 43,762 526 5.22 0.063 1.2%
South Dakotd 795,754 9,053 | 15,952 235 1.762 0.026 1.506
Utah 2,663,501| 26,257| 57,938 3,067 2.206 0.117 5.3%
Vermont | 620,738 7,613 | 14,230 57 1.86¢ 0.00f  %0.4
Virginia | 7,698,737 | 81,817| 144,126 2,210 1.762 0.027 1.5%
Group 1 Average 3,187,904 34,409 77,195 1,312 .243 0.038 1.7%
Arizona* | 6,343,951 62,353| 133,385 4,412 2.139 0.071 3.3%
S;?#f 02n llinois | 12,829,015| 106,810 | 413,233 7,956 3.869 0.074 1.9%
Egiég/i Michigan | 10,045,697 103,541 | 318,518 5,231 3.076 0.051 1.6%
Oklahoma | 3,606,205 48,253 74,3718 1,468 1.541 03M. | 2.0%
Group 2 Average 8,206,217 80,239 234,879 4,767 2.927 0.059 2.0%
Indiana | 6,335,593| 71,222 201,057 3,723 2.823 0.052 1.9%
Maryland | 5,618,251| 55943 99,393 2,180 1777 039. | 2.2%
Group 3: | Missouri | 5,874,327| 68753 84,428 2546 1.228 03D. | 3.0%
Lig:’utfn g” Montana | 956,497 | 11,128 21,997 301 1.977 0.027 .4%1
1-10% | Pennsylvania 12,418,755 108,275 | 128,109 1,625 1.183 0.015 1.3%
Washington| 6,453,088 | 56,338 126,912 2,466 2.253 0.044 1.9%
Wisconsin | 5,598,455 58,784 122,701 1,760 2.087 0.030 1.4%
Group 3 Average 6,179,281| 61,492 112,084 2,086 3.82| 0.034 1.9%

*Arizona uses vertical panels rather than drums.
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7.2 Work Zone Crashes on MDOT Roadways

Evaluation of statewide work zone crash trends ritl show significant differences,
however, a more detailed analysis of Michigan wawke crashes was conducted in order to gain
further insight into the potential impacts of stgddaurn warning lights. Data for crashes
occurring in sample groups of work zones in theeStd Michigan were obtained in order to
compare work zones with and without steady burmimgrlights on drums. The specific work
zone locations and other relevant information, sashhe project time periods and work zone
boundaries, were identified based on informatiotaioled from the MDOT website, as well as
through information provided by MDOT TransportatiService Centers (TSC). Work zones
that were either shorter than 1/2 mile or did metude drums (some sites just used cones) were
not used in the crash study.

Thirty-one work zone locations used drums with @gyeburn warning lights, while 25
work zone locations used drums without steady bvaming lights as shown in Tables 15 and
16, respectively. The locations without steadynbwarning lights typically provided a smaller
data collection period due to the fact that thegyoéliminating the use of warning lights on
drums only went into effect in August 2009.

Tables 15 and 16 present the characteristics ofdhgple group of work zones used in
the crash analysis for locations with and withotgady burn warning lights, respectively.
These work zones were selected from two sources: ti§ Mi Drive website

(http://www.michigan.gov/drive which provides an up-do-date list of all currand upcoming

construction projects, and 2) project lists obtdiffem MDOT Transportation Service Centers.
The work zones that included drums with steady lwaming lights include projects that were

let prior to August 6, 2009.
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Table 15: MDOT Work Zone Locations WITH Steady Burn Warning Lights on Drums

CRASH DATA COLLECTION
PERIOD HERCTH | ToTAL
ROADWAY WORK CRASHES
ROUTE | COUNTY 1""1vpe | Zzone END | TOTAL | ‘Sont |FORTHE
START DATE MONTHS (MILES) PERIOD
DATE
M-13 Saginaw Arterial 5/4/2009 7/31/2010 15.1 1.1 33
M-43 Ingham Arterial 3/25/2010 7/31/2010 4.3 7.5 8
M-17 Washtenaw Arterial 4/1/2010 7/31/2010 4.0 15 71
1-94 BL Berrien Arterial 5/4/2009 7131/201( 151 12. 35
M-89 Allegan Arterial 6/15/2009 10/30/2009 4.6 15 5
M-25 Bay Arterial 10/13/2008|  7/31/201( 21.9 1.3 19
M-50/M-99 Eaton Arterial 7/20/2009 7/31/2010 12.5 2 26
M-13/M-46 Saginaw Arterial 7/20/2009 7/31/2010 12.5 2.3 28
1-94 Calhoun Freeway 5/6/2009 12/19/20P9 7.6 2.8 67
1-94 Calhoun Freeway 4/13/2009 5/30/2010 13.7 17 291
1-675 Saginaw Freeway 6/30/2009 7/31/2010 13.2 62 80
1-696 Macomb Freeway 1/1/2010 5/31/2010 5.0 9.2 120
1-94 Washtenaw Freeway 1/1/2010 7/31/2010 7.0 765 521
1-94 Berrien Freeway 8/3/2009 6/25/2010 10.9 9.7 524
1-96 Ottawa Freeway 6/15/2009 7/31/2010 13.7 2 275
1-96 Wayne Freeway 2/15/2010 7/31/2010 5.5 8 330
1-196 Allegan Freeway 5/26/2009 5/31/2010 12.3 5 67
1-96 Ingham Freeway 7/20/2009 12/31/20P9 5.5 6.6 512
1-94 Kalamazoo Freeway 5/25/2009 7/31/2010 14.4 27 381
US-131 Ka'amg"’::r‘l’om"e Freeway | 7/6/2009 |  5/14/201( 10.4 3.7 399
Us-31 Berrien Freeway 4/19/2009 5/15/2010 13.0 15 17
us-127 Isabella Freeway 1/1/2010Q 7/31/2010 7.0 3 7 10
1-96 Kent Freeway 11/7/2008 6/29/2009 7.8 4.9 64
1-196 Kent Freeway 9/1/2009 5/21/2010 8.7 5 103
US-131 Kent Freeway 10/17/2009  7/31/2010 9.6 4.9 6 10
1-69 Lapeer/Genesee Freeway 4/13/2009 7/31/2010 15.8 1.1 143
Us-10 Midland Freeway 3/17/2008 7/31/2010 28.9 7.5 308
M-59 Oakland Freeway 9/18/2009 6/15/2010 9.0 1.6 67
M-59 Oakland Freeway 9/2/2009 7/31/2010 11.1 2.1 9 10
M-59 Macomb Freeway 9/2/2009 7/31/2010 11.1 15 50
1-96 Oakland Freeway 6/30/2009 12/31/2009 6.1 1.8 8 8
TOTAL 3,757

Table 15 shows that the work zone start dates ocagw@after this date for eleven projects,

though steady burn warning lights were presentiaddtting date occurred prior to the MDOT
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moratorium. The locations without steady-burn wagrlights were selected from among those

projects that were let on or after August 6, 2009.

Table 16: MDOT Work Zone Locations WITHOUT Steady Burn Warning Lights on

Drums
CRASH DATA COLLECTION
o [
ROUTE | COUNTY TYPE ZONE END | TOTAL | WORK |FOR THE
START DATE MONTHS (MILES) PERIOD
DATE
veea Oakland Arterial | 4/16/2010] 5/31/2010 15 11 11
M-40 Allegan Arterial 1/1/2010 7/31/2010 7.0 7.5 16
M-72 Leelanau Arterial 4/20/2010 7/16/2010 2.9 1.5 1
us-24 Oakland Arterial 3/2/2010 3/14/2010 0.4 2.1 51
M-1 Wayne Arterial 4/5/2010 7/31/2010 3.9 15 20
us-12 Wayne Arterial 4/5/2010 7/10/2010 3.2 1.3 39
M-40 Van Buren Arterial 4/19/2010 7/31/2010 3.4 2 01
M-204 Leelanau Arterial 10/19/2009  4/29/2010 6.4 3 2. 9
M-22 Leelanau Arterial 10/29/2009  4/29/2010 6.1 2.3 5
M-39 Wayne Arterial 10/6/2009|  7/31/201D 9.9 1.7 198
us-12 St. Joseph Arterial 10/10/2009 6/25/2010 8.6 6.2 22
US-131 | Traverse/Kalkaska Arterial 10/5/2009  6/112Q 8.5 9.2 18
Us-131 Allegan Freeway 4/1/2010 5/31/2010 2.0 7.5 7 6
[-275 Wayne Freeway 3/5/2010 6/15/2010 3.4 9.7 21
I-75 Monroe Freeway 1/1/2010 7/31/2010 7.0 2 41
I-75 Monroe Freeway 3/10/201( 7/31/2010 4.8 8 19
I-75 Monroe Freeway 3/31/201( 4/9/201D 0.3 2.5 53
Us-131 Kalamazoo Freeway 4/5/2010 4/30/2010 0.8 66 O
1-94 Jackson Freeway 4/10/201p  7/30/2010 3.7 2.7 5
I-75 Saginaw/Bay Freeway 3/19/201p0  5/28/201L0 2.3 7 3. 26
I-75 Wayne Freeway 5/1/2010 7/30/2010 3.0 1.5 6
1-94 Macomb Freeway 4/10/201(¢ 7/31/2010 3.7 3 40
1-196 Kent Freeway 10/2/2009 7/31/2010 10.1 4.9 1038
I-75 Ogemaw Freeway 9/12/2009  12/11/2009 3.0 5 169
1-96 Eaton/Clinton Freeway 8/27/2009  12/31/2009 4.2 4.9 6
TOTAL 920

A total of 3,757 crashes occurred in the 31 workesothat utilized drums with steady
burn warning lights. This includes all crasheg thacurred within the work zone limits during

the time period between the construction start datéthe construction end date for completed
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project or between the construction start date dnly 31, 2010 for continuing projects.

Similarly, a total of 920 crashes occurred in tfevirk zones that included drums without

steady burn warning lights. These crashes wenatifal using the Michigan Traffic Crash

Facts (MTCF) Data Query Tool, as well as MDOT’s flicaCrash Reporting System (TCRS)

and Transportation Management System (TMS). THwiotual UD-10 forms were downloaded

for each of these 4,677 crashes and a detaileewenvas conducted in order to identify:

Crashes which occurred during nighttime (i.e., d&dhting) conditions — This
determination was made by examining both the Iightondition reported by the officer,
as well as the time of day during which the crasbuoed. Crashes where the officer
coded a nighttime lighting condition (dark-lightethrk-unlighted, dawn, or dusk) were
identified as nighttime crashes. If the lightinendition field was left blank, the time of
day was referred to and compared to season swamisunset times in order to make this
determination.

Crashes which occurred in the presence of drumace @ was established that a crash
had occurred during nighttime conditions, the rtareaand diagram portions of the
UD-10 forms were examined to determine whether drwmare present in the immediate
vicinity of the crash. All forms which includeduns either in the diagram or which
mentioned drums in the police officer narrative evetentified as having occurred in the
presence of drums.

Crashes which may have been influenced by the pcesef the drums — For those
crashes which occurred both during nighttime caowlét and in the presence of drums, a
further review was conducted in order to identifypge crashes which may have been

influenced by the presence of drums as opposeartee ther factors. This includes
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crashes which occurred in the taper area, transitiea, activity area, or termination area
of the work zone. Crashes were determined noate lheen influenced by the presence
of drums if they: a) were caused by deer or oth@nals in the roadway; b) were caused
by other objects, such as struck drums or deliréd, were within the travel lane; or c¢)

involved rear-end collisions due to stopped traffic

7.3 Statistical Evaluation of Steady Burn Warning Lights’ Impacts on Work Zoneaghes

Once each crash had been categorized using théopsbv described procedure, a
comparison was made between the crash data fdothdions with and without steady burn
warning lights. Since the work zones within eaobug were of varying lengths and durations,
as well as the fact that traffic volume data wemavailable for the period during which the work
zones were in operation, the crash frequenciesotamn directly compared between the two
groups. For example, though a total of 3,757 @sstccurred at the sites with steady burn
warning lights and 920 crashes occurred at the svithout steady burn warning lights, these
data cannot be compared directly due to non-avliilabf work zone traffic volume data. As
such, a more appropriate method for assessing whétle presence of steady-burn warning
lights has a significant impact on work zone safetip compare the following two proportions:

1. The proportion of total work zone crashes that oetl during nighttime
conditions — If the steady burn warning lights hamempact on work zone safety,
it is expected that the proportion of total worknearashes occurring at night will
be different between those work zones with andauthights.

2. The proportion of work zone crashes occurring ghnin the presence of drums

that may have been influenced by the drums — Ifsteady burn warning lights
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have an impact, these proportions are also expéatditfer between those work
zones with and without lights.

Table 17 shows that of the 3,757 total crashesreeqgeed in the work zones with steady
burn warning lights, 1,484 (39.5%) occurred at higl®f the 920 crashes experienced in the
work zones without steady burn warning lights, 280.5%) occurred at night. The Z-test
statistic in Table 17 shows that a significantlwéy proportion of crashes occurred at night in
the work zones without steady burn warning lights.

When focusing only upon those crashes which ocdurréhe presence of drums, 30 of
the 139 such crashes (21.6%) may have been intideomyg the presence of the drums at the sites
where steady burn warning lights were present. thatlocations where steady burn warning
lights were not used, it was found that 10 of tBec#ashes which occurred in the presence of
drums may have been influenced by the drums (20.4B&ple 17 shows that, although a lower
percentage of crashes occurred in work zones wdictimot use steady burn warning lights, this

difference was not statistically significant.

Table 17: Work Zone Crashes versus Steady Burn Warning Light Presence

CRASHES IN
WORK ZONE GROUPS
MEASURES OF S\'/I'VI;FI;Y V\él_‘rl'ggg;l' Z-TEST %R\I/EESE SIGNIFICANT
5
EFFECTIVENESS BURN BURN STATISTIC @ 95% LOC DIFFERENCE?
WARNING WARNING

LIGHTS LIGHTS
Total work zone crashes 3,757 920
Nighttime work zone crashes 1,484 281 4.99 1.96 Yes
Percer]t of work zone crashes 39.5% 30.5%
occurring at night
Total nighttime work zone
crashes occurring in the 139 49
presence of drums
Nighttime work zone crashes
that may have been influenced 30 10 0.03 1.96 No
by the presence of drums
Percentage of crashes
influenced by presence qf _ 21 6% 20.4%
drums as compared to nighttime
crashes in presence of drums
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Collectively, these data indicate that the preserfcgeady burn warning lights was not
found to significantly influence the proportion ofashes occurring at night. The locations
without steady burn warning lightexperienced a lower proportion of crashes at night
comparison to those locations with steady burn imgriights. When examining only those
crashes that occurred in the presence of drum tires virtually no difference in the proportion
of crashes that may have been influenced by thenglruegardless of whether steady burn
warning lights were in use.

In addition to comparing these proportions, cragtador the same time periods prior to
the start of construction were examined to deteemihether the number of overall crashes and
nighttime crashes within the project boundaries hamleased or decreased during the work
period. For example, the number of crashes thetiroed over the duration of a project that
began on April 280 and was completed on July™@ere compared to the number of crashes that
occurred the previous year during this same tinteoge Table 18 presents these comparisons
for the locations with steady burn warning lightkile Table 19 presents similar data for the
work zones without steady burn warning lights.

These results show that fewer crashes were expedean average at both the work
zones withand without steady burn warning lights. The lomadi with steady burn warning
lights experienced 10.1 percent fewer total crasimes15.2 percent fewer work zone crashes in
comparison to the same time period prior to coeiva. The locations without steady burn
warning lights experienced 3.2 percent fewer crasimel 10.2 percent fewer nighttime crashes.

The age of the drivers involved in the nighttimastres that occurred in the presence of
drums, were also examined to determine whetherr aldeers were more likely to be crash-

involved in either setting. However, ortlyo of the crashes in the work zones with steladsn
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warning lights involved drivers age 65 and abovd ane of the crashes in the work zones
without steady burn warning lights involved suchvers. This difference was also not

statistically significant.

Table 18: Comparison of Crashes at MDOT Work Zone Locations WITH Steady Burn
Warning Lights on Drums

PERIOD PRIOR | consTRUCTION % CHANGE DURING
ROUTE LOCATION OF PROJECT M(:\'A‘E_AE(é)E MgNOTZS CONSTRUCTION allee SRS
TOTAL | DARK | TOTAL DARK TOTAL DARK
M-13 Holland to Jane 2 15.1 17 1 33 4 94.146 300.0%)
M-43 Pine to Walnut 0.5 4.3 16 2 8 0 -50.0% -100.009
M-17 Carpenter to Golfside 1 4.0 35 5 71 10 102.9% 100.09
1-94BL Fair Ave to River St 2 15.1 53 16 35 11 -34.0%6 -31.3%
M-89 Jefferson to Wilmott 1.2 4.6 11 0 5 0 -54.5%6 0.0%
M-25 Johnson St. to Livingston Ave. 1 21.9 53] 12 19 3 -64.2% -75.09
M'SQ%/M' Kimbark to M-50 Junction 1 12.5 23 7 26 6 13.0% -14.3%
M'fs/M' Hess to Tiffoangtﬁ/'e;s Harmistq 12,5 38 11 28 7 -26.3% -36.4%
1-94 MM 104 to MM 110 6.1 7.6 03 49 67 48 -28.0% -2.0%
1-94 MM 95 to MM 99 4.8 137 128 45 129 56 0.8% 24.4%
1-675 I-75N to I-75S 7.9 13.2 135 47 80 23 -40.7¢6 -51.1%
1-696 1-94 to Hayes 2 5.0 114 31 120 19 5.3 -38.7%
1-94 Baker to Jackson Co. Line 13 7.0 13 63 152 61 11.8% -1.69
1-94 Indiana to MM 23 23 10.9 316 148 245 121 -22.5p% -18.29
1-96 M-104 to Ottawa Co. Line 16 137 293 153 275 154 -6.1p6 0.7%
1-96 Beech Daly to 1-94 12 5.5 278 03 330 81 18.7% -12.99
-196 71st to 118th 11 123 149 74 67 19 -55.006 74.3
1-96 US-127 to Meridian 12 5.5 132 62 125 67 5.3% 8.1%
1-94 Oakland to Portage 9 14.4 484 204 381 136 -21.8% -34.0%
US-131 B avenue to 146th 31 10.4 26 13p 399 170 48.8% 28.8%
Us-31 Indiana to US-12 3.3 13.0 23 10 17 10 -26.1% 0.0%
us-127 Shepherd to 127BR junction 5 7.0 4 2 107 62 167[5% 210.0p6
1-96 Over Grand River 15 7.8 75 48 64 24 -14.7p6 -50.0%
-196 Ottawa/Kent to M-11 45 8.7 154 68 103 41 -33.1p6 -39.7%
Us-
131/44th 36th to 54th 2.3 9.6 197 66 106 40 -46.246 -39.4%
Street
1-69 M-15 to M-24 10.2 15.8 164 91 143 64 -12.8%6 -29.7%
US-10 Sa“ford(':‘gﬁﬁ&oui\fsla”d/ Bay 133 28.9 281 139 308 139 9.6%) 0.0%
M-59 Opdyke to Woodward 2.1 9.0 74 16 67 20 -9.546 25.0%
M-59 Dequindre to Crooks 45 11.1 189 65 109 45 -40.1% -30.89
M-59 Mound to Dequindre 2 11.1 56 22 50 18 -10.7p6 -18.2%
1-96 East of Beck to Novi Road 35 6.1 164 50 88 25 -45.0% -50.09
TOTALS 209.9 337.3 | 4179 1,751 3,757 1,484 -10.1p6  -15.2%
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Given the limited crash data related to older deyeggregate crash statistics for the
five-year period from 2004 to 2009 in the StateMathigan were also examined to assess how
frequently drivers of age 65 and above were inv@ivenighttime work zone crashes. Table 20
presents data regarding the percentage of crastues uarious categories that involved drivers
age 65 and above. When examining all police-regdottaffic crashes in the State of Michigan,
7.4 percent of all crash-involved drivers were fduo be 65 years of age or older. When
examining nighttime crashes, only 4.4 percent aglerinvolved drivers were age 65 and above.
While age-specific travel data are not directly ilde, this may reflect the fact that older

drivers tend to drive less at night.

Table 19: Comparison of Crashes at MDOT Work Zone Locations WITHOUT Steady
Burn Warning Lights on Drums

PERIOD PRIOR TO % CHANGE DURING
ROUTE |LOCATION OF PROJECT M:\;E_’E‘;E " S‘NOTFH < |_CONSTRUCTION CONSTRUCTION PERIOD | ™ -5\ sTRUCTION
( ) TOTAL | DARK | TOTAL DARK TOTAL DARK
US24Bus | avez to Woodward 11 15 9 1 11 2 22,20 100.0%
(Cass)
M-40 S. Allegan Co Line to M-89 75 7.0 30 15 16 8 -46.79 -46.1%
M-72 Cedar Run and Goodrick Rd. 15 2.9 1 0 1 0 0.0% 0.0%
US-24 12 Mile to 13 Mile 21 04 2 3 15 1 25.0% ~66.706
M-1 Chandler to Tuxedo 15 3.9 18 2 20 3 11.1% 25.0%
US-12 Outer Driver to Brady St. 1.3 3.2 44 7 39 3 -11.4% -57.1%
M-40 St J°Setht§a(;h'°39°’ Plant =, 3.4 15 3 10 0 33.3% | -100.0%
M-204  [Between Suttons Bay and L 23 6.4 6 5 9 7 50.0% 40.0%
Leelanau
M-22 Near Lime Lake Road 23 6.1 9 6 5 2 2449 33.3%
M-39 Porter St. to Pinecrest Ave. 1.7 9.9 232 48 198 49 -14. 70 2.1%
USs-12 Franks to Branch Co. Lin 6.2 8.6 24 14 22 14 -8.3Y% 0.0%
US-131 M-113 to Boardman 9.2 85 39 13 18 9 53.8% 30.8%
US-131 SB, 120th Ave to 135th 75 2.0 25 15 21 8 -16.0% -46.7%
Wayland
1-275 1-94 to Monroe County 9.7 34 20 6 a1 14 105.09 133.8%
175 I-127 to Nadeau 2 7.0 17 3 19 10 11.8% 233.3%
1-75 Laplaisance to Sandy Cregk 8 4.8 30 12 53 14 76.7% 16{7%
175 MM1 to MM3 25 03 0 0 0 0 0.0% 0.0%
us-131 | center A"s;g dF'O""erf'e'd 6.6 08 7 2 5 1 -28.6% -50.0%
194 Sargent to Race 2.7 37 21 9 26 5 23.8% 24.4%
175 1-675 to M-84 37 23 6 2 6 3 0.0% 50.09
175 Rouge River Bridge 15 3.0 14 5 20 11 185.79 120.0%
194 10 Mile to 12 Mile 3 37 100 30 103 13 3.0% 56.7%
I-196/Baldwin 1-96 to US-131 45 101 184 52 169 58 8.2% 11506
From Arenac/Ogemaw Co
1-75 L e pacOfomaw & 5 3.0 8 6 6 4 -25.0% -33.3%
1-96 M-43 to Wacousta 4.9 4.2 79 52 67 40 15.29 231%
TOTALS| 100.3 110.1 950 313 920 281 3.2% 10.2%
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Similarly, while older drivers are slightly overpmesented in work zone crashes (7.7
percent of all work zone crashes involve older elisy compared to 7.4 percent of all crashes),
they are slightly underrepresented in nighttime kveone crashes (4.2 percent of drivers in
nighttime work zone crashes versus 4.4 percentieéid in all nighttime crashes).

Collectively, these data do not indicate that rtighg work zones are particularly

problematic for drivers 65 years of age and aboube State of Michigan.

Table 20: Statewide Crash Data for Drivers Age 65 and Above in Comparison to All
Drivers, 2004 to 2009

DRIVERS AGE 65 PERCENT OF ALL

CRASH CATEGORY ALL DRIVERS DRIVERS

AND ABOVE AGE 65 AND ABOVE
Total Crash-Involved Drivers 3,289,611 241,846 7.4%
Crash-Involved Drivers 1,088,234 47,661 4.4%

during Nighttime
Crash-Involved Drivers
in Construction/Maintenance 64,326 4,977 1.7%
or Utility Work Zones
Crash-Involved Drivers
in Construction/Maintenance 13,213 554 4.2%
or Utility Work Zones at
Night
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CHAPTER 8: Conclusions and Recommendations

The primary purpose of this research was to etaltiee safety impacts associated with
the use of steady burn warning lights on drumsoigdway work zones in Michigan. Initial
research tasks included a comprehensive revieweoturrent state-of-the-art and a state DOT
survey related to the use of drums or other chaingldevices in roadway work zones. From
there, a series of field studies were performed@&tMichigan work zones to provide an
assessment of driver behavior and performance negpect to the use of steady burn warning
lights. A series of luminance tests were also cotetl to assess the relative brightness levels
provided by drums with and without warning lightspth in the field and in a controlled
environment in order to determine the impacts ehdy burn warning lights on visibility of
drums. A comparison of work zone crash trends alss performed, both among states with
varying policies on the use of steady burn warrigigts, as well as a detailed investigation of
crash data for work zones within the State of Mjalni. Several conclusions were formulated

based on the research results, which are desdnlibd section that follows.

8.1 Conclusions

The presence of steady burn warning lights on work zone chaehzing drums
increased the occurrence of risky driver behavioras evidenced by a higher proportion of
drivers traveling too close to the drums, more derg steering reversals, and higher vehicular
speeds. This may be due to drivers possessingadegrievel of confidence when driving past
sections of drums with steady burn warning lighttiese findings were further substantiated by
the observance of a greater proportion of damagechsl at work zone locations with steady

burn warning lights.
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The presence of a steady burn warning light provided very lite improvement to
drum luminance under any condition. It was determined that the use of microprismatic
sheeting materials provide considerably greatelinante increases for the drums compared to
the addition of a steady burn warning light to timem. The luminance increase observed after
changing the drum sheeting from high intensity risrpatic was approximately 77 times greater
than luminance increase attained by adding a steaaywarning light to the drum.

The state DOT survey revealed that only approxehgatne-third of the 42 responding
state agencies utilize steady burn warning ligint€lwannelizing devices in work zones and only
one-tenth of the responding agencies utilize thena érequent basis. The majority of agencies
that use steady burn warning lights do so on amdgpufent basis, typically for specific types of
applications, such as at spot hazards, tapersslafte, and crossovers.

The investigation of nationwide work zone crashtistiias revealed only slight
differences between the rates of work zone crafdrethe various steady burn warning light
usage practices. The states that frequently wggslion drums exhibited a slightly higher
aggregate work zone crash rate, while the stawsirtfrequently use lights on drums had the
lowest aggregate crash rate. No discernable diffays were observed between any of the three
groups of states when examining work zone craskea proportion of total crashesThis
finding suggests that steady burn warning lights on channaing devices do not impact
work zone crash occurrence at night.

The detailed review of Michigan work zone crashtistias revealed that a higher
proportion of work zone crashes tended to occumdunighttime conditions at locations with
steady burn warning lights compared to locationthouit steady burn warning lights. Deeper

investigation showed that among the nighttime aasbccurring in the presence of drums, the
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proportion of the crashes that may have been affetly the drums was indistinguishable
between the two samplesThis finding suggests that steady burn warning lights on
channelizing drums do not impact work zone crash occurrence at night.

It should be noted that the use of steady burmwvgrlights introduces significant
increases in both the initial drum costs and sulbsegmaintenance costs. The average MDOT
unit contract cost in 2010 was approximately 136cgeat greater for drums with steady burn
warning lights ($46.00 vs. $20.00). In additionymds with steady burn warning lights require
additional maintenance to replace the lights, al agthe batteries. Data provided through
various vendors in Michigan indicated that the ¢@pbiin-service battery life for steady burn
warning light is 6 to 8 weeks with a replacemenstanf $2.00. Thus, for a standard MDOT
work zone setup, on a per-mile basis, the mateaats battery maintenance costs (equivalent
uniform annual cost) were found to be between $b(Rgh speed work zones) and $7,157 (low
speed work zones) greater for drums with steady arning lights. In addition to these
tangible costs, it is also important to consideheot factors, including the costs and
environmental impacts associated with battery digband the increased risks created by the
traffic exposure for workers during light or bagteeplacement. Collectively, these factors do
not support the use of steady burn warning lightslimms in work zones.

Based on a synthesis of all results, steady burn warning ligh demonstrate no
substantive value to nighttime brightness, driver behavior, ocrash prevention when used
on channelizing drums in work zones. Thus, it was concludetthat steady burn warning
lights demonstrate no additional safety benefit when usedn channelizing drums in work
zones. Furthermore, steady burn warning lights may actually comibute to a greater crash

risk due to the increase in risky driver behavior that wasobserved when steady burn
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warning lights were present These conclusions are consistent with thosedonrprevious

research on this topic, particularly research perém by Shepard, Pant et al, and McAvoy et al.

8.2 Recommendations

Drums with high intensity sheeting that is in gooadndition will provide adequate
nighttime brightness for work zone channelizatiegardless of whether a steady burn warning
light is attached or not. Therefore, it is recomued that the use of steady burn warning lights
on work zone drums be discontinued. If additionghttime brightness of the channelizing
devices is desired, the use of microprismatic shgen the drums provides far greater increases

in brightness than the addition of a steady burmimg light
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CHAPTER 9: Future Work

This research was successful in identifying thedotp of steady burn warning lights on
the work zone safety. However, several relatecstipres remain unanswered. As such, future
work is recommended in the following four areas:

1. Quantifying the night time luminance requiremermtisthe various traffic control devices
used in work zones. Currently there are no minimmaquired luminance standards set
for the work zones. Having this standard will hiip road agencies to develop policies
related to the visibility of work zone traffic coaot devices.

2. Quantifying the minimum retroreflectivity requirents for the sheeting materials used
on the drums, assuming that no steady burn warmghts are utilized. Currently the
sheeting materials used on the drums have a widgeraf retroreflectivity values.
Higher retroreflectivity values tend to increase Wsibility/detectability of traffic control
devices. However, higher retroreflectivity materiends to cost more therefore
reasonable minimum values should be established.

3. Quantifying the minimum preview time necessary ffooper lane positioning guidance
with respect to work zone channelizing devices.vika minimum preview time will
help the road agencies in better designing the worles, from optimizing the usage of
channelizing devices stand point.

4. Determining what if any value is provided by stedaslyn warning lights in highly
specialized environmental conditions, such as: dogheavy rain; and under extreme
changes in horizontal and/or vertical curvaturegrghheadlamp transmission may not
provide adequate retroreflectivity from the shegtmaterial. These conditions were

outside the scope of this research, therefore earobsidered for future studies.
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APPENDIX A

QUESTIONNAIRE SURVEY ON THE USE OF STEADY -BURN WARNING LIGHTS

IN HIGHWAY CONSTRUCTION WORK ZONES

Please respond to the following questions.

1.

3.

Agency Name:
Your Name and Title:
Address:
Telephone No.:
E-Mail:

Please check each channelizing device which isentlyr used by your agency for
highway work zone traffic control applications andicate the approximate percentage
of all highway work for which each type of deviseused.

D Cones
%

[ brumswith steady-burn warning lights
%

[ Drumswithout steady-burn warning lights
%

[ Tubular Markers
%

[ Barricades
%
[ Other devicesiith warning lights,
%
(please specify the type of device)
[ other devicesvithout warning lights,
%
(please specify the type of device)

If you usedrums as a part of work zone delineation, please prowiddth of the
retroreflective tapes and the grade of materiatiuse

Has your agency ever used druwithout steady-burn warning lightsin highway work

zones?
D Yes

I no

If Yes, over what approximate periods (dates) veteady-burn warning lightsot used?

Has your agency ever used druwith steady-burn warning lightsin highway work
zones?
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O Yes, onlytwo-way steady-burn warning lights
O Yes, only360-degreesteady-burn warning lights
O Yes, bothtwo-way and 360-degreesteady-burn warning lights

DNO

If Yes, over what approximate periods (dates) veeeady-burn warning lights used?

If you use steady burn lights on drums, pleaseaxpiow and where they are used:

6. Does your agency currently have a policy outlining use (or nonuse) steady-burn
warning lights ondrums?

D Yes
D No

If yes, please send a copy of this policy by e-maiktandard mail, or briefly state the
policy here.

7. Has your agency conducted any studies on the efé@etss of drumsvith or without
steady-burn warning lights in highway construction work zones?

[ ves
I No

If Yes, please send a copy of the research condllgte-mail or standard mail, or briefly
state the results of your study.

8. Would you be willing to provide assistance in obtag traffic crash data in work zones
within your jurisdiction?

D Yes (Please note that we will follow-up with specifequests for data).

DNO

Your participation in this survey is greatly appated. Please fax or e-mail your completed
survey to:

Tapan K. Datta, Ph.D., P.E.

Professor of Civil and Environmental Engineering
Wayne State University-Transportation Research rou
5050 Anthony Wayne Drive, Room #0504

Detroit, Ml 48202

Phone: (313) 577-9154

Fax: (313) 577-8126

E-mail: tdatta@eng.wayne.edu
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. . . Policy for Study on Effectiveness of -
Channelizing Device(s) Useded? Ret\rlcvalrdethe(::ftive Wlt\:lOUt.SteithBum Drun\];avrv:ir; S:_eia?KSBurn How and Use/Non- | Steady Burn Warning Lights V\;lrlgcigd;o
Tape on arning Lights 99 Where are Use of on Drums Assistance
Agency Name Contact P Steady Burn Steady . L
Drum/Other . . . in Obtaining
Drums | Drums Devices and Ever Approximate Approximate |VaMing Lights| Burn Ever Brief Traffic
Cones With Without | Barricades Other PP Ever Used? PP Used Warning Description of
X . Grade Used? Dates Used Dates Used R Performed? Crash Data
Lights Lights Lights Results
6" Type Ill or IV
Alabama Jeff Benefield, (Hg:ﬂgi\r::ny Not
Department of |benefieldj@dot.state.al| Yes No Yes Yes Tubular Markers - Yes Not Sure ) Not Sure N/A No No N/A No
X Sheeting, or Available
Transportation .us (334)242-6213 . .
Prismatic
Sheeting)
Alaska Kurt Smith,
Department of |kurt.smith@alaska.gov| DID NOT RESPOND
Transportation , (907)465-6963
Usually only
6" Type IV (High has lights on
Arizona Curtis Litin, Rarely . Intensity other devices
Department of clitin@azdot.gov, Yes uses No Yes Vev;till%all_il:’a?sels Prismatic No N/A Ye\x;'wo Ovs;i:)SZS and rarely Yes No N/A No
Transportation (602)712-8687 drums 9 Sheeting) With a Y ever uses
Class 5 Backing drums in work
zones.
Arkansas Tony Sullivan, 4" Type Ill (High
Highway a’.‘d tony.s_ulllvan@arkansa Yes No Yes Yes None Intens!ty Yes Forever No N/A N/A No No N/A No
Transportation shighways.com, Reflective
Department (501)569-2231 Sheeting)
California Gordon Wang,
Department of | gordon_wang@dot.ca. Not No Not Avail. Not Not Available Not Available Not Not Available Not Not Available | Not Available Not Not Available| Not Available N.Ot
. Available Available Available Available Available Available
Transportation | gov, (916)653-7312
(2)4"to 6"
Orange and Nighttime Yes
Colorado San Lee, Very low Drums with White Stripes Yes- Two Nighttime Work, Used to Se aréte
Department of |San.Lee@dot.state.co.| Yes Y Yes Yes Flashing Lights Type IIl (High Yes For Day Work N Delineate the No No N/A P
. use - 2% . Way Work Contact
Transportation us, (303)9345 (2%) Intensity edge of X
. Info Given
Reflective traveled way.
Sheeting)
(2) 4" Orange
Stripes and (2)
6" White Stripes Yes
Connecticut Terri Thompson, Type lll or IV Se aréte
Department of |Terri.Thompson@ct.go| Yes No No Yes None (High Intensity Yes Not Available No N/A N/A No No N/A P
. . Contact
Transportation v, (860)594-2667 Reflective X
! Info Given
Sheeting, or
Prismatic
Sheeting)
Delaware Stephen Treut,
Department of |steve.treut@state.de.u DID NOT RESPOND
Transportation s, (302)659-4088
Type Ill or Better|
. (High Intensity During
Florida stef;ifi:n:ah:viznngot Yes- Tubular Markers Reflective Yes- Two Nighttime
Department of ) I Yes 30% No Yes . ! Sheeting, or No N/A Over 20 Years| Hours & for Yes Yes Available Yes
N state.fl.us, (850)414- Vertical Panels . . Way .
Transportation used Prismatic Channelizing
4314 ) ;
Sheeting, or Devices
Better)
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. . Study on Effectiveness of
Channelizing Device(s) Useded? Width of Wlthout.Stea(.:Iy Burn Drums wn‘h Ste_ady Burn Policy for Stead;/lBurn Warning Lights | willing to
) Warning Lights Warning Lights How and Use/Non- b
Retroreflective on Drums Provide
Tape on Where are Use of Assistance
Agency Name Contact Steady Burn Steady A -
Drums Drums DrumlOlher . . Warning Lights|  Burn Brief in Oblal.nlng
Cones With Without | Barricades Other Devices and Ever') Approximate Ever Used? Approximate Used Warnin Ever , | Description of Traffic
Lights Lights Grade Used? Dates Used Dates Used Lightsg Performed? Results Crash Data
4" to 6" Type Il
or Type IV (High
Georgia Richard Marshall, Intensity
Department of |rmarshall@dot.ga.gov,| Yes No Yes No Vertical Panels Reflective Yes 1999-Present Yes Prior to 1999 In a Taper No No N/A No
Transportation (404)631-1971 Sheeting, or
Prismatic
Sheeting)
Hawaii Bryan Kimura,
Department of |Bryan.Kimura@hawaii. DID NOT RESPOND
Transportation | gov, (808)692-7673
Type IV or
. Greater (High
Idaho Harold Bleil, ) . | .
Transportation |Harold.Bleil@itd.idaho. N.Ot No Not Avail. | Not Avail. Not Available In_tensn_y Yes MaJorl_ty of the Yes 1970 S_,mld Not Available NOt Not Available [ Not Available N.Ot
Available Prismatic Time 1990's Available Available
Department gov, (208)334-8564 .
Sheeting or
Greater)
At Least 2
lllinois Marshall Metcalf, Yes - Tubular Markers, | Orange and 2 Yes- Two Drums Used
Department of |Marshall.Metcalf@illino| Yes 40% No Yes Directional White Stripes, No N/A Way Required During Yes No N/A Yes
Transportation | is.gov (217)782-8608 used Indicator Barricade| High Intensity Nighttime
Prismatic
Indiana John Pat McCarty, Yes/ Tubular Markers, 6" Retro- Yes- Two Per Indiana
Department of |jmccarty@indot.in.gov,| Yes Optional Yes Yes Vertical Panels Reflective Yes Not Available Way Not Available MUTCD No No N/A Yes
Transportation (317)234-5114 with Lights Sheeting
6" Type lll or IV
(High Intensity
lowa Mark Bortle, .
Department of | mark.bortle@dot.iowa. Yes No Yes No Tu‘llJular Marl_(ers, Reﬂe_cllve Yes 1995 to No N/A N/A Yes No N/A Yes
. 42" Channelizers Sheeting, or Present
Transportation | gov (515)239-1587 8 !
Prismatic
Sheeting)
Kansas Anthony Alrobaire, - .
Department of | anthony@ksdot.org, No No No No Trlmlln_es, Conical Not Available Not Not Available Not Not Available | Not Available Not Not Available [ Not Available Not
) Delineators Available Available Available Available
Transportation (785)296-0355
Kentucky Vibert Forsythe,
Transportation |Vibert.Forsythe@ky.go| Yes No Yes Yes None Not Available Yes N/A No N/A N/A No No N/A Yes
Cabinet v, (502)564-4780
Louisiana Barry Lacy,
Department of barry.lacy@la.gov, DID NOT RESPOND
Transportation (225)379-1584
Maine Dana Hanks, " "
Department of | dana.hanks@maine.g Yes No Yes Yes No A:\oltosepe(iirf?:: Yes Always No N/A N/A Av;l?:\lble Not Available [ Not Available Av;\‘iloaKbIe
Transportation ov, (207)624-3574
Maryland State Michael L. Paylor, . — | . .
Highway mpaylor@sha.state.m Yes uV:ery lg,y/\; Yes Yes Ta”_(\:/ngshmd Grea d[e)las\r:sgt?ng Yes 1322:;? Ye\j\;;wo Prior to 1980's| nggggf dipﬁt No No N/A Not Sure
Administration d.us (410)787-5864
Michael McGrath,
Massachusetts | .
Department of | Michael.amcgrath@st DID NOT RESPOND
Transportation ate.ma.us, (617)973-
7610
Minnesota Marvin L. Sohlo, Warning Signs, 4" Retro- Yes- Two No (no
Department of | marv.sohlo@state.mn. Yes No Yes Yes Tubular Markeré Reflective Yes Many Years Way Not Available | Very Rarely No No N/A data)
Transportation us, (651)234-7380 Sheeting
Mississippi Steven W. Reeves, Tubular Markers 6" High Intensity
Department of | sreeves@mdot.state. Yes No Yes Yes and Signs Reflective Yes Present Time No N/A N/A No No N/A No
Transportation | ms.us, (601)978-1842 Sheeting
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. . . Study on Effectiveness of
Channelizing Device(s) Useded? Width of WllhOUI_Steaqy Burn Drums Wlt.h Stgady Burn Policy for Steady Burn Warning Lights Willing to
) Warning Lights Warning Lights How and Use/Non- b
Retroreflective on Drums Provide
T Where are Use of Assist
Agency Name Contact ape on Steady Burn Steady . . SSIS én.ce
Drums Drums Drum/Other e A imat A imate |Warning Lights Burn e Brief in Obtaining
Cones With Without | Barricades Other Devices and Us\t/::lr’) garireszn;:ue Ever Used? ;;;QSXLT;:; Used Warning Perfo\:?l'ed’) Description of Traffic
Lights Lights Grade : Lights ! Results Crash Data
Missouri Daniel J. Smith, Very low T#ﬁ:qlﬁ;e“gi%?{: ‘:Htiol'?ln-gg:itm Optional, Tapers or Not
Department of | Daniel.Smith@mdot.m Yes Y Yes Yes N 9 -nsity Yes Unless Yes Not Available Nighttime Yes No N/A N
N use - 2% and Without Reflective - Available
Transportation | o.gov, (573)526-4329 . ! Specified Work
Lights) Sheeting)
) 410 6" Type Il
Montana Jim Wingerter, szlf:rs” ggite;gle (High Intensity Yes-Two
Department of jwingerter@mt.gov, No Only 5% Yes Yes N Reflective Yes Currently Currently Not Available Yes No N/A Yes
. Hazard Panels, 5 Way
Transportation (406)454-5897 Sheeting) Retro-
Tubular Markers .
Reflective
Nebraska Kevin Wray, . 67t08 ngh
. Vertical Panels, Intensity
Department of |Kevin.wray@nebraska. Yes No Yes Yes N 7 Yes Always No N/A N/A No No N/A No
Tubular Markers Prismatic
Roads gov, (402)479-4594 .
Sheeting
Nevada David Partee, N Iaoteensﬁt"gh Early 1990's to|
Department of | dpartee@dot.state.nv. Yes No Yes No No N Y Yes Yy No N/A N/A No No N/A No
) Prismatic Present
Transportation us, (775)888-7564 .
Sheeting
4" 10 6" (High
New Hampshire b ?_ir;nn?e(t:—mwh' Very Low. Rl’r;lﬂe:cstlie/e For the Past
Department of Yes No y 'l Yes, <1% Tubular Markers . Yes No N/A N/A No No N/A No
Transportation Crouch@dot.state.nh.u <10% Sheeting, or 20+ Years
P s, (603)271-2466 Prismatic
Sheeting)
6" Type VIl or
Vil Documented
New Jersey Lee G. Steiner, (Microprismatic, January 12, Yes- Two Prior to Incidents
Department of |Lee.Steiner@dot.state. Yes No Yes Yes None Retroreflective Yes 1989 to Wa January 12, N/A Yes Yes Where Lights No
Transportation | nj.us, (732)625-4355 Sheeting) with Present Yy 1989 Went Through
s2 Windshields
Requirements
New Mexico Elias Archuleta,
Department of | elias.archuleta@state. DID NOT RESPOND
Transportation | nm.us, (505)827-9853
New York State Joe Rutnik, Tubular Markers, (Diar-;)é?'z I(>3<ra\de Yes- 360 CIIZSFZ?::V\S?& ngglzlngar:;mg Not
Department of |jrutnik@dot.state.ny.us Yes Only 5% Yes Yes Cone Barriers with . Yes Not Available N y " Not Available | Not Available No
N N Reflective Degree 2in Tangent Closures/ Available
Transportation , (518)388-0380 Lights . N
Sheeting) Section Hazards
North Carolina Stuart Bourne,
Department of | sbourne@ncdot.gov DID NOT RESPOND
Transportation (919)250-4159
4"t0 6" Type Il
or Type IV (High
Intensity
Reflective
" Sheeting, or
North Dakota Phil Murdoff, Prismatic Not
Department of pmurdoff@nd.gov, No No Yes Yes Tubular Markers . Yes Always No N/A N/A No No N/A .
N Sheeting) or Available
Transportation (701)328-2563 N
Wide Angle
Prismatic
Flexible
Reflective
Sheeting
Ohio Kenneth E. Linger, Not
Department of |ken.linger@dot.state.o Yes No Yes No None 4" to 6" Yes Last 15 Years ¥ Not Available | Not Available No Yes 15 Years ago No
. Available
Transportation | h.us, (614)466-0139
Oklahoma George Raymond, Vertical Panels . ~ As Long As .
Department of | graymond@odot.org, Yes Yes No Yes (with Lights), 4"to 6" Yes Ver}é:sr;'md Ye;va'l'wo He Can Ch;;c;l;zslng No No N/A Yes
Transportation (405)521-2561 Tubular Markers Yy Remember
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. . Study on Effectiveness of
Channelizing Device(s) Useded? Width of Wlthout.Steat.‘Jy Burn Drums W”_h Sle.ady Burn Policy for Steady Burn Warning Lights Willing to
. Warning Lights Warning Lights How and Use/Non- h
Retroreflective on Drums Provide
Tape on Where are Use of Assistance
Agency Name Contact Steady Burn Steady . .
Drums Drums Drum/Other . . Warning Lights Burn Brief in Obtaining
Cones With Without Barricades Other Devices and UEVZr,) A;F:roxluma;e Ever Used? A;plroxbma;e Used warning | p vaer 4> | Description of Traffic
Ligh[S LightS Grade sed? ates Use! ates Use Lighls erformed? Results Crash Data
Don Wence,
Oregon donald.e.wence@ odot. Not
Department of i : Yes No Yes Yes Tubular Markers Not Available Yes Not Available No N/A N/A Not Available| Not Available No
state.or.us, (503)986- Available
Transportation
791
4" to 6" High
Intensity For Life of
Pennsylvania Larry Lentz, . ; _ . h Exit Ramps,
Department of | Lalentz@state.pa.us, Yes Only 5% Yes Yes Vertical Panels Reflective Yes Forthe Life of | Yes- Two Project in Crossovers, No No N/A ves (New
Sheeting, or the Project Way Certain Contact)
Transportation (717)787-2806 3 . . y Shifting Traffic
Prismatic Situation
Sheeting
Rhode Island Frank Corrao, III, 6 P\:rsfg?rlnmgzm Maiority of the
Department of fcorrao@dot.ri.gov, Yes No Yes Yes Tubular Markers (VIP) Reflective Yes J Tlt:/ne No N/A N/A No No N/A No
Transportation | (401)222-2468x4202
Sheeting
6" Type Il (High
South Carolina Joe Sease, Intensity Yes- Two
Department of seasejc@scdot.org, Yes No Yes Yes None Reflective Yes Since 1995 Wa Prior to 1995 N/A No No N/A No
Transpiration (803)737-1460 Sheeting) Yy
Prismatic
South Dakota Laurie Schultz, 4" to 6", Grade No (no
Department of | laurie.schultz@state.s Yes No Yes Yes Tubular Markers is not S' ecified Yes Not Available No N/A N/A No No N/A data)
Transportation d.us, (605)773-4759 P
Tennessee Brian Egan,
Department of | Brian.Egan@state.tn.u DID NOT RESPOND
Transportation s, (615)741-2414
Uses Lights
Texas Michael Chacon, Low - Drums with 4" High Intensit ¥SVS.; svoath Since the on Drums or http://tti.tamu.e
- D://tti. .
Department of |mchacon@dot.state.tx. Yes 10% Yes Yes Flashing Lights, Sgheetln Yy Yes No Date Given and 360y Early 1990's Approved Yes Yes du No
Transportation us, (512)416-3120 used Vertical Panels 9 y Substitutes/ -
Degree
Optional
4" to 6" Type IV In 1980's
(High Intensity looked at
Utah Shawn Debenham, y
Department of |Sdebenham@utah.gov| Yes No Yes Yes Tubular Markers Pnsm_amc Yes 1970's to Yes Prior to IIEarIy Lane Clos.ure No Yes hlgher_ . Yes
Sheeting) Present 1970's Taper Devices| retroreflectivity
Transportation , (801)965-4590 f .
Retroreflective instead of
Bands lights on drums|
6" Type Il (High
Vermont Robert White, Not Intensity Not Not Not Not
Department of | robertt.white@state.vt. . No Yes Not Available Not Available Reflective . Not Available . Not Available | Not Available . Not Available | Not Available .
Available Available Available Available Available
Transportation us, (802)828-2781 Sheeting)
Prismatic
Virginia David Rush, Near Coast
Department of Da\/_ld.Rush@vdol.V|rg| Yes No Yes Yes Tubular Markers 6" High In_lenslly Yes 1999 to Yes- Two | Prior to IEarIy due to Fogay No No N/A Yes
: nia.gov, (804)371- and Signs Sheeting Present Way 1990's .
Transportation 6672 Conditions
4" to 6" Type Il
. or Type IV (High
Wa;}:;rtleglon Frank R. Newboles, Low - Intensity Yes- Two For Complex
newbolf@wsdot.wa.go Yes 10% Yes Yes Tubular Markers Reflective Yes Always Case by Case| Work Zones, No No N/A No
Department of Way
v, (360)705-7392 used Sheeting, or Enhancement
Transportation - .
Prismatic
Sheeting)
N ) 6" ASTM Type
West Virginia Ted Whitmore, : -
Department of | ted.j.whitmore@wv.go Yes No Yes Yes Tubular Markers, Il (High Intensityl Yes Over 10 Years Yes- Two | Stopped Over Not Available No No N/A ves (New
. Channelizer Cones| Reflective Way 10 Years Ago Contact)
Transportation v, (304)558-9468
Sheeting)
When Concluded
deviated from high intensity
Wisconsin Tom Notbohm, Low - - . _ Currently and expected sheeting
Department of |thomas.notbohm@dot. Yes 10% Yes Yes Tubular Markers 4 Héghr;[e?:nslly Yes é?:gel.ﬁ Yejv;wo for many travel path, Yes Yes performed well, No
Transportation | wi.gov, (608)266-0982 used 9 Yy years some areas lights not
with ambient necessary in
lighting all situations
6" Type Il (High
Wyoming Joel Meena, Intensity
Department of |joel.meena@dot.states| Yes No Yes Yes Tubular Markers Reflective Yes 100% of Time No N/A N/A No No N/A Yes
Transportation | .wy.us, (307)777-4374 Sheeting) or
Better
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ABSTRACT
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STEADY BURN WARNING LIGHTS ON DRUMS
FOR WORK ZONE SAFETY
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Degree:Doctor of Philosophy

Roadway maintenance and repair has become incgbasiommonplace in the United
States over the past several decades as our roadfvastructure has continued to age and
deteriorate. Maintenance and repair work on astieg roadway often presents the challenge of
maintaining traffic on the existing roadway whil®nk is being performed, thereby necessitating
the use of what is commonly referred to as a rogdwark zone”. One of the most important
components of traffic control in a work zone isidehtion of the edge of the traveled way,
which assists drivers with tasks such as: lanecsete lateral positioning within a lane; and
speed control. Delineation of the edge of theete¥ way is commonly provided by a series of
portable devices, such as drums, cones, verticalpaor barricades. The type and duration of
the work being performed often requires that thgsennelizing devices remain in place at all
times.

Maintaining traffic through nighttime work zonesges increased risks for drivers and
roadway workers due to the lack of ambient light help overcome nighttime visibility issues,

the 2009 Manual on Uniform Traffic Control Devic@dUTCD) requires work zone traffic
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control devices to be retroreflective or internalijuminated. To help supplement
retroreflectivity, Section 6F.81 of the 2009 MUT@Dows for the use of auxiliary steady burn
warning lights (SBWL) on work zone channelizing mes.

Until recently, plastic drums with steady burn miag lights had been the primary
channelizing device utilized in work zones througihthe State of Michigan for several years.
However, the use of sheeting materials with impdoregroreflectivity, including high intensity
and microprismatic (i.e., prismatic) materials, fmmempted investigation into the value and
effectiveness provided by the steady burn warnigbtd. Furthermore, although previous
research has explored the effectiveness of steatywarning lights on drums both in Michigan
and elsewhere, these efforts included a relatiVieiyted number of work zone sites and/or
focused on controlled human factors experimentss aAresult, research was undertaken to
explore the impacts associated with the use ofigtbarn warning lights on channelizing drums
considering a variety of work zone scenarios wdiz Michigan.

The primary goal of this research was to evaltfagesafety impacts associated with the
use of steady burn warning lights on drums in raagdwork zones in Michigan. The following
research objectives were addressed in this study:

1. Determine the state-of-the-art of work zone chamagbn through a comprehensive
literature review.

2. Determine the state-of-the-practice regarding tbe of steady burn warning lights by
roadway agencies throughout the United States.

3. Assess the crash experiences of states with regp#dat work zone steady burn warning

light policy or practice.
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4. Evaluate the impacts that steady burn warning digit channelizing drums have on
work zone crash occurrence in Michigan.

5. Evaluate the driver behavioral impacts associaté¢d thie use of steady burn warning
lights on channelizing drums in Michigan work zones

6. Determine the degree by which steady burn warngidd affect the overall brightness of
work zone drums in Michigan.

7. Assess the overall impacts of steady burn warngigd on work zone safety.

A comprehensive research methodology was develtgpaddress these objectives. The
initial tasks involved a comprehensive review o turrent state-of-the-art and a state DOT
survey related to the use of drums or other charingldevices in roadway work zones, both
with and without the presence of steady burn warlights. The next tasks involved a
comparison of work zone crash trends, both amoatgstwith varying policies on the use of
steady burn warning lights, as well as a detaile@stigation of crash data for work zones within
the State of Michigan. To further supplement tiha@sk data, a series of field studies were
performed at 36 Michigan work zones to provide aemna-depth evaluation of differences in
driver behavior and performance with respect to uke of steady burn warning lights. In
addition to these field studies, a series of lumaeatests were also conducted to assess the
relative brightness levels provided by drums witid avithout warning lights. The luminance
tests were performed both in the field and in atrmdled environment to gauge the impacts of
steady burn warning lights on drum visibility.

Established sampling procedures were utilized eterthine the target sample sizes
necessary to assess statistical inference on theures of effectiveness (MOEs). The data were

collected for each study component under a vamétyepresentative field conditions, which
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included different types of roadways, work zone frguration, levels of ambient lighting,
roadway geometry, and other factors. Each of tH@EM! were analyzed using appropriate
statistical techniques to determine the impactstefdy burn warning lights and the impacts of
other factors.

The results showed that the presence of steady Wwamning lights on work zone
channelizing drums increased the occurrence oy risk/er behavior, as evidenced by a higher
proportion of drivers traveling too close to theurmis, more frequent steering reversals, and
higher vehicular speeds. These findings were éurgubstantiated by the observance of a
greater proportion of damaged drums at work zooations with steady burn warning lights.

Steady burn warning lights were not found to pdevisubstantial increases to the
luminance of the drums either in the field or incatrolled environment. It was determined that
the use of microprismatic sheeting materials prewidnsiderably greater luminance increases
for the drums compared to the addition of a stdady warning light to the drum.

The state DOT survey revealed that only approxehgabtne-third of the 42 responding
state agencies utilize steady burn warning ligint€lwannelizing devices in work zones and only
one-tenth of the responding agencies utilize thena érequent basis. The majority of agencies
that use steady burn warning lights do so on amdgpfent basis, typically for specific types of
applications, such as at spot hazards, tapersslafte, and crossovers.

The investigation of nationwide work zone crashtisiias revealed only slight
differences between the rates of work zone crafdrethe various steady burn warning light
usage practices. The states that frequently wggslion drums exhibited a slightly higher

aggregate work zone crash rate, while the stawsirtfrequently use lights on drums had the
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lowest aggregate crash rate. No discernable diffays were observed between any of the three
groups of states when examining work zone crashaspaoportion of total crashes.

A detailed review of Michigan work zone crash stats revealed that a higher
proportion of work zone crashes tended to occumdunighttime conditions at locations with
steady burn warning lights compared to locationthouit steady burn warning lights. Deeper
investigation showed that among those crashes meguin the presence of drums, the
proportion of the crashes that may have been affetly the drums was indistinguishable
between the two samples.

Based on a synthesis of all results, steady bammivwg lights demonstrate no substantive
value to nighttime brightness, driver behavior,caash prevention when used on channelizing
drums in work zones. Thus, it was concluded theddy burn warning lights demonstrate no
additional safety benefit when used on channelidingns in work zones. Furthermore, steady
burn warning lights may actually contribute to @ager crash risk due to the increase in risky
driver behavior that was observed when steady Wwaming lights were present.

Drums with high intensity sheeting that is in gooondition will provide adequate
nighttime brightness for work zone channelizatiegardless of whether a steady burn warning
light is attached or not. Therefore, it is recomaed that the use of steady burn warning lights
on work zone drums be discontinued. If additionghttime brightness of the channelizing
devices is desired, the use of microprismatic shgemn the drums provides far greater increases

in brightness than the addition of a steady burmuag light
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