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ABSTRACT

The primary objective of thistudy was to evaluatdhe use of Portable Traffic Signal (PTS)
systems at longural twolanework zonesand compare thredifferent condiions for controlling
onelanetraffic: flagging only,a PTS systerwith the presence o flagger,anda PTS system
without the presence & flaggerin conjunction with pilot car operations. The primary measures
of effectiveness were detmined asRed Light Running (RLR) or noncompliangeercentages,
vehicle delay estimates, queue lengths, signal timing operationgjesmedalfield operations.
Data were collectethree dayperweekover a period of four weeks for from August 5, 2014 to
August 28, 2014 at four different temporary work zones in Kaffsas.PTSunits were used for

the purpose of the study in conjunction wittopitar operations.

It was found that only nine vehicles wexaived through by a flagg¢o enter the work
zone wlen flagging only operations were in effeddditionally, when a PTS was used with a
flagger,it was found thatfor 50 vehicles thdlagger used discretion and wavtdahsevehicles
through the red lighaind brought a reduction in the total delayso, only two RLR vehicles
were observed where the drivers simultaneously disregarded the flagger and the PTS unit.
Similarly, 92 red light running (RLR) vehiclesvere observeavhen a PTSvas used withat a
flagger. A test of proportions conducted on thieree samples af.05 level of significance
indicatedthatthere was a statistically significanlifference in the number of violatiomghen a
PTS was used with a flagger and when only flagging operations were used. Aldiffetteaice
in the number of violaties when a PTS was used without a flagger and when only flagging
operations were used watatistically significantSimilarly, there was a statistically significant
difference in the number of violatiomghen a PTS was used with a flagger arebn a PTS wa
used without a flagger The results of the test of proportions indicated that there was no
statistically significant difference between the number of RLR vehicles that followed an already
departed queue for the OPTSggendh @orfdiatgigemD.
it was also found that there was a statistically significant difference between the number of RLR
vehicles that left the queue due to the wait time and the number of vehicles that disregarded the
PTS control for both the conibns.
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An exploratory delay analysis was conducted to quantify the amount of total delay
reduced bythe flagges when they waved the vehicles through the red ligithe analysis
indicatedthat the presence of a flagger reducedttiv@ delayby approximately fivepercent of
the total delay thatould haveoccurred during the normal operatiodglditionally, equations
were developetb determinghe volume thresholdst which the PTS system would faihdthe
appropriate green intervals needo serve a certain queue lengthwasfound that based on the
existing KDOT policy of a maximunpilot car roundtrip time of 15 minutes, the PTS system
would fail at anAADT of approximately7,083 vehicles perday and at a corresponding

maximumgreen tine of approximately 446econds.

In conclusion,it was recommendedo use a PTS unit without a flagger in conjunction
with pilot car operationst long rural twolane work zonesbut measures such asgineering
studies to more accurately estimate queue lengths, installation of static or dynamic signs
indicating the expected wait time, anglgular inspections of the PTS unlig supervisors or

crew members to mitigate excessive delays and monit&LfBrvehiclesnvere suggested
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CHAPTER 1. INTRODUCTION
1.1 General Background

A PortableTraffic Signal (PTS)systemis designed to control oneay traffic at temporary work
zones where the adjacent travel laelosed. Traditionally, a flaggeontrols operationat each
end ofsuch awork zoneby stopping and releasing the queue of vehidleg to rising costs and
the riskof flaggers being struck by noampliantvehicles PTSsystemsarebecomingacommon

tod with contractors and design engineers.

A PTSsystem consists of two portable trailers with sigratached taa pole and mast
arm. Communication between trailersuld include fiber, radipor a synchronized timef.hese
systemsuse solar power andtan operate as an actuated traffic signahtroller allowing for

higher directional flows to receivecreasedravel time through the work zone.

An initial review of the existing literature oRTS systemsshowed limited research on
their use in general. Atdy conducted by Ullman and Levine in 1987 found that significant
labor savings could be achievedth minimal delay to drivers by the use @femporary traffic
signal system when tested at three Texas work Zdnethe researchealso indicated thagven
thoughnoncompliandrivers were found at two of the three sites, it was hypothesized that mass
deploymentwould increaseompliance. Afollow up study by Daniels et ain 1999developed
thresholds and limitations of temporary traffic signals at wamkes based on three study sites
in Texas (2). The thresholds addressed issues such as potential cost savings, signal timing

recommendations, and wait time as a function of work zone length.

1.2 Research Objective

The primary objective of thiesearchwas todeterminethe effectivenes®f the PTS systems at
long work zonesn conjunction with pilot car operatisrand the presence of a flagg8ection
6C.13 of the 2009 Manual onUniform Traffic Control Devices (MUTCD)indicated that a
flagger was required to be deployadth a temporary traffic signa(3). The research was
anticipated to beompletedby conductingan operationagvaluation a statistical evaluation, and
development of a model to provide guidelines tfog use PTS systems at long work zoimes
conjunction with pilot car operation$he operational evaluatiowas conducted byvestigating
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and reporting performancameasures such as/erage vehiclevait times, queue lengthsand
signal timing operationsThe statistical evaluation was conducted by recording and analyzing the
number ofred light runningvehiclesand obtaining the estimate$ delay reductionFinally, the
research was completed with tdevelopment of a model andentification of the volume
thresholds at which the PTS systems would fail with recommendatiotiie ase of appropriate

green intervaland work zone lengther correspondingpproachingraffic volumes.

1.3 ThesisOrganization

This thesisis divided into nine chapters.Chapter lintroducesa general backgroungith the

existing research gagndthe research objective.n@pter 2 providesa detailed summary of the
literature reviewrelating to PTSsystems Chapter 3 elaborates dhe problem satement and
introducesthe need for this researchapter 4providesa description of the general data
collection methodlogy. Similarly, Ghapter Sprovidesa detailed description of the test locations
where data collectionvere conducted. Chapter éncanpasse the data analyseas well as
calculations for each ofhe analyse. Chapter 7provides findings from the general field
observations and data analyséShapter 8 provides a detailed description of all the
recommendations based on the findings and discusses the limitations of the PTS system and
anomalies observed during the resear€imally, Chapter 9discussesthe scope for future

researctthat supplemersome of the recommendations made in the previous chapter



CHAPTER 2. LITERATURE REVIEW

The first stepof this research was to conductewview of the existindjiterature to determine the
findings of previous related studie3.he review of the literatures divided by subject. First, a
review of literature relating to thRTSis presented. Second, research into the temporary traffic
devicesis presented followed by research related to pilot car operations and flagger operations.
Finally, a shorsummaryon crashes and injury costs concludies literature review. The chapter

endswith a summary of the significant points discovered during gvgew.

2.1Portable (or Temporary) Traffic Signals

In 1987 Ulliman and Levine conductedsaudy of a fixeetime portable signal systeat three

work zonelane closures on twlane, tweway rural highways (without paved shoulders) in
Texas(l). The three sites chosen represented traffic volumes varying from 600 to 10,000 ADT
(1985) and work zone lengtlrangingfrom 600 to 2600 feet.Data were collectefor traffic
volumes, driver notomplianceof the signal and vehicle stopped delay. d0a for delay and
compliance were collected for approximatébyr hours during the day when work was being
performed.The researchers found that flegg had the ability to respond to random vehicle
arrivals and gaps in the traffic stream and assign traffic movements through the work zone to
minimize vehicle stops and delayBhe esearchers concluded that fixéhe signalsdid not
respondo randomvehicle arrivals andthe vehicledelay under signal contrelasa function

the signal timing parametersycle lengthand green phase timat higher traffic volumes, figd-

time signals at a work zone lane closw@s found toprovide a level of servee to drivers
comparable to that praded bya flagger The stug also suggested that the potential for vehicle
crashewithin the work zone may be higher because of dmarcompliancavith thePTS The
researchers suggded that the signal validity coulade improvedoy adding &STOPIline 50 to60

feetin advanceof the signal and also erectingeamp o rSTOPYHERE ON REDsign next to

the stopline enhancinghe need for stopping. To control red ligining (RLR) for vehicles
entering the work zone without stoppjnij was recommendedoy the researcherthat the
wattage ofthe signal lamp headwas increasednaking them more visible in daylightable 1
shows that the fixetime portable signals provided significant castvings over the use of

flaggers.



Table 1. Summary of Portable Signal Costs and Bnefits (1)

Site Cost of Additional Savings in Labor Savings Achieved by
Motorist Delay ($/hour)?2 Costs ($/lour)® Portable Sgnals ($/hour)
1 3.12 12 8.88
3 4.16 18 13.84

aBased on recent estimatafsvalue of travel time = $10.4@ervehiclehour.
bBased on typical wages and benefits of approximatelgedtour for Maintenance Technician | working for the
Texas State Department of Highways and Public Transportation.

As shown in Table 1he costof additionalvehicledelaywere based on the estimates on
value of travel timéy Chui and McFarlandvailableat that time(4). The studyshowed that a
substantial savings in flagger labor costs could be achieved by using a portabterfexéffic
signal system with only a minimahcrease inmotorist delay costThe estimates of theost
savings rangettom $9 to $14 per houithe savings in labor costgere calculated based on the
wages and benefits of approximately |$€& hour for a Maintenanc&echnician | working for
Texas State Department of Highys and Public Transportation in 1987

Daniels et al. explored the use BTS technology to replace flaggees a means for
improving the efficiency of twdane rural maintenance operations in Tex2s The study
examined critical issues such @estermining the applicability dPTSin work zones collecting
data thatwould assist in assessing tbest effectivenessiriver comprehension ®TSin rural
work zones, identifying unique characteristics related to maintenance operatiand
recommendig guidelines for work zone sgt and signal operation parametdrs Texas,PTS
systemswere used orseveral tweane bridge constructionprojectswith work zone lengths
ranging from 400 to 1,200 feet and clear ¢m@nd sight distancdsut werenot used on daily
laneclosuretype work zonesField tests wergerformedfor a total of 20 days over a three
month period from June 1998 througlugust 1998at three test locations (two hilly and one
curving road) inthe San Antonio District oT X-DOT. The test sites had similarities in sight
distance frombeginning toend of eachwork zone, typeof maintenance activitieabsence of
significant driveways and absence of significanintersections within the work zonelhe
compkte saip forthes i gnal s $TOPHERE @\DREBSigh and took approximately
38 to 43 minutes to be fullsetup

The researchers suggested that onlyftagger position and not two could be eliminated

by the use of this technology. Alsthe savingswere calculated assumirthat one flagger



position was eliminated orthe flagger wageassigned to another function. Provided that the
equipment was put intoise eight to terdays per monthit was shownthat the return on
investment could be realizedter two years of operation and were estimateslibsequent years

at $20,000 to$30,000 per year (1992000). Thefield test cases advocdtehat PTS were
technically feasiblén improving the crew efficiency and flexibilitgn two-lane rural work zones

for maintenance operationisxisting TXDOT guidelinesecommendedhe use of PTSinits for
long-term stationarywvork zones of lengtlup to 400 feetThe esearchers recommendttit a

PTS system could be usedshiortterm stationaryvork zones ofengthup to0 2,600 feet They
alsosuggested thahe maximum time before driver confusion and a possible violation was four
minutes. Therefore, the threshold foaximumwait timewas recommended &iur minutesand

was a function of the yellow clearance time, the red clearance time, and the maximum green

time.

A traffic advisory leaflet detailepractices in EnglandJK for the use oPTSat road and
street work (5). PTS systemswere primarily used for alternating traffic in work zones where
one lane of a twdane facility was closed. The maximum recommended length for the work
zonesto deploy a PTS systemas 300 metergl,000 feet)due to long atred timegthat resultin
longer queues. It was recommended to cortrekide roads that were presemithin the work
zone if there was poor visibility of the traffic control on the main rétagdas also recommended
to use the PTS in vehicle actuated mode to redumwanted delays. #PTS system was going
to be operated manually, it was recommended that both ends of the workingeadearly
visible to the operatoPRroper trainingvas also necessary for personnel who would be setting up
the PTSs since poor saps could increase the risk aofashesadditional costs in fuel and time,

increased pollution and driver frustration.

Lee et al.studied the effectiveness of a vehialgtuated signal control system on work
zone operations for twlane highwag (6). The researchers investaged the dependence of
average control delay amadimber ofconflicts on signal controimethods for a twdane highway,
taking into account work zone length and traffic volume changestimed signal controbr
time of day(TOD), actuaed signal control with fixed alted (AFAR), and actuated signal
control with dynamic alled (ADAR) were the three signal control methods that were

investigated. The average control delay per vehicle was used to evaluate the effectiveness of



eachcontrol methodwhile the length of he work zone and traffic volume weused to evaluate
safety. In the studyWISSIM wasusedto analyze signal control methods, VisVAP of VISSIM
for algorithm embodiment, SYNCHRO 4.0 for TOD signal optimizatieamd finaly surrogate
safety assessment model f8%) to analyze traffic safetyyn terms of safety and mobilitipr

work zones on twdane highwaysthe researchers found ADAR to be the most efficient signal
control method under most conditions examined, exceptrucettain traft volumes in a 400
meters (1,200 feet) long work zanie work zones of length 200eters (600 feefthe ADAR
control methoddecreasethe average control delay per vehicle by a minimum of 16 seconds or
moreas compared to the other twaethods For work zones of length 400 eters (1,200 feet),

the ADAR control method could be operated safely andlessl deviation even though vehicle
delays were widely distributed from 100 to 712 seconds for all control methodssigited
timings for theADAR control methodgreentime and altred timg, were shorter than those for

the other control methods in theork zones of lengtt200 neters(600 feet)and 400 maters
(1,200 feet).The results of conflict analysis showed that ADAR Imadcrossing conflicts and
fewerconflicts than other signal control methpdspeciallyfor 200 nmeters(600 feet)long work
zones where ADAR hado conflicts.Since the average control delay exceeded 100 seconds for
work zones of length 400 meters (1,4686t), the researcher recommended the construction of a
temporary bypass if the traffic volumes exceeded 500 vehieesour on twelane, tweway

work zones with length greater than 400 meters (1,200 feet) to reduce delays and increase traffic

safety.

Shbuya et al. measured traffic flows atork zoneson twolane roadscontrolled by
flaggers(7). To investigate the traffic flow characterisgjctraffic flows were observedt six
construction sites all being 30 to 80 meters (100 to 200 feet) long work zones -teméwo
suburban roadsThey developed a computer simulation model based amcroscopic traffic
flow theory and usingheir study datdo analyzethe traffic behawr, assuming that no heavy
vehicles were mixed with the traffic. The delay characteristics were investigated for short work
zones less than 200eters (60 feet)in length. Three methods for estimating the green intervals
usingf | agger s6 wemagraph, regressiont equdticandnanalytical optimization.

The signal timings produced by the nomograpl the regression equation cobklinstalled in
pre-timed traffic lights. Also, timinggrom the analytical optimization couloe installed for the

actuated traffic lights with detectoes flagger substitute3he researchers concluded that 35 to
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40 percentof the total delay was a sum of the acceleration dahalythe speedecrease delay.
Lastly, the researcherslso suggestethat as the trafficincreasedthe green intervals obtained

from the analytical optimization varied incegagly from the simulated ones.

2.2 Temporary Traffic Control Devices

Li and Bai evaluated the effectiveness of existing tempdraffic control (TTC) measures in

highway work zones (8). This study quantified the effectiveness of TTC methods:
flagger/officer, STOP sign/signal, flasher, no passing zone, and center/edge lines in mitigating
work zone crashes and preventing common human errors from causing severe work zone
crashes.A total of 655 severwork zone crashes that included 626 injury crashes and 29 fatal
crashes in Kansas highway work zones from January 2003 to Decembev&@@@4ed for the

study A binary logistic regression technique was used to evaluate #atiedihess of the TTC

methods. The Likelihood Ratio test (LR), Score,tesid Wald test were used for testing the

level of significance of a predictat a0.10 level of significanceThe effectiveness of the TTC
measuresvereassessed in terms of reducing the severity of the work zone crashes and lowering
theprobabilitythat a certain severe work zone crash was caused by human error. The researchers
concluded that the presence of a flaggearoofficer directing trafficlowered the probability of

having fatalitiesby four percentand having flashers or center/edge lines in work ztowesred

the probability by six percent The statistical analysis did not support any close association
between the use &TOPsigns, no passingone control in work zonand the fatality in severe

crashes. Thestudy showed that flaggers/officers could considerably lower grabability of

severe crashes in work zones by human error ssicligiegarded traffic contrpl Gnatténtive

driving6 da n6 e x ¢ e e d e avhils theene plassing zorme todtrol was effectivioimering

the probability o f having crashegarcdeaededr af fpgrecentmont r ol
addition, having center line/edge Iseould lower theprobability of having severe work zone
crashes by humanerro such as Oexaeddéfiospewed!| pement 61 os e
and thregoercentrespectively. Conversely, the study showed that the presel&EO®signs in

work zone would increase therobabilty o f havi ng s e folkorwee dc rt aosoh ecsl obsy

human eror.

In 2006, Pigman et alperformed a studyo evaluate thesafety operations andsues
associated with mobile and shogtm work activitieqg9). As a part of the studypsedcontrol
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measures in work zoneautomated flagger devices, aerial lift/elevated platforansl flashing
STOP/SLOW paddles were tested and evaluateerk zores. The researdrs alsodevelogd
policies and guidelines for the useadévated platforms near traffi§peed data were collected at
23 locations acroseight counties in Kentuckyfor 100 vehicles at each locatigvaluating
different strategies such dsuble fine signs within an active work zone, double fine signs and
police enforcement within an active work zoraad double fine signs and radar display teni
within an active work zoneThe 50" and 8%' percentile speedwere determined anitidicated
thatthe largest reduction in speeds were observed when police enforeceaseisedat the work
zone. It was found thahe¢ least effective method in controlling the speeds was placement of
advisory speed signs in work zoné&sirthermore 80 percent of thesurveyrespondents rated
fiuse police at the workited very effective ascompared to only 12 percent for tiiase of
advisory speed sigrisThe study recommended that automated flagger destuasld be tested

at high speedhigh volume locations to assess their feasibility for fituse. The study also
recommendedxpandng the use of radar signs displaying the speed ofvitaclesin work
zones with major matenance activities and providinige workers with flashing STOP/SLOW
paddles during nighttimeolirs.

Carlson et al. evaluated the variduaffic control devicestreatmentsand practices for
rural highspeed maintenance work zoremser two yearg10). Nine work zonesfour two-lane
highways with flagger operations and five multilane highway with a single lane ¢losere
studied at three locations inthe Childres District in TexasData were collectedising two
LIDAR, two pairs of piezoelectric sensors with appropriate traffic counter class#iesone
mobilerecording videsystem with a higlmast camera suppart May, Juneand August 1999
Speeds, conflicts, driver surveys, maintenance crew suryegaed recorded CBRadio
conversations were used to evaluate the devices. The devices evaluatdilagges controlled
work zones were fluorescent orange signs)glroneradar fluorescent yellow greemest and
hard hat covers, handheld strobe Igylsittached to flagger vesstvisibility improvement
attachments ancbnesand high visibility retroeflective magnetic strips on flagger vehicles. The
devices evaluated ditane closure workwere high vidbility retroreflective magnetic strips on
work vehicles, speed display traBerand advisory speed signing addition to the ones
mentioned aboverhe speed data were analyzed & @b level of significancand preliminary
analyss indicated that fluoseent orange signing, fluorescent yellow sesironeradar and
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speed display trailsiwere the most promising devicdaurtheranalyse showed thathe drone
radarwas identified bydriversas a factor influencing them to slow down in flagger operated
work zones. In lane closure operatiptie speed trailer seilted in the largest reductiam speed

at the beginning of the work zoig 2 to 7.5 mph and within the work zory 3 to 6 mph. Tk

speed trailer was also successful in reducing the percentage of vehicles exceeding the speed limit
approaching the taper and within the work zone. The conflict analysis showed that the use of
speed trailers increased the conflict rates approaching theaoone and decreaselightly with

the use ofirone radar

The second year of the study evaluated the use of seven devices at eight work sites:
portable rumble strips, portable variable message signs (Vili&)e radarfluorescent gllow
worker vests, atrareflective vehicle visibility improvements, fluorescent orange signd speed
display trailers(11). Speed data were collected by the LIDAR guns for the free flow speeds
throughout the work zones and traffic counters with piezoelectric sensors usatedcd speed
and vehicle class data for all vehicles in the traffic streatday and June 2000 he vehicle
speeds irthe work zones, the ease of installation and remotrad,impact of the device on
vehicle conflicts and worker commentsn the effectveness of these devicegere assessed.
Analysis of the data collected revealed that the speed display trailer had the largest impact on
speeds ragting passenger car speeds by 7 toph and 2 t@ mph at sites 1 and &spectively
Also, the speed displatrailer reducedhe truck speedsyt?2 to3 mph at both the test sites. The
portable rumble stripgere found to haveo effect on passenger sabut reduced truck speeds
by 2 to3 mph. The VMSroduced speed reductions of 22tenph within the work zone and had

positivebenefits in reducing conflicts.

2.3 Pilot Car Related

Rys et al.in phase | of theistudy tried to determine the most effective method afrinfng

drivers about delay timeshen approaching a pilot car operation at a-le rural highway

work zone(12). Six notification systems were identified during the preliminary research to
provide information to the drivers: highway astwy radio (HAR) with statisign notification, a

static sign displaying maximum wait tima,countdown timer displayed ahef | agger 6s st

paddle a portablevariable message sigh'if1S), a countdown timer displayed dahe approach



sign, and portable message sign with countdown tiriahle 2providesthe feasibility of these

different notification systems based on various evaluation crite8)a (

Table 2. Summary of Comparison of hformati on Dissemination Systems sed(12)

System Cost Effectivenes® Integratiol? | Deployment
HAR High Low High High
Sta'tlc Sigrwith Maximum Low Low Low Low
Wait Time

Courtdown Timer on Flagger

STOP/SLOW Paddle Low Low Low Low

VMS High High High High

Countdown Timer on

Approach Sn Low Low Low Low

Portable Message Sign with

Countdown Tmer Low High Low Low

aFor cost, integration, and deployment: high to low (high = 0 and low = 1)
® For effectiveness: low to high (high = 1 and low = 0)

As shown in Table 2,llathe systems were rated on the basis of the criteria: cost,

effectiveness, integration, and deployment. For cost, integration, and deplptmeerating of

high to low was defied as high=0 and low=1 and for effectiveness high to low was defined as

high=1 and low=0Therefore, in terms of cost, integration, and deployment, it was found that the

Aportabl e message si gn she hestalthrnative. Alsoutkgstdno was
found to be the most effective alternative since it alale b provide reatime information to

drivers

After evaluating the systems based on the criteria mentioned g#nkeidea of the
Aportabl e messaget dowm schoseni@ tudherweaesarchField testing
of the equipment was conducted on a rural highwask zonefour to five miles in length with
only one sign positioned on the right side of the shoulder near the flagger on Septerabé430
on US24nearRiley, Kansasand October ,72004on Route77 in Riley County, Kansa3he test
was run for three hours and 112 public survey questionnaires were distribhgedesults
indicatedthatthe notification system wasiinerable to strong wind actiomhe system could not
be tested for longeriodsdue tothe natureof the work zongandalsothe test of the autonomous

functioning d the system was not performed.
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Phase Il of the study involved development of a fully workable and deployable prototype
basedon the concepts and field observations of the system demonstrated in ghdseAn
algorithm to estimate theait time instead of using reime communication was used to resolve
the communication issues related to gaps in covefiafpee A mian dsignrwas tedted at an
operating pilot car construction zone on a-2/5project west of Silver Lak&S on October 29,
2008 anda survey was conducted by questioning 30 drivers waiting in the qubeealgorithm
kept the displayed wait time within one mte ofthe arrival of the pilot carThe survey results
showed that 10@ercentof drivers could understand the sign andpé&3centfelt that the sign

was helpful.

2.4 Flagger Related

Finley conducteda study on fieldevaluation of automated flaggassistance devices (AFAD) in
work zoneson twolang two-way farmto-market and state highwaisthe Bryan, Lufkin, Paris,

and San Antonio districts dfexas(15). Field tests were conductedd data were collected at 17
sites in the summers of 2010 an@l2 with survey data collected at six sites during the same
period Two types ofA F A Dwessused for this researchirgt, a remote controlleTOPand
SLOW sign to alternate the right of way arsgcondgaremote controlled red and yelolenses

to alternate the rightf-way with a gate arm. The research findings stdtliatthe violation rate

per 100 stop cyclekr the STOPSLOW AFAD without the gate arm was the highest at 6.7
percentand wa significantly higher than the violation eator the reedyellow lens AFADat 2.2
percent The aldition of supplementary signs increased the drivers understanding that the stop
sign would have changed to a slow sign in order to proceed. The overall finding was that the
driversviolated the AFAD when the queue @gthicles in theppositedirectionwasvisible to the
stoppeddrivers Thus, on the basis of this repdfte researchers beliav¢hat both the AFAB
(STOPSLOW and redyellow) could be used to control traffic at lane closures on-laree

two-way roadways.

Trout et al. studied thdrivers understanding of the AFA®In work zoneg16). The
researchers surveyed 78@versin Texas for the purpose of the study.cAi-square test of
homogeneity was used to determine whether the beacon (flashgteady) affected thdrivers
understanding of thETOPSLOW Paddle.The results of the chsquare tesindicatedthat the
beacornshould be continueth be used with thETOPSLOW Paddle To determine whether the
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comprehension percentage wagatistically different from the 85percent criterion the
researchers used a confidence interval &sh 0.05 level of significanceThey found that

without theAGO ON SLOW) s, only five percentof the total participants understood that the
stopwould change to slow when they were allowed to proc&éey also found thawith the

AWAIT ON STORY a G@ONISLOW  ssiioglyneight percent of the participants stated that

they would stop and proceed on slow like a standard STOPRigthe redyellow lens AFAD
participants understood the stop phase even though there was evidence of a lack of understanding
of the difference between the stop and proceed phases. The researchers reedithaieadate

arm should be used with tI@TORSLOW AFAD and alsowith the redyellow AFAD to better

inform thedriverson when to proceed and when to stop.

El Rayes et al. assessttk effectiveness and essential role of flaggers and spotters
directing traffic for expressway and freeway work zones in lllinois with a posted speed limit
greater than 40 mpfl7). The researchers studied seven highway work zon2812 and 2013
to evaluate flagger practices used at work zones in lllinois. Wata collected on the type of
construction operations performed at the work zones, layout of the work zones with location of
flaggers and temporary traffic control measures used in the work zone. The researchers collected
and analyzed the latest data aegorts on work zone crashes in lllinois from 129®9 to study
the frequency and severity of traffic related work zone crashes. The analysis suggested that the
causes of work zone crashes could be mainly classified into six categogesper driving,
distraction, work zone environment, disregarding traffic control, spedtian unknown cause.

The researchers analyzed the effectiveness of existing and new work zone safety measures such
as intrusion alarm alert systems, portable changeable messagéPsiSs), portable speed
monitoring displays (PSMDs), temporary rumble strghi®ne radartruck-mounted attenuators

(TMASs), mobile barriersandautomatic flagger assistance devicBBADS).

Two identical online surveys were conducted to gather and zndbedback from
engineers and construction personnethie lllinois Department of TransportatiotDQOT) and
other state DOTs on the effectiveness of flaggers and spotters in directing traffic on freeways
with a posted speed limit greater than 40 mph. Sthveey resultsvere analyzeodn a scale of 0.0
to 1.0whereO.O0was O6no nwed,6d ov. BEdbse d, Mo de.ratwasneééadghah

need, 6 wasn do dr. @a theavdragaenseoeedor the néed of flagger to perform various
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safety and mobility functions in work zoness 0.74 as compared to 0igGhe national survey
indicating thathe respondents frostates other than lllinois considered the need for a flagger in
a work zone to range f r dmavérage scoreferdigenefitsthato mod e r
could be obtained by using a flagger on freeway work zones Wé8 and 0.27n the IDOT
surveyand the national survekespectively Similarly, the average score for the risk and hazards
thatcould be caged by usin@g flagger werd.66 and 0.69 the IDOT surveyand the national
survey respectively The analysis of lllinois crashlata from 1996 to 2009 indicatdtat
dmproper d i v icauge@?2.1 percento f fat al c caasedlitSpercertds fatele d 6
crashesand -én e ac o lcdused38.2perceritof fatal crashes in work zones on lllinois
freeways/expressways. The IDOT survey acknowledged police patrols, £ SMIDAs, and
PCMSs as the top four effective measures while the national survey ackiiged TMAs,
PCMS, police patrolsand mobile barriers as the top four effee work zone safety measures.

Avrenli et al. studied theffectiveness of flaggelis reducing the likelihood of reaend
collisionsfor in-platoon vehicles iwork zoneq18). Theobjectiveof the study was to explore
the efficiency of flaggers in reducing the frequency of facturshas speeding, following too
closely, and faster trailing that increase the potential of -eat collisions. The researchers
collected11 data &ts from five singldane work zonesn Interstate highwayis lllinois with no
lane change opportunitie3he time gap ah speed data foapproximately4,600 inplatoon
vehicles were usedlo compare the frequency of short time gaps based on work zdfe tra
control contingency tables were prepared andsthiare testat a0.05 level of significance
were conducted A binary logistic regression model was also built to quantify the effects of
flaggers in reducing the likelihood of short time gafise results indicated that for maintaining
short time gaps, the probability that a vehicle in platoon would maintain short time gaps did not
differ significantly between work zones with no flagger and a 45 mph speed limit and work
zones with no flagger anal 55 mph speed limitor speeding by deast 5 mph at short time
gaps,it was found thatwork zones with no flagger and a 45 mph speed limit were more
hazardousThe study concluded th#laggers might be effective in reducing the probability of

rearend collisions as they were able to reduce the probability of speeding and short time gaps.

Cottrell evaluated the Autdaggerto assist a flaggefor shortterm lane closures on
two-lane highwaysan Virginia (19). Two AutoFlaggerunits were deployed at the Wytheville
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Area Headquarter§AHQ) and the Beach Areadddquartersinderthe Virginia Department of
TransportationAt the Wytheville AHQ the device was deployed fartotal of59 hours during

January and February 2006. The BeAtiQ deployed the device on two occasions in December

2005 on Route 60 in Powhatan Countydaiotal of16 hours. [@ta collected were compiled and

analyzed to assess the effectiveness of the delitee r esear cher i1 denti fie
size as apotential advantage which made it visithed commanded driver attentioihe

researcher concluded that the paddle and sigms¢d AFADwere most effective based on the

fact that bothwerewell established and ffailiar traffic control deviceslt was found that the cost

of the AFAD could be recouped after 1.7 to dars depending upon the usdladdevice. The
researchealsoindicated that a potential limitation of using AFADs was its inability to provide

warnings, instructions, and/oramrsw s t o dri ver sd questions.

The Minnesota DOT Hhbeenusing the Aut&lagger since 1996 amdviewed the results
of a driver survey, flagger comments, field review by traffic engineering staff, and driver
behavior videosThe resultsndicateda positive response for the device from dneersand the
construction workers and flaggers. The observation made from driver videos suggested that only
a very small number of drivers failed to interpret the device immediately. Therefore, after
reviewing the resultsthe DOT decidedto apply the technige only at two-lane, twoeway
roadway with one laneclosed totraffic with an AverageDaily Traffic (ADT) less than 500
vehides perday, lane closure distanag 800 feet or lessand when the opera{@) had an

unobstructed view ahe Auto-Flagger andpproaching traffic in both directig (20).

The 2008KDOT flagger handbookresenteaperations and guidance for personnel who
would be used as flaggers in work zor2$). Haggers help guide traffic, slow traffic, dod
stop traffic to allow safe operations in work zones. Safetygivena prime consideration since
flaggershadthe highest amount of exposure to famiving traffic. They also serdeas safety
lookouts for other personnel on the work site by alerting them to potential threats and dangerous
situations. Uniformity in operationsas considered to be the key in increasing driver safety and
compliance. When pilot camwere to be used, flagers held the traffic until the pilot cavas
present to guidehe traffic throughthe work zoneThe manualalso statedthat late vehicles

should not be allowed to catch up to giatoon after it had embarked.
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2.5 Crashes andnjury Costs

Coburn et alquantifiedthe injury outcomesnd developd reliable andcomprehensive injury
costsfor work zone cashes based on the crash typmarend and headn) and crash severity

based on the KABCO scale (K, killed; A, incapacitating ipju8, norincapacitatig injury;

C, possible injury; O, property damage on(@R). Data fa the study were collected from
WisTransPortal anthe CrashOutcomedDataEvaluationSystem (CODESYata provided by the

Center for Health Systems Research and Analysis at the University of Wisttedison.The
researchers used a three step methodology to quantify the crash costs for each severity and
manner of collision. The Wisconsin CODES databpeavided comprehensive injury costs
based on injury types and severities suffered by participants in study crashes. The researchers
concluded that incapacitating, rorcapacitatingand possible injury crashes were J@scent

35 percentand 50percentlarger tharthe inflation-adjusted FHWA default valuggespectively.

The weighted overall injury cost for all work zone craslvasabout 25percentgreater than the

FHWA cost. Since there was aignificant variation in injury crash costs by crash type, the
researcher suggested that developing esp&tific costs might result in more accurate

costbenefit analysis for implementing countermeasures.

2.6 Summary of the literature

T Ull man a rsdtudishowednttaavings ranging from $9 to $14 per haar
flagger labor costs could be achieved by using a portable-fizedtraffic signal system
with only a minimalincrease indriver delay cost(1). The stug also suggested that the
potential for vehiclecrasheswithin the work zone mighbe higher because of driver
norncompliance with thédPTS system The researchers suggested thatsigaal validity
couldbe inproved by adding a stop line 5066 feetin advance from the signal and also
erecting ®TOPHERECONREY dii gn n e xlihe enfarcingthee st o
need for stopping. To contr@LR for vehiclesentering the work zone without stoppjng
it wasrecommendethat the wattage dhesignal lamp headshould be increased so that
they weremore visible in daylight.

91 Daniels et.al studied the use BfTS technology to replace flaggemss a means for
improving the efficiency of twdane rural maintenance operations in Tef3s Their

calculations showed thahe return on investment in the technology could be realized
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after two years of operation and were estimated in subsegeans at $20,000 to
$30,000 per yaa(19992000)provided that the equipment was put into use eight to ten
days per monthThefield test cases advocated ti8ES were feasiblein improving the
crew efficiency and flexibilityon two-lane rural work zones for maintenance operations.
For theuse of PTS in stationary maintenance work activitg,researchers recommended
the length of work zon& beincreasedrom 400 to 2600 feet and the wait time to be a
maximum of four minutes.

1 In England, hetraffic advisory leafletecommendethe useof PTS for alternating traffic
in work zones where one lane of a tlame facility was closed5). The maximum
recommended length for the work zsnwas 300 metef4,000 feet)due to long alred
times resulting in longer queues. Proper training wasralsummended to avoidcrease
in the risk ofcrashesadditional costs in fuel and time, increased pollytemd driver
frustration.

1 Lee et alstudied the effectiveness of a vehialgtuated signal control system on work
zone operations for twlane highwaylIn terms of safety and mobilifgpr work zones on
two-lane highwaystheyfoundthe ADAR to be the most efficient signal control method
undeg most conditions examinedThey also recommendedthe construction of a
temporary bypass if the traffic volumes exceeded 500 vehpdefiour on twelane,
two-way work zones with length greater than 400 meters (1,200 feet) to reduce delays
and increastraffic safety ).

1 Rys et al. determined theortable message signs with a countdown tiasethe most
effective method of irdrming driversabout delay timevhen approaching a pilot car
operation at a twtane rural highway work zone in a tvphase studyl?, 13, and 14).
After depl oyi ng t hand condictimg driver dunveys, their megultsd e s i ¢
showed that 100 perceanf the drivers could understand the sign and 73 peroétie

driversfelt that the sign was helpful.

The literature reported herein was useful in development of the research methodology

presentedn Chapter 4and also suppassome of the recommendatiotiscussed in Chapter 8
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CHAPTER 3. PROBLEM STATEMENT

Lane closures oaneway, twalane roadways require the use of a control method to regulate the
safe and efficient movement dfaffic at either ends of the work zon&he 2009 MUTCD
indicatal that if traffic on the ondane roadwayvas not visible from one end to the other, then
flagging procedures pilot carin conjunction with dlagger, or atraffic control signakhould be
used to control opposing traffic flow8). Similarly, Section 805 of the special provision to the
KDOT standard specifications for work zone traffic control and safety reconadéimat pilot
car operationsouldbe usedo assist and lead traffic durirmneway operationswvhich wasover

a distance greater than that could be seen between fla@®ersierefore,for maintenance
activities such asasphalt overlayand shoulder repaiusing a pilot car in conjunction with
flagging operationsn twolane, two-way roadways with or&ne closed for traffievasa widely
accepted practice in the state of Kareathe time of this research

A report by the National Institute for Occupational Safety and Health (NIOSH) indicated
that from 1992 to 1998, 27 flaggéatalities were recordedt highway or street construction
work zone, which was approximately 3.86 fatalities per y€a4). In their analysis of fatal
occupational injuries at road construction sites from 2003 to,2B8&Mureau of Labor Statistics
(BLS) reportedthat 442 workers were killed at road construction sites after being struck by a
vehicle or mobile equipmen(®5). Of the 442 cases, 92 casgated thathe workers were
performing flagging or other traffic atrol duties and 32 were employed as flaggdisis
indicated that whenevéheflaggers were used in conjunction with pilot car operations they were
operating under the ewv@rcreasing risk of being hit bynaerroneouslriver. To eliminate the risk
of a flagger being struck by noncompliant traffic, PTS systé@ge become&ommon among
contractors ashorterwork zones wherehe ends of the work zone were visible to stopped traffic.

As indicated earlier, the 2009 MUTCD provided guidance regarding the ysitoar
operations in conjunction with flagger operations for controlling-wag traffic attwo-lane,
two-way work zones. Howevehére was nalirectguidance provided regarding the use of PTS
systems in conjunction with pilot car operations andlagder operationsSince flagging
operations were labor intensjvexpensiveand posa hazards for workerdt was important to
evaluate new technologies and techniques that had the potential of providing efficient traffic
operations and safety at olae, twoway work zones. firee conditions were selected in order
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to provide a clear interpretation of the guidelines stated in the MUTCibatelermine whether
these conditions were beneficial in improving the overall operations and safety-&Engyo

two-way rural work zonesl'hese were:

Flagging only operations;
A PTS system with a flagger; and
A PTS systemwithout a flagger

The primary measures of effectiveness were determined as:

RLR orviolation percentages;
Vehicle delay estimates;
Queudengths;

Signal timing operationge.g. indications of signal failuresgnd

= =/ =4 A

Other field operations.

The KDOT specifications for work zone traffic control and safety were asgdidance
regarding issessuch agnaximum pilotcar speed within the workone and thenaximum raind
trip time for the pilot carThat helped in conductintpe data analysiso determinehe volume
thresholds for the failure of the PTS system amdthe estimation of green intervalfor
corresponding number of vehicle$he Sigml/Pilot Car typicaland Traffic Control Sign
(TE-710) Standard used for this research were provided by KDO€ante found in Appendix
E.
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CHAPTER 4. METHODOLOGY

This sections divided irto four partsanddetailsthe survey of practice, thelosed course study,

the site selectiorand data collection methodologgnd an overview of the data reduction and

data analyses.

4.1 Survey of Practice

A survey of 19 different state DOTs was conducted during May and June 2014. The objective of

the survey was to obtain an understanding of the practices followed in the various states

regarding the use of PT&/stems pilot caroperationsand flagger operations. The survey was

conducted via telephone or email depending on the preference of the fBtads.oTable 3

provides a summary of the responses for all the state B@T#/ere surveyed

Table 3. Summary of Response®r the Survey of Practice

. - - PTS - - Maximum Guidelines
No. | STATE DOT Pilot C_ar Use PTS InICon!unctlon In F:onjunctlon Length of
Operation with Pilot Car | with Flagger |work zone for Own
: - ) MUTCD
Operation Operation | PTS (miles) Standards

1 Arkansas Yes Yes No No 0.2 Yes -

2 Conneticut No Yes No Yes NS Yes -

3 Florida Yes Yes No No NS Yes -
4 Idaho Yes Yes No No 5 - Yes
5 llinois No Yes No No 1.5 - Yes

6 Indiana Yes No NA NA NA - -
7 lowa Yes Yes No No 2.5 - Yes
8 Kentucky No Yes No No 0.03 Yes Yes
9 Maryland No Yes NA NS 0.4 - Yes

10 Michigan Yes Yes No No 2 Yes -
11 Minnesota Yes Yes No Yes NS Yes Yes

12 Montana Yes Yes No Yes 2 Yes -

13 Nebraska Yes Yes No No 0.2 Yes -

14 Nevada Yes Yes No NS 5 Yes -
15 Ohio No Yes NA No NS - Yes

16 Oklahoma Yes Yes No No NS Yes -

17 Tennessee No Yes No NS 1.5 Yes -
18 Texas Yes Yes Yes No NS - Yes

19 Wyoming Yes Yes Yes No NS Yes -

Note:ANAO- Not Applicable;fiNSO- Not Specifiedn the survey.

FromTable 3 it can be foundhatat the time of the research, PTS systems were used in

18 of thel9 states that were surveyed. The state of Indiana did not use the PTS system at any of

its work zones during the time of the research. It was found that 12 state D&dTth@$UTCD
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as referencwvhile six state DOTs developed their own guideliasgeferencéor the use of PTS
systems, pilot car operations, and flagger operatibmgas also found that two state DOTs used
a PTS system in conjunction with pilot car openas and three state DOTs used a PTS system in
conjunction with flagger operation8ppendix B provides a detailed description of tasponses

for all the 19 state DOTSs that were surveyed.

4.2 Closed Course Study

A closed course study was performed amgist 4, P14 in the East bt of the Parkand Ride
facilities at the University of KansaBigure 1 shows a snapshot from the closed course study.

Figure 1. Closed corsisndy at the Uversity of Kansas.

As shown in Figure,IMr. Doug Niemerg and Mr. Roger Alexander (John Thomas, Inc.)
demonstrated the functioning of the componentsdasdribedhe features oA PTS unit. During
this closed course study, instructions were provided for operating the main control box on the
PTSunit, lowering and raising of the mast arm and solar panels, operating the handheld remote
control, and altering the signal timings. Mr. Garry Olson (KDOT) was also present at the time of

this closed course study.
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4 .3 Site Selection and Data Collection

The next step in the research was to select suitable test locations where data were to be collected.
Four locationswhich were twelane, tweway long work zonesanticipatingpilot car operations
and flagger operationsvere identified by workingwith KDOT and selectedfor the data

collection.Following were the four test locations that were seleftiethis research

US-56 near Burlingame, KS
K-31 near Melvern, KS
US-24 near Beloit, KSand
US-50 near Newton, KS

= =4 4 =

Data were collected at thesauf test locations three days per week for a period of four
weeks in August, 2014. A detailed description of all the test locations and data collection is

provided in Chapter 5.

4.3.1EquipmenUsed

A list of equipmentrequired for the data collection was prepapeidr to conducting anyield
data collectionThe following section detailed generabescription of the equipment thags

used for theesearch

Safety

Safety of all the research team members afggaramant importance All the team members
participating in the data collectiaactivity were wearinghard hats andetrareflective vests for
the entire duration of the data collection

PTS Units

John Thomagdinc. provided twoADDCO SolarPTS unitswith the Galaxy operating systefor
the researchA summary of importantechnicalspecifications of the PTS untenbe foundin
AppendixA. Two pickup trucks(Ford F150)were used to transport the PTS units and the other

data collectiorequipmento every test location.
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Video Data Collection

Commonly available equipment was used for tioee data collectionThe high definition video
cameras used for data collectioad a battery life of one to two hours, thus needing an extended
battery packo extend the record time of each caméso, acustom built camera drum was
used to place the video cameras at the time of data colleEtgure 2 shows the video camera
used for the research.

Figure 2. Sony HDR CX-220camera usedfor video data mllection.

As shown in Figure 2four Sony Handycam HDIX 220 camerasvere usedfor
collecting video data, two at each end of the work zone. One camera was deploydiédong
the signal data such asart of greerinterval end of greennterval red light runningvehicles
and pilot car operations for every cycle. The second camera was deployed to record the arrival
time of the first vehicle ireach queue, length of the queaed vehicles turning around due to
the waittime Figure 3 shows the battery and the inverters used for the research.
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Figure 3. Battery and inverter with the plastic box and connecti'ng wre.

As shown in Figure 3wo large Exide dual purpose batteries along with two Tripp Lite
600 Watt inverters were used to charge \lteo cameras continuously to ensure that no data
were lost due to insufficient charge. The batteries and the inverter were both placed inside a
black plastic box to protect them from rain, wirehd for the ease of transportation. A 100 feet
long wire was used to connect the inverter to the cameraimpltg allow the batteries to be
placed well outside the roadside clear zone duringléte colection Figure 4 shows the custom

built drum used to place the video cameras for the research.
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Flgure4 Custombunt camera drum Wlth orangetaplng

Three normal traffic drums were borrowed from Twin Traffic Marketing Corp. for
placing thevideo camerasduring the data collectionAs shown in Figure 4, gaemicircular
portion from the face of the drum was replaced with clear plastic for providing visibility to the
camerasA majority of the portion of the plastic glass was tapédwith basic orange tape
similar to the color of the drum to diminish the visibility of thideo cameras to the drivers. It
was assumed that the reduced visibility of the cameras would result in unaltered driver behavior.
Eachdrum wasdesigned to suppbtwo video cameras on a wire mesfat was fixed inside the

drum
Signage

The four traffic signsused for the purpose of the research were: SIGNAL AHEAD, STOP HERE
ON RED, FLAGGER AHEAD, and WAIT FOR PILOT CAR-igure 5 shows the SIGNAL
AHEAD sign usedor the research.
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Figure 5. Signal Ahead sign usedor the research

As shown in Figure 5, th&IGNAL AHEAD signs were borrowed from-Ba wk 06 s
construction office in Eudora, KS. The location of the signage was determined based on the
temporary traffic control plan provided by KDOT. At every test location, the contractor was
responsible for all thetber signage that was to be provided in the work zone as per the traffic
control plan.Figure 6 shows the STOP HERE ON RED sign, FLAGGER AHEAD sign, and
WAIT FOR PILOT CAR sign used for thesearch
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Figure 6. Traffic signsused

As shown in Figure 6, the STOP HERE ON RED signs were borrowed freh@a@v k 0 s
construction office in Eudora, KS and tiéAIT FOR PILOT CARsignsandthe FLAGGER
AHEAD signswere borrowed from the contractor at every test location as negiaeithr to the
other signs, the location of these signs was determined based on the temporary traffic control
provided by KDOT.

4.3.2Data Collection Methodology

A generaldata collection and equipment setmgthodologywas establishegrior to the field
data collection. Figure 7 shows the equipment setup plan that was designed to indicate the

location of the PTS unit, video cameras, and the signage during the field data collection.
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Paved or Unpaved

A

—[‘ Portable Traffic Signal
- Y TS
. (PTS)
%2
- STOP HERE ON RED
LI 17 -
ry Sign

WAIT FOR PILOT CAR
Sign

O Custom Drum with
Video Cameras

500 to 700 feet

| SIGNAL AHEAD Sign

¥

Figure 7. Designed guipment setup plan.

As shownin Figure 7th eS TOOP HERE @©ONWR&EDOFOR PI LGT CARO
were located at the same spot at the test locatibmeir Tdistance from the PTS unitas
approximately 40 to 180 feet and varied dependimghe road geometigt eachwork zone end
Thedi st ancé&l GNAL hAHBArond thesATH anit was approximately 500 to
700 feet and varied with the speed of the roettk other work zone signagestalled by the
contractorwas kept unalteredAlso, in the absence of a paved or unpaved showddithe
presence of ateep forslope the test equipment wasetupclose to theoutsideedge of the
pavementThe following sectiondescribeshe generaprocedurghatwasfollowed at every test

location in regards to equipmesdgtupand video data collection.
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Equipment Setup and Video Data Collection

Two researchieamswereused with onéeamstationedat eitherendof the work zoneEach team
was responsible for setting up tHeTS unit, two video camerasinside the customdrum, an
external batteryvith an inverterand thesignageas per the plashown in Figure 7Thesignage
was satp approximately athe same time as the other work zone signags setupby the
contractor.The team periodically cheekthe PTSunits video camerasand thesignsto ensure

data were being collecteshdthe setupwas unaltered

Data collection started as soon as construction activities commenced at the work zone
and continued wuntil the end of the daybés act
videocameras using a cellphone or a watch by a team member for fuemrenefA minimum
of eight hours of/ideodata per day were set as the target for each team. This minimum duration
excluded the time required for the setup of the equipment and the time lost when moving from
one location to the other with the work zone. tAe end of the daycollected data were
immediately transferred to a hard drive to avoid loss of data and rest of the equipment was

organized for the following day.

4.4 Data Reduction andData Analyses

All the data were reduced the Transportation Engineering and Analysis Laboratory (TEAL) at
the University of KansasThe variables to be considered during data reduction were: arrival and
departure time of the first vehicle in the queue, start and end time of the green interval, number
and type of vehicles observed in a queue, and number and type of red light rugmicigsv

Each of these variables and their significance for this study is described in Chapter 6. The
analyses of the data were divided into three p&dash of the analyses are described briefly in

the following section.

First, an operational analysis tife different parameters such as the average total wait

time, average green interval, and average queue length was conducted.

Second, a statistical analysis was conducted to identify the presence of a statistically

significant differencen thenumber ofred light running vehicles for the three conditions:
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1 Hagger onlyersus PTS with a flagger;
1 Flagger only versuBTS withouta flagger, and
1 PTS with a flagger versu®TS without a flagger.

A onetailed twoproportion ztest was used to analyze the tdata sets. The test was
conducted at 8.05 level of significancelhe null and alternate hypothesis for the test were:

Ho: p1 Op2
Ha: p1<p2
Where:
p1 = proportion of red light running vehicles in the condition 1; and
p2 = proportion of red light running vehicles in the condition 2.

Additionaly, an exploratory delay analysis was conducted to determine whether the
presence of a flagger with a PTS unit was beneficial in reducing the total Eiglaly, a model
was developg using the available data tdentify the volume thresholds at which the PTS
system would fail with recommendations on the use of appropriate green intervals for

corresponding approaching traffic volumes.

Chapter 5 provides a detailed description of télel fdata collection conducted at the four

test locations.
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CHAPTER 5. FIELD DATA COLLECTION

Field datawere collectedhat four locatiors three dayger weekfor four weeksfrom August 5,
2014 to August 28, 2014. The test locations waverdinatedwith the help ofMs. Kristina

Ericksen(KDOT) and Mr. Roger Alexandgldohn Thomasinc.). At each of the test locations

data wereollected forthe followingthree conditions:

Flagger only in conjurteon with a pilot car operation;
PTS with a flaggepresent in conjunction with a pilot car operatiand

PTSwithout a flaggern conjunction with a pilot car operan.

Figure8 showsa map of the four test locations where data were collected for the purpose

of this research.
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Figure 8. Map showing the test locationgor field data collection.

As shown in Figure8, data were collected at four different test locations for the three

conditions mentioned earliefable 4 provides aummary of the entire data calteon conducted
from August 5, 2014 to Augugs, 2014
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Table 4. Summay of the Data Collection for All Test Locations

TOTAL DATA COLLECTED
SITE (hours)
DATE CONTRACTOR LOCATION Flagger PTS PTS
Only with a Only Total
Flagger

—;ggggij Dustrol, Inc. US-56, Burlingame ‘32 :2 :2 32
8/5/2014 US-56, Burlingame 0 11.5 0 11.5
8/6/2014 Dustrol, Inc. 0 0 12 12
8/7/2014 US56, Scranton 0 0 15 | 15
8/12/2014 0 3.5 2 55
8/13/2014| Dustrol, Inc. K-31, Melvern 0 0 17 17
8/14/2014 7 55 55 18
8/19/2014 0 14.5 0 14.5
gi20/2014] Hall ﬁ]rgthers’ US-24, Beloit 0 8.5 8 | 165
8/21/2014 ' 4 0 12 16

8/26/2014 0 5 0 5
8/27/2014| APAC KS-MO US-50, Newton 0 14 5 19

8/28/2014 NA NA NA 0
Total 22 62.5 76.5 161

Not e : - NotMppbcablebecause no data were collected

From Table 4 it can be found thal6l1 hours of data were collected fohe three
conditions at each of the test | ocations. Dat
condition near Burlingame, KS on July 30 and July 31, 2014. Therefore, no data were collected
for that condition from August 5 to August 7, 20Bddetaileddescription of the test locations is

provided in the subsequent sections.

5.1 Test Location 1

Data were collectedt a work zone withan ongoing chip seal operation on 58, a tweway,
two-lane rural highwaynearBurlingame andScrantonin Osage CountyKS from August 5,
2014 to August 7, 2014Additionally, data were collected for thé f | a g g eonditianroh y 6
July 30 and July 31, 2012t the same locatioffhe highway had a posted speed limit of 55 mph
andno shoulders outsidef the city limits The highway had a speed limit of 30 mph and eight
feet wide paved shoulders within the citthe work zone hadn AADT ranging from1,000 to

3,300vehicles per da{26). The work zone was a long, temporaand mobile work zone where
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work activity was nonecessarily visible to the traffic stopped at eitbieds of the work zone.

The endto-end distance was approximatéyto 2.5 miles for each of thive days when data

were collected. The contract@stablishedhe work zone in such a way that the maxinmound

trip time needed for the pilot car was never more than 15 minutes. The green interval on both the
PTS units was set to a minimum of 30 seconds and a maximum of 60 seconds. Only one preset

(30/60 secomg) was used over the entire data collectioriquer

Datafort he o f | ag g e rwere nollegtéd o Julg 80iandi Jolyn31, 2014. One
team of two research membeaxscomplished this task and collected data for approximately
11 hours ovela period oftwo days.Figure 9showsa ground view of thelata collection setup at
thenorth end of the work zone where datare collected on July 30, 2014

Figure 9. Southbound traffic data collection forthe flagger only condition on July 30, 2014.

As shown inFigure 9 at the north end of the work zoragta were collected over two
sessiondor the dlagger only condition Session 1 started at 12:47 p.m. and ended at 3:10 p.m.
while session 2 started at 3:40 p.m. and ended at 4:540mmuly 31, 2014 dataere collected
over two sessions at one end of the wooke Session 1 started at 8:1l@haand ended at

12:50 p.m. while session 2 started at 1:03 p.m. and ended at 4:03 p.m.
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On August 52014 the purpose of the study and the data collectimihodologywas
briefly describedo the site supervisor. As a precautionary measure, one of the research team
membes drove with the pilot car toaimiliarize the pilot car drivewith the handheld remote for
the PTS unitsand verifiedthe correct functioning oéll the deviceslt was ensuredthat the
procedure was clearly understood by the driversafinglestionsvereansweredResearch team
members were stationed in close proximity to the PTS unit for a few cycles to ensure the proper
functioning of thesystem The relocation of the PTS uniand all the other data collection

equipmenwas requiredvhenevethe work zoneendstationsmoved

On August 52014 data were collected over two sessidost he O6PTS wi th a
condition Both endsof the work zonewere located on level terraiwith adequate sight
distancesFigure 10 shows an aerial view of the data colien setupfor session Jt the south
end of the work zone on August 5, 2024.the end of the work zone,ada collectbn started at
8:51a.m.and ended at1t54 a.m.

]

[ 189 Street

LEGEND:
@ PTS Unit
I Camera
[l STOP Here on Red Sign

7] signal Ahead Sign

Figure 10. Data collection setupa the outh end on day 1 session (Northbound).

As shown in igure 1Q data were collected onlgt the south endf the work zonesince
the PTS unis were being useidr the first timeat an actual work zond-lagger operations were
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retained athe northend of the work zondzigure 11shows a ground view of the data collection
setupfor session At the south end of the work zone on August 5, 2014.

Figure 11. PTS setupfor northbound traffic at the south end orday 1 sessior.

Figure 12shows an aerial view of the data collection sdtrmsession 2t thewestend
of the work zoneon August 5, 2014At the end of the work zone, data collectistartedat
12:42 p.m. and ended at 5:pIn
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=1 Camera

v A S Signal Ahead Sign

Figure 12. Data collection setupa the west endon day 1 sioﬂ (astboUnd)

Figure 13shows a ground view of ttaata collection setufor session &t thewest end

of the work zonen August 5, 2014
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Figure 13. PTS setupfor eastbound traffic in Burlingame, KS on day 1session 2
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As shown in Figure 13t the west end of the work zone, the PTS was setup inside the
city of Burlingame and data were collected forch® TS wi t hcoralitioh. Duairg glagar 6
collection,the Bluetoothconnectivity with thehandheldremote in the pilot car was lost and had
to be reset through the main control box on the trailer. This resulteteim @on-green phases
and the enslof the work zonavereessentially controlled by the flaggéxdditionally, two cases
were observed whehe green phase restarted after the PTS went into the red phase. This issue is
discussed in detail in Chapterfgure 14shows an aerial view of the data collection sdtrp
session at the east end of the work zone on August 5, 2814heend of the work zone, data

collectionstarted afl2:48 p.m. and ended at 4:p6n.
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Figure 14. Data collection setupat the east end on day 1 session(2Vestbound).
Figure 15shows a ground view of the data collection sdtusession 2t the east end of

the work zone on August 5, 2014.
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Figure 15. PTSsetupfor westbound traffic at the east encbn day 1session 2.

After data were collected for the sessionhg work zone moved again at 5:00n. but
work wasanticipatedo continue till 6:000.m. Since, setting up of the PTS uniigleo cameras
and the signage accounted for approximately 45 minuteswas decided toend the data
collection It was alsdoundthat thegreen phastailed toactivatea total of nine times during the
entire day.

On August 62014 data were collected ovemeday longsessionsat both ends of the
work zonefort he OPTS wi t h o utFigare f6shavg gneaeriél vievoohtlteidata o n
collection setugor session ht the west end of the work zone on August 6, 28i4he end of

the work zone, data collection started at 8:12 a.m. and ended at 2:32 p.m.
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@ PpTS Unit

B camera

B  STOP Here on Red Sign

Signal Ahead Sign

Figure 16. Data collection setupat the west end on day 2 session(Eastbound).

At the west end of the work zonégetpilot cardrivers forgot toactivatethe green phase
one time.Also & this endof the work zonethec o n t r affictalacar &as parked next to the
PTS unitnearthe flagger stationlt wasbelievedthat presence of an official vehicle might alter
the driver behavior and the compliance rateg construction crew was requested to park the
vehicle further downstreanfrigure 17shows an aerial view of the data collection setup at the
east end of the work zone on August 6, 2(4t4the end of the work zone, data collection started

at 8:52 a.m. and ended at 2:16 p.m.
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Figure 17. Data collection setupat the east end on day 2 session(¥Westbound).

At the east end of the work zonbgfpilot cardrivers forgot toactivatethe green phase

three timesAlso, at thisend of thework zone a flaggemwaspresennearthe flagger statiorbut
was not interfang with the operations of either the PTS unit or the pilot [Emure 18shows a

ground view of thelata collection setup at tleast end of the work zone.

Figure 18. PTS set upfor westbound traffiE: at th east end on day 2ession 1.
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Due to rain, wrk was discontinued aftgust onesessiorof data collection ancho data
were collected thereafter.

On August 72014data were collected over two sessions at both ends of the work zone

fort he O6PTS wit houtFigare I9%hawg gneaerial viewoon thei data amllection

setupfor session ht thesouthend of the work zonen August 72014 At the end of the work

zone, data collection started at 9:10 a.m. and ended at 12:55 p.m.
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Figure 19. Data collection setupat the south end of on day 3 session (Northbound).

Figure 20shows a ground view of the data collection setup for session 1 at the south end

of the work zone on August 7, 2014.
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Figure 20. PTSsetupfor northbound traffic at the south end on day 3 session 1.

Figure 21shows an aerial view of the data collection sdarsession Jt thenorthend

of the work zoneon August 7 2014 At the end of the work zone, data collection started at

9:04a.m.andended at 12:14 p.m.
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Figure 21. Data collection setupat the north end on day 3 session {Southbound).
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Figure 22shows a ground view of the data collection setup for session 1 at the north end

of the work zone on August 7, 2014.

Figure 22. PTSsetupfor southbound traffic at the north end on day 3 session 1.

Figure 23shows an aerial view of the data collection sdtarmsession &t thewestend
of the work zoneon August 7 2014 At the end of the work zone, data collection started at
2:00 p.m. and ended at 6:00 p.m.
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Figure 23. Data collection setupat the west endon day 3 session 2Eastbound).

Figure 24shows a ground view of the data collection setup for session 2 at the west end

of the work zone on August 7, 2014.

Figure 24. PTSsetupfor eastbound traffic at the west end on day 3 session 2.
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As shown in Figure 24at the westend of the work zonedata were collecteat a
T-intersectionthat followeda sharp horizontal curve insidgcranton, KS The limiting sight
distances did not alter the experimers@iupand thedata collection equipmemtassetup as per
the design plan shown in Figure.Xgure 25shows an aerial view of the data collection setup
for session at theeastend of the workzoneon August 72014 At the end of the work zone,

data collection started atQD p.m. and ended at 5:35 p.m

LEGEND:
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Camera
STOP Here on Red Sign
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Figure 25. Data collectionsetupat the east endon day 3 session ZWestbound).

Figure 26shows a ground view of the data collection setup for session 2 at the east end of
the work zone on August 7, 2014.
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Figure 26. PTSsetupfor westbound traffic on day 3 session 2.

It was found that the green phdaded toactivateonly one time at both ends of the work
zoneduring the entire dayA total of 38.5hours of data were collected over a period of three

days.

5.2 Test Location 2

Data were collected on a work zone wéth ongoing chip sal operation on K31, a twoway,
two-lane rural highway, outsid®lelvern, KS from August 12, 2014 to August,12D14. The

work zonehadand an AADT of less than 10 vehicles per day26). The highway had no
shoulders outde of the city limits and had sikeet wide paved shouldevgithin the city. The

work zone was a long, temporargnd mobile work zone where work activity was not
necessarily visible to the traffic stopped at either ediseowork zone. The er-end distance

was approximately?2 to 2.5 miles for each of the three days when data were collected. The
contractorsestdlishedthe work zone in such a way that the maximwound triptime needed

for the pilot car was never more than 15 minutes. The green interval on both the PTS units was
set to a minimum of 30 seconds and a maximum of 60 seconds. Only ong3Axeseonds)

was used over the entire data collection period.
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On August 122014the purpose of the study and the data collection methodaelagy
briefly describedo the site supervisor. As a precautionary measure, one of the research team
member drove with # pilot ca on the first dayto familiarize the pilot car driversiith the
handheld remote for the PTS unésd verifiedthe correct functioning of the devicel$ was
ensured that the procedure was clearly understood by the drivers agdestionswere
answeredResearch team members were stationed in close proximity to the PTS unit for a few
cycles to ensure thergper functioning of the unit. Theelocation of the PTS usitand allthe
other data collection equipmenas requiredvheneveithe work zonendstationsmoved

On August 122014data were collectefbrt he 6 PTS wi t h atthéweatgger 0
endandt he O6PTS wi t ho u tatthe eastlersdbtiye evorld zorekigurd 27shows n
an aerial view of the data collection setup atwlestend of the work zonen August 122014
At the end of the work zone, data collection started at 9:30 a.m. and ended at 11:33 a.m.
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Figure 27. Data collectionat the west end of thetest location on day 1(Eastbound).

Figure 28shows a ground view of the data collection setup at the west end of the work

zone on August 12, 2014.
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Figure 28. PTS setpfor eastbound traffic at the west end on dayl.

As shown in Figure 28at west end of the work zone, the PTS unit was located on the
crest of a vertical curve with the contractor vehicle parked in close proximity. A flagger was also
present (negligibly visible to traffic) at the station with the RIR& but was not interfering with
the pilot caror the PTS operations. Figure ows an aerial view of the data collection setup at
the eastend of the work zonen August 122014 At the end of the work zone, data collection
started at 8:32.m.and ended at207p.m.
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Figure 29. Data collection setup at the ast end on day {Westbound).

It wasfoundthat the green phadailed to activateonly one time during the entire day.
Figure 30shows a ground view of the data collection setup at the east end of the work zone on
August 12, 2014.

Figure 30. PTSsetupfor westbound traffic at the east end on day 1.

48



OnAugust 132014data were collected over tvggssionsfor he 6 PTS wit hout
conditionatboth the ends dhe work zoneFigure 31shows an aerial view of the data collection
setupfor session ht thenorthend of the work zonen August 132014 At the end of the work
zone, data collemn started at 7:37 a.m. and ended at 12:07 p.m.
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Figure 31 Data collectionat the north end on day 2 session (Southbound).

Figure 32shows a ground view of the data collection setup for session 1 at the north end

of the work zone on August 13, 2014.
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Figure 32. PTSsetupfor southbound traffic at the north end on day 2 session 1.

As shown in the Figure 32t the northend of the location, a flagg&raspresent at the
flagger station but was not interfering with theopitar operations or the PTS urfiigure 33
shows an aerial view of the data collection sdtupsession ht thesouthend of the work zone
on August 132014 At the end of the work zone, data collection started at 8:30 a.m. and ended
at 12:16p.m.
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Figure 33. Data collectionat the outh end on day 2 session (Northbound).

Figure 34shows a ground view of the data collection setup for session 1 at the south end

of the work zone on August 13, 2014.

Figure 34. PTSsetupfor northbound traffic at the south end on day 2ession 1.
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Figure 35shows an aerial view of the data collection sdtrpsession &t thesouthend
of the work zoneon August 132014 At the end of the work zone, data collection session 2

started at 125 p.m. and ended at 5:00 p.m.

Work Zone
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Figure 35. Data collection setupaf the outh end on day 2 session @orthbound).

Figure 36shows a ground view of the data collection setup for session 2 at the south end

of the work zone on August 13, 2014.
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Figure 36. PTSsetupfor northbound traffic at the south end on day 2 session 2.

As shown in Figure 36at the south end of the work zone, a highway entrance was
located approximately 1,000 feet from the PTS unit towards the work zone that was located
beyond the bridge. Vehis$ that desired to take the highway could easily getibby running
the red light andset without interfering with the activities of work zonEigure 37 shows an
aerial view of the data collection setéipr session 2at the north end of the work zonen

August 13 2014 At the end of the work zonéata collection started at 1:44 p.m. and ended at
5:40 p.m.
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Figure 37. Data collectionat the north end on day 2 session gSouthbound).

Figure 38shows a ground view of the data collection setup for session 2 at the north end

of the work zone on August 13, 2014.

Figure 38. PTSsetupfor southbound traffic at the intersection of K-31 and 32%' Street.
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As shown in Figure 38no contractorvehiclewas parkedn close proximity of thePTS
unit at the flagger statiomhe batteries of the handheld remote conivefe replaced one tien
since they stopped working approximately five hours after the statata collectionlt was
foundthat thegreen phase failed to activate a total of three times during the entire day.

On August 14 2014 data were collectedt the same locations from day(Rugust 13,
2014)over two sessions at both ends of the work zoné fore 6 P TtS awiftlhaoguger 6 c G

andt he o0fl agger onlyd condition

As shown in Figure 35 and Figure,3& the south end of the work zow@ta collection
forthe6 PTS wi t h oconditian &efsdion }jgaeed at 7:21 a.m. and ended at 1:12 p.m.
Data collection forthe flagging only conditionsgssion 2, started at 2:10 p.m. and ended at
5:18 p.m.At the end of the work zone,was observed that a few vehicles turned around and left

the queue due tilve long wait time at the PTS station.

As shown in Figure 37 and Figure,3& the north endof the work zonenear the
intersection of E325" Street and K31, data collection fothe6 P TS wi t h oceonditiam f | a g g
(session 1)started at 7:5&.m.andended at 1:3%.m. Data collection forthe flagging only
condition gession P started at 1:5.m. and ended at 5:3p.m. It was found that he green
phasefailed to activatea total of five times during the entire day.total of 40.5hours of data

were collected for all the three conditions over a period of three days.

5.3 Test Location 3

Data were collected on a work zone with ongosmphalt overlayoperationon US24, a
two-way, twolane rural highway, outsid@eloit, KS fromAugust 19 2014 to August 212014.
Thework zonehadan AADT ranging from2,500 to 5000 vehicles per dagnd eight feet wide

paved shoulder&6). The work zone was a long, temporaaynd mobile work zone where work
activity was not necessarily visible to the traffic stopped at either ends of the work zone. The
endto-end distance was approximately 2.2 to 2rfdes for each of the three days when data
were collected. The contractastablishedhe work zone in such a way that the maxinmoomd

trip time needed for the pilot car was never more than 15 minutes. The gegealion both the

PTS units was set to a minimum of 30 seconds and a maximum of 60 seconds. Only one preset

(30/60 secoms) was used over the entire data collection period.
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On August 19 2014 the purpose of the study and the data collection methodaelagy
briefly describedo the site supervisor. As a precautionary measure, one of the research team
membes drove with the pilot car o the first dayto familiarize the pilot car drivers with the
handheld remote for the PTS uratsd verifiedthe correct functioning of the devicdswasalso
ensured that the procedure was clearly understood by the drivers agdestionswere
answeredResearch team members were stationed in close proximity to the PTS unit for a few
cycles to ensure the gper functioning of the unifThe relocation of the PTS unand allthe
other data collection equipments requiredvhenevethe work zoneend stations moved

On August 19nd August 20data were collecteibrt he OPTS with a fl ag
at the west endof the work zoneFigure 39shows an aerial view of the data collection setup at
thewestend of the work zonen August 19nd August 202014 On August 19, tathe end of
the work zone, data collection started at 9:21 a.m. and ended at 5:30mAugust 20, at the

end of the work zone, data collection started 8:30 a.m. and ende@ ptr&:3

B STOP Here on Red Sign

.,ﬂ' . = ¥ f S O Signal Ahead Sign

Figure 39. Dat collection setupét the westend on day 1(Eastbod)

Figure 40shows a ground view of the data collection setup at the west end of the work

zone on August 19, 2014.
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Figure 40. PTSsetupfor eastbound traffic atthe west end on day 1 and day 2.

As shown in Figure 40the west end of thevork zone was located at an urban
intersection with a posted speed limit of 45 mph just outside the city of BEISIitAll the
approach legs at the intersection hHashvy traffic volumes with flaggers stationed at each
approach leg to provide appropriataffic control. Therefore, the presence of a PTS was more of
a secondary traffic control to the flagger operation at the intersection. The presence of flaggers
made it possible for the vehicles to follow the back of a queue even after the signal tdrned re
when waved through by the flagg@&o official vehicle was located in close proximity of the
PTS unit and the flagger statioBn August 192014 data were collectetbbort he O6PTS wi t F
f | agger Oattheossautheast iera 0f the work zoRigure 41shows an aerial view of the
data collection setup at tiseutreastend of the work zonen August 192014 At the end of the
work zone, dta collectbn started at 9:47 a.m. and ended a0 $.0n. On August20, 2014 data
were collectedort he O6PT & Wil talga e trattthe csouthedst énd af the work zone
At the end of the work zone, data collection started 8:60and ended at 5:00.m.
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Flgure 41. Data colléctlo\n setupat the southaast end on day ](Northbound)

Figure 42shows a ground view of the data collection setup asthgleast end of the
work zone on August 19, 2014.

Figure 42. PTSsetupfor northbound traffic at the southeast end on day 1.

58



On August 19,tiwasfound that he green phase failed to activate a total of four times
during the entire dagt both endsof the work zoneOn August 20, it wasound that the green

phase failed to activate a total of three times during the entire day at both ends of the work zone.

On August 21 2014data were collectetbrt he 6 PTS wi t houtattlee f | agg
west end of the work zoneandforhe &6 PTS wi t houtandd hel &addamg@ec o1
conditionatthe east endf the work zoneBoth ends were located on levetrain with adgquate
sight distances. Figure 4Bows an aerial view of the data collection setup aivéstend of the
work zoneon August 212014 At the end of the work zone, data collection started 8:25 a.m. and

ended at 43p.m.
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Figure 43. Data collection setupat the west end on day IEastbound).

Figure 44shows a ground view of the data collection setup at the west end of the work

zone on August 21, 2014.
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Figure 44. PTSsetupfor the eastbound traffic at the west end on day 3.

As shown in Figure 44at the west of the work zone, the construction crew observed a
few red light running vehicles and wanted to restore the flagging operations. It was decided to
restore the flagger d@he flagging station but he was not permitted to control the traffic in order
to keep the experiment setup unaltered. The flagger was positioned near the PTS unit in such a
manner that he was not easiligitsle to the drivers. Figure 4&hows an aerial g of the data
collection setup at theastend of the work zonen August 212014 At the end of the work
zone, data collectonfar he O PTS wi t hout staded 8:30agngand éndecc at n d i t

12:30 p.m. Also, data collectionfot he 066 h b g @ e cstanted at 12:30 mm. and ended
at 4:30 p.m.

60



"

LEGEND:
@ PTS Unit

O Camera

B STOP Here on Red Sign
B signal Ahead Sign

Figure 45. Data collection setupat the east end on day 3Westbound).

Figure 46shows a ground view of the data collection setup at the east end of the work

zone on August 21, 2014.

Figure 46. PTS setupfor westbound traffic at the east end on day 3.
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It wasfoundthat the green phase failed to activate just once during the entira tizgl

of 47 hours of data were collected for all the three conditions over a period of three days

5.4 Test Location 4

Data were collected on a work zone wéthongoing chip seal operatiamm US50, a twoway,
two-lane rural highway, just outsidgewton KS from August 26, 2014 and August, 2014.

The highway hackight feet wide paved shouldefBhe work zone had aAADT ranging from
5,000 to 7500 vehicles per dayith heavy truck traffic (26). The work zone was a long,
temporary and mobile work zone where work activity was not necessarily visible to the traffic
stopped at either ends of the work zone. &hdto-enddistance waspproximately2 miles for
thetwo days when data were collected. The contractetablishedhe workzone in such a way

that the maximunnound trip time for the pilot cawas never more than 15 minutes.

On August 26 2014the purpose of the study and the data collection methodaeVagy
briefly describedio the site supervisor. As a precautionary measure, of the research team
membes drove with the pilot caon the first dayto familiarize the pilot car drivers with the
handheld remote for the PTS unéad verifiedthe correct functioning of the devicds was
ensured that the procedure was clearmdarstood by the drivers and ajluestionswere
answeredResearch team members were statibimeclose proximity to the PT8nit for a few
cycles to ensure thergper functioning of the unit. Theelocation of the PTS unand allthe

other dataollection equipmentvas requiredvhenever the work zone end stations moved

On August 262014 data were collectedor one session at east end of the work zone
located on level terrain with adequate sight distaioes he OPTS with a f Il ag:
Flagger operations were retained at westend of the wrk zone Figure 47shows an aerial
view of the data collection setup at #s@stend of the work zonen August 262014 At the end
of the work zone, data collectiatarted at 9:56 a.m. and edos 3:D p.m.
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Figure 47. Data collectionsetupat the eastend on day 1(Westbound).

The green interval on both the PTS units was set to a mininfud® seconds and a
maximum of 18Gseconds for call 1. Call 2 was set to a minimum of 60 seconds and a maximum
of 180 seconds. Call 3 was set to a minimum of 90 seconds and a maximum of 180 seconds. This
was the first time when all three presets/calls on theuriltSvere utilized for data diection. At
the west enaf the work zongdata collection for session 2 started #04.m. butthe work
zone end had to be moved aroundd43n. because thailot carround trip time was exceeding
15 minuteq23). Therefore, no further data were collected for session 2. The green phase failed
to activate wo times during the entire day. Alsduring this session one RLR event in the
presence oa flagger was observed. The vehiclampletelydisregarded the PTS unit and the
operating flaggeto proceedn the direction ofthe work zone. Fortunately, that event did not

create a safety hazard but frequent occurrences could prove to be a potential safety concern.

On August 272014 owing to the malfunctioningf the PTS unit on the previous daty
wasdecidal to useonly one presefor the signal timingsThe call 1preseton the PTS unitvas
modified to a minimum of 30 seconds and a maximum of 240 seconds for clearing the long
gueuesanticipatedo be formed abothends of the work zon&igure 48shows an aerialigw of
the data collection setup at thastend of the work zonen August 272014 At the end of the

work zone, data collection started at 8:18 a.m. and ended at 6:40 p.m.
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Figure 48. Data collection setupat the east end onday 2 (Westbound).

Figure 49shows a ground view of the data collection setup at the east end of the work
zone on August 27, 2014.

Figure 49. PTSsetupfor westbound traffic at the east end on day 2.
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Figure 50shows an aerial view of the data collection setup ae#stend of the work
a

zoneon August 27 2014 At the end of the work zone, data collection for b TS wi t h
f | a gogralitiod started at 9:00 a.m. and ended &Qlp.m. Data collection for thé P T S

canditfohstanted a& HD®p.m. and ended at 6:00 p.m.
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Figure 50. Data collectionat the west end on day ZEastbound).
Figure 51shows a ground view of the data collection setup at the west end of the work

zone on August 27, 2014.

65



Figure 51. PTS setupfr eastbound traffic at the west end on day 2.

It wasfoundthat the green phase failed to activate a total of four times during the entire
day. On August 28 2014 due to heavy showers, the site supervisor cancelled all the work
activities for the entire day. Therefore, data were collected? total of 24hoursof data were

collected for all the three conditions over a periothaf days.

The collected video data werethen reducedand analyzedusing the mtodology

described in Chapter. 6
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CHAPTER 6. DATA ANALYSIS
6.1 Data Reduction

All the collected data were analyzedat the KU Transportation Engineering and Analysis
Laboratory (TEAL)from September to Decemb2014 Data werereduced and summarized for
each work zone sitand thenevaluated and compared between sites. The followewjion
provides a desiption of the differentmeasures of effectivenesisat were recorded during the
data reduction process

1 First, he arival and departure times of the first vehicle in the queaee recorded to
obtain estimates of the total maximum wait time for the first vehicle in each queue and
the total roundtrip time for pilotar operations for each queue. At the time of this
research, e KDOT policy did not permit themaximum pilot car round trip timeto
exceed 15 minutes28). Therefore recording thisinformation was beneficial in
determining whether thkDOT policy was violatedat any time during the reseanathen
using the PTS systenas the work zones.

1 Second, lte taffic signal information(start and end ofjreeninterval) was recorded for
each gueue tdeterminethe operational characteristiofthe PTS system arrédcordthe
instances of signal failum@alfunctionthat wereobserved during theesearch.

1 Third, the btal number of vehicles ieachqueuewere recorded and classified according
to their type (otorcyclespassenger caandtrucks) to determinghe volume thesholds
and appropriate green ting correlating the number of vehicles served \ligduration
of green timecalculatedn the second step.

1 Finally, the mmber ofred light running (RLR) vehiclesr vehicles that violated the
traffic controlwererecorded to casuct the statistical evaluatidor comparing between

thethree conditiongflagger only, PTS with a flagger, and PTS without a flagger)

In addition to he variables mentioned aboyke rumber of vehicles that turned arau
due toexcessive wait timandfactorsthat mayhaveaffecedthe operations of the system (wind,

rain, lighting,andsignage)wvere also recorded
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A total of 695 queues were observed during the data reduction pra¢esseducing all

the available datahefollowing actions were performed:

1 First,anoperational evaluatioand comparison of the three conditions (flagger only, PTS
with a flagger, and PTS without a flagg&ras conducted by estimating and comparing
theaverage vehiclevait times, queue length) and the signal timing operations.

1 Second,a statistical evaluatiomnd comparisonvas conducted by calculating tiRLR
ratios as a percentage of the total vehicular volumes observed during the catirggpo
data collection periadRLR events were clasd in different types andompared for the
three conditions usingné test of proportions at@05 level of significance~urthermore,

a delay analysisvas conductedo determine the total amount of delay time that was
reduced by theresencef flagges with a PTS unit

1 Finally, a model was developed to determine thaffic volume thresholds and
appropriate green time when using the PTS system dbtve) tweway work zones with
pilot car operationsThis model would be a practical tool and serve as guidelines for the

use of PTS systemis conjunction with pilot car operatioras long work zones.

The actionsperformedwould be beneficial in determining the effectiveness of the PTS
systems in conjunctio with pilot car operations at long work zon&fe subsequensections

present a detled description of each of ¢revaluations.

6.2 Evaluation of the Operational Parameters

The operational evaluation for the three conditions was condbgtedtimating and comparing
the parameters such aasverage vehicle wait times, queue lengths, and the signal timing
operations.The following section elaborates the calculations and description of each of the

operational parameters.

6.2.1 Average Vehicle Waiime

The vehicle wait time was calculated by the difference between the arrival time and departure
time of the first vehicle in the corresponding queue. The vehicle wait time should not be

confused with the alled time since the atked time began at ¢hend of the yellow time but the
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wait time essentially started with the arrival of the first vehicle in the queue. 3 abtvidesa

summary of the average vehicle wait time calculated for each queue at all the test locations.

Table 5. Summary of the Average Wait Time for All the Three Conditions

Cycles Analyzed Average Wait Time (seconds)
Location Flagger | PTSwitha| . PTS Flagger PTS with PTS
Only Flagger without a Only a Flagger without a
Flagger Flagger
Burlingame 64 53 129 494 546.7 553.0
Melvern 29 14 152 531.3 344.0 354.0
Beloit 15 108 89 697 567.3 618.9
Newton NA 99 51 NA 605.4 460.9
Total 108 274 421 574.1 515.8 496.7

Note: iNAO- Not Applicable because PTS unit was not used.

From Table 5, itan befound that there was no substantial difference in the average wait
time for all the three conditions that were studied. dhe | a g g eonditian rhadythé longest
average wait time while thé PTS wi t h o oonditien hddIthe paskeavedage waihe

over the entire duration of the data collection.

6.2.2 Average Queue Length

The approximate length of a queue cleared at the end of each green cycle was calculated. Traffic
volumes were divided into three classes for the ease of calculating the queue length:
motorcycles, passenger cars, and tru€ks. simplicity, €hool buses anthrge RMbs wer e al s
counted as trucksvehicles stopped in the queue were assumed to be at a uniform spacing
between vehicles of ten feet. For simplicity of the analysis, the lengths of a motorcycle,

passenger car and truck were assumed to be 8, 205drdt, respective\2{).

For examplepn August 7 at theast end of the test locatioear Scrantora queue had
one motorcyclel7 passenger cars ande truck.Thereforethe queue length was calculated as:

Length ofthe queue cleared = 1*(10+8)1¥*(10+20) + 1*(10+75) = 613 feet

The length of queues were calculated for all the cycles that were reduced during the data
reduction. Tablé providesa summary of the average length of the qumaleulatedfor each of

the condition aall thetest locatbns.
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Table 6. Summary of the Average Queue Length for All the Three Conditions

Cycles Analyzed Average Queue Length (feet)
Location Fl . PTS . PTS
agger |PTSwitha : Flagger PTS with .
Only Flagger without a Only a Flagger without a
Flagger Flagger
Burlingame 64 53 129 280 252.3 240.1
Melvern 29 14 152 123.3 55.0 59.0
Beloit 15 108 89 528.3 371.2 411.6
Newton NA 99 51 NA 1328.5 1348.0
Total 108 274 421 310.5 501.7 514.7

Note: fiNAG- Not Applicable because PTS unit was not used.

From Table 6, itcan befound that there was no substantial difference in the average

flagg
had the longest average queue length whilétliel a g g eonditian sdrvedithe least average

gueue length for all the three conditions that were studied6TRad S wi t h o aonditica

gueue lengtlover the entire duration of the data collection.

6.2.2 Average Green Time

Only one preset time (call 1) on the PTS unit with a minimum green time of 30 seconds and
maximum green time of 60 secondas usedor Test locations 1, 2, and 3. Atest Location4,

due to higher volumesiall 1 on the PTS unit washange to a minimum green timeof 30
seconds and maximugreen time ofL80 seconds. Similarly, call 2 was changed to a minimum

of 60 seconds and maximuwh 180 seconds and call 3 was changed to a minimum of 90 seconds
and maximum of 180 seconds. Due to certaionaalies (discussed in Chaptgr e green time

was adjusted to a minimum of 30 seconds and a maximum of 180 seconds for the rest of the day.
The following day only one preset (call 1) was used and the greers timeeechanged toa
minimum of 30 seconds and a maximum of 240 secend®th the ends of the work zone.
Table7 providesa summary of the average green time calculateédoh of thecondition atall

the st locations.
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Table 7. Summary of the Average Green Time for All the Three Conditions

Cycles Analyzed Average Green Time (seconds)
Location Fl . PTS . PTS
agger |PTSwitha : Flagger PTS with .
Only Flagger without a Only a Flagger without a
Flagger Flagger
Burlingame 64 53 129 NA 37.0 38.9
Melvern 29 14 152 NA 30.0 30.7
Beloit 15 108 89 NA 44.2 49.5
Newton NA 99 51 NA 145.7 138.7
Total 108 274 421 NA 64.2 64.5

Note: fiNAG- Not Applicable because PTS unit was not used.

From Table 7, itcan befound that there was no substantial difference in the average
gueue length for the two conditions where the PTS was used. The data reduction indicated that
the presence and absence dfagger did not alter the operations of the P§yStemand the

operational performance of the two conditions wearlyidentical.

6.3 Red Light Running (RLR) or Violation Analysis

RLR or violation was the primary measure used to evaluate the effectiveness of the PTS system
To conduct the statistical evaluation, the number of RLR ewantgolationsfor all the three
conditions were calculated and theompare betweerall the test locations

Forthe6 f | aggeaondint iydn, a violation was define.
waived throughby a flagger to enter the work zone or move in the direction of the work zone
without being escorted by a pctobtectaed of &r ttoh
onl yo6 c Oable B provmles a summary ofetlviolations that were observed for the

condition.

Table 8. Summary of Violationsfor the Flagger Only Condition & All the Test Locations

Date TestLocation Roadway AADT Traffic \_/olume N‘.me?f of
(vehicles) Violations
7/30/2015| US-56 Burlingame, KS| 1,000 to 3300 157 0
7/31/2015| US-56 Burlingame, KS| 1,000 to 3,300 363 2
8/14/2014| K-31 Melvern, KS Less than 1,00 102 7
8/21/2014 US-24 Beloit, KS 2,500 to 5000 192 0
Total 814 9
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From Table 8 it can befound that a total 0f814 vehicles anadhine violations were
observed forthé f | a g g eonditian.nThegfdre, theaveragepercentage of violationfer the

0 f | a g gemnditianat &llyhé three test locations wesproximately 1.1 percent.

When a PTS was used with a flagger or without a flaggBiL.R eventwas defined as,
Afan event when a vehicle entered the work zo
whenthe PTSws di spl ayi n gBaaed ondield obserdatio@sal tvileo evidence
RLR events werdalivided into different categories for the purpose of the study and data were

reduced to record each of sefollowing events:

RLR when drivers were catchingp with a just departed queue;
RLR when drivers left a queue due to the wait time;
RLR when drivers completely disregarded the PTS system; and

o o T p

RLR when drivers were waived through by the flagger.
1 When the drivers were catching up witjuat departecdqueue; and
T When the drivers received the flagger os

time period.

The number ofRLR vehicles were recorded at the time of data reductioder the
different categories mentioned earlidll the four types of RLR ev@swere used to develop the
RLR (%) andwere compared statistically using a test of proportions described in section 6.3.1.
The RLR events of the typed 6 further ised in conducting the delay analydescribedn
Section 6.4.

RLR (%) were calculated by theq. 1given below:

jaigp 200tmllitml tewEcoaf-ory
SERETEY | ETEF RN B -

Table 9 provides a summary of the number of RLR vehifdethe TS with a flaggey

condition.
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Table 9. Number of RLR Vehicles for thePTS with a Flagger Condition

. RLR Type
Date Test Roadway \Eﬁfrfrl](;s Follow a Leave Due Disregaro_led
location AADT (vehicles) Departed | to the Wait | the Traffic
Queue Time Control

8/5/2014 | Burlingame 413 4 0 0
8/6/2014| Scranton 1&??880 NA NA NA NA
8/7/2014 | Scranton NA NA NA NA
8/12/2014| Melvern 20 0 0 0
8/13/2014] Melvern 'elssogga” NA NA NA NA
8/14/2014| Melvern ’ NA NA NA NA
8/19/2014 Beloit 642 53 13 0
8/20/2014 Beloit 2’55’8880 300 12 5 0
8/21/2014 Beloit NA NA NA NA
8/26/2014| Newton 503 1 0 1
8/27/2014| Newton 5’70(5)880 2,471 3 0 1
8/28/2014| Newton ’ NA NA NA NA

Total 4,349 73 18 2

Note: iNAO- Not Applicable becauseordata collecteforP TS wi t h

f | a g-greurlegintersedtiort i o n ;

i * o

FromTable 9 it can befoundthata total of4,349 vehicles an®3 (73+18+2)violations
were observed at all test locaticies thed P TS wi t hcordlitioh. It \aag fpund that the

averagepercentage of RLR vehicles for tlleP TS wi t hcoralitioh &t allgtie éhreé test

locations was two percerffrom Table 9it can befoundthat the RLR vehicles for the type when

vehicles were waived through by the flagger to follow a departed queue were higher than the

other two types. This was becauseAugust 19 and 2®014,the PTS unit was located tite

intersectionof US-24 andK-14 just outside the city of Beloit, K&s shown in Figurd0. As

described in section 5.3, tlmtersectiongeometry and traffic operatiors that work zone end

did not comply with the design of thesearch Therefore, it was decided to exclude tteta

collected at that end of the work zofw the purpose of conducting the test of proportions

Table 10 provides a summary of the number of RLR vehicles footReT S

conditionwhen data for thatersectiorat Beloit, KSwere excluded

wi t h a f | ¢
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Table 10. Number of RLR Vehicles for the PTS with a Flagger Condition Excluding the
Intersection at Beloit, KS

Traff RLR Type
Test Roadway rattic Follow a Leave Due | Disregarded
Date X Volumes . .
location AADT : Departed | tothe Wait | the Traffic
(vehicles) .
Queue Time Control
8/5/2014 | Burlingame 413 4 0 0
1,000to
8/6/2014 | Scranton 3.300 NA NA NA NA
8/7/2014 | Scranton ’ NA NA NA NA
8/12/2014| Melvern | h 20 0 0 0
8/13/2014] Melvern efsogoan NA NA NA NA
8/14/2014| Melvern ’ NA NA NA NA
8/19/2014| Beloit 372 39 3 0
: 2,500to
8/20/2014 Beloit 5 000 NA NA NA NA
8/21/2014| Beloit ’ NA NA NA NA
8/26/2014| Newton 503 1 0 1
5,000to
8/27/2014| Newton 7 500 2,471 3 0 1
8/28/2014| Newton ’ NA NA NA NA
Total 3,779 47 3 2

Note: iNAG- Not Applicable becauseondata collectefbr PTS with flagger conditian

From Table 10jt can befoundthat the RLR vehicles for the type when vehicles were
waived through by the flagger to follow a departed queue were higher than the other twh types.
wasfound that after the exclusion of the intersection, the total number of violations reduced to
52 (47+3+2)from 93and theaveraggercentage of the RLR vehicles reduced to 1.3 percent

Table 11provides a summary of the number of RLR vehidlasthe 6 P Twhout a
f | a gcgnditio.It can be found that a total of 2,944 vehicles and 92 violations were observed
at all test locations when the PTS was used without a flagger. It was also found that the number
of RLR vehicles for the type when vehicles lefe thueue due to the wait time was higher than

the other two types.
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Table 11. Number of RLR Vehiclesfor the PTS without a Flagger Condition

Traffic Follow a Leave .
Test Roadway Due to | Disregarded
Date . Volumes Departed . :
Location AADT ) the Wait Signal
(vehicles) Queue :
Time
8/5/2014 | Burlingame 1,000t NA NA NA NA
8/6/2014 | Scranton | 3000 343 0 4 3
8/7/2014 | Scranton ’ 660 19 7 1
8/12/2014| Melvern | h 17 0 0 0
8/13/2014| Melvern | 'c>>™an 157 0 9 5
1,000
8/14/2014| Melvern 87 0 2 0
8/19/2014 Beloit NA NA NA NA
. 2,500to

8/20/2014 Beloit 5 000 333 7 1 0
8/21/2014 Beloit ’ 553 10 21 2
8/26/2014 Newton 5 000t NA NA NA NA
8/27/2014| Newton 7 5000 794 0 0 1
8/28/2014| Newton ' NA NA NA NA

Total 2,944 36 44 12

Note:ANAG- Not Applicablebecause no data were collected.

Table 12 provides a summary of the percentages of the number of RLR vehicles for the

OPTS without a flaggeré condition.

Table 12. Percentage of RLR Vehicles for the PTS without a FlaggeZondition

Follow a .
. Roadway Departed Leave .Duc.a to Dlsrc_agarded
Date TestLocation the Wait Time Signal
AADT Queue
(percent) (percent) (percent)
8/5/2014 Burlingame NA NA NA
1,000to
8/6/2014 Scranton 3.300 0 0.9 0.9
8/7/2014 Scranton ’ 2.9 1.1 0.2
8/12/2014 Melvern 0 0 0
8/13/2014 | Melvern 'els%géa” 0.6 44 3.2
8/14/2014 Melvern ’ 0 1.2 1.2
8/19/2014 Beloit NA NA NA
82012014 | Beloit 200 2.1 0 0
8/21/2014 Beloit ’ 1.8 3.8 0.4
8/26/2014 Newton NA NA NA
8/27/2014 | Newton | oo 0 0 0.1
8/28/2014 Newton ’ NA NA NA

Note:ANAG- Not Applicable because no data were collected.
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From Table 12, the percentages of the numt
flaggerdé condition at all the test | ocations
of RLR vehicles for the OPTS vee tesdt maationsavasf | ag g
3.1 percent.

6.3.1 Test of Proportions

A test of proportions wasonductedto determinewhetherthere was statistically significant
difference between the number of RLR vehicéesl/or violationsfor each of the conditian
flaggeronly, PTS with a flagger, and PTS without a flag{#8). For conducting the analysis,
the total number ofvehicles observed for theondition were used as sample sizes and the
number ofRLR vehicles were used @®pulationproportions

The test oproportions was conducted for evaluating the following three cases:

Case 1Flagger only versus PTS with a flagger;
Case 2Flagger only versus PTS without a flagger; and

Case 3PTS with a flagger versus PTS without a flagger.

A onetailed tweproportionz-test was used to analyze the two data sets. The test was

conducted at .05 level of significanceThe variables used for the analysis were:
ny = Sample size 1 ¢tal number of vehicles observia the condition)
n2 = Sample size 2 ¢tal number of vehicles observi the condition)
p1 = Proportion of RLR vehiclégiolationsto thesample size ;land
p2 = Proportion of RLR vehiclésgiolationsto thesample size .2

The null hypothesis was to be rejected if the proportion of RieRcles for one
condition (py) was sufficiently smaller than the proportion of RlMhicles for the other
condition(pz). The null and alternateypotheses for the test were

Hoipr P2

Ha: p1<p2
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The pooled sample proportiop){( the standard erroiSE), and the test statisti@)(were

calculatedusing the following equations:

foo mip ™ e - > - ——— Eq. 2
1| <F- Wk pPoipr v ard - - : Eq. 3
ot <t g = Eq. 4

Sincea onetailed testwas selectedhe pvalue was the probability théte zscore was less than

the calculated test statistic awds found ging the Normal Distribution table

Due to bad weather conditions, no data wer
test location 4. Therefott@e test of proportions was conducted using the datédsir Locations
1, 2, and 3 foCa% 1 and Case. Zable 13providesthe results of the test of proportions for the

Case 1.

Table 13. Results of the Test of Proportion forCase 1

Test Traffic Volumes Number of Violations Nl
: Flagger | PTSwitha | Flagger | PTSwitha | p-value :
Locat Hypoth
ocation Only Flagger Only Flagger ypothesis
1 520 413 2 4 0.179 Do Not
Reject
2 102 20 7 0 0.999 Do Not
Reject
3 192 372 0 42 0.00003 Reject
Total 814 805 9 46 0.00003 Reject

FromTable 13it can befoundthatfor Test Locationd and 2, the walues were greater
than 0.05. Therefore, the null hypothesis could not be rejected for the locations 1 and 2, meaning
there was no significant difference in the nu
the number oRLR vehclesfor the ®PTS with a flaggegr ¢ o n Bront theoowerall resultf i

was also concludethat the number dRLR vehicleswhen a PTS was used wighflaggerwere
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statistically significant antigherthan the number of violations when only a flagger wseduto

control work zone trafficTable 14providesthe results of the test of proportsior the Gase2.

Table 14. Resultsof the Test of Proportionfor Case 2

Traffic Volumes Number of Violations
Test Null
: PTS PTS p-value .
Location | Flagger withouta | T1agger | it a Hypothesis
Only Only
Flagger Flagger

1 520 1,003 2 35 0.00009 Reject
2 102 261 7 16 0.6016 | DoNot
Reject
3 192 886 0 40 0.00135 Reject
Total 814 2,150 9 91 0.00003 Reject

From Table 14 it can be foundhat for Test Location2, the pvalue was greater than
0.05. Therefore, the null hypothesis could not be rejected foFdkelocation 2, meaning there
was no significant difference in the number
numbe of RLR vehicledor the@®TS without a flaggér ¢ o n Eront the overall resylit was
concludedthat the number oRLR vehicleswhen a PTS was used withoatflaggerwere
statistically significant antigherthan the number of violations when only a flagger was used to
control work zone trafficTable 15provides the results of the test of proportionsheCase3.

Table 15. Results ofthe Test of Proportionfor Case 3

Traffic Volumes Number of Violations
Test PTS value |, Nl
Location | PTS with a | PTS without | PTS with without a P Hypothesis
Flagger a Flagger | a Flagger Flagger

1 413 1,003 4 35 0.0042 Reject
2 20 261 0 16 0.127 | DoNot
Reject
3 372 886 42 40 0.999 | DoNot
Reject
4 2,974 794 6 1 0.6703 | Do Not
Reject
Total 3,779 2,944 52 92 0.00003 Reject
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From Table 15it can be foundhatfor Test Locations 2, 3, and 4, thevglue was greater
than 0.05. Therefore, the null hypothesis could not be rejected, meaning there was no significant
difference inthe number & LR v e hi cl es f or tdmditionddtile Bumbver of h a
RLR vehiclesfor the TS without a flaggér ¢ o n @he toveralinresult indicatethat the
number of RLR vehicles when the PTS was used without a flageyer statistically significant
andhigherthan the number dRLR vehicleswhen the PTS was used withlagger.Therefore
the PTS unit with a flagger wasatisticallymore effective than a PTS unit without a flagger
reducing the number of RLR violations

A more indepth statistical analysis was conducted to determine whether there was a
statistically ggnificant difference between the different types of RLR evémtghe conditions
@PTS with a flaggerand TS without a flagged Since the amount of data collected for the
ofl agger onlyé condition were |l ess compared
conducted for the condition. Table Y8ovidesthe results of the test of proportiotisat
compare the RLR eentswhere vehicles followed departed queue.

Table 16. Results of the Test of Proportion for the RLR Events vere Vehicles Followed a
Departed Queue

Traffic VqFoll ow a Defj
Test v al Nul |
Locat/PT@&it|PTS WwWi|lPTS WiPTS wi Hypott
Fl agga Fla| Fl agg a FI a
Bur |l i 413 1,00 4 19 0.1¢ Po Nc
Re ] e«
Mel ve 20 261 0 0 0.57 Do Nc
Rej e«
Bel o|] 372 886 39 17 0.9¢ Do Nc
Rej e«
Newtd 2,97| 794 4 0 0.g84 DO Nc
Rej e«
Total| 3,77 2,94 47 36 0.53 Po No
Rej ec

From Table 16, it can be found that there was no statistically significant difference
between the number of RLR vehicles for the two conditidimss meat that thenumber of

vehiclesfollowing a departed queuat a PTS unit werstatisticallyequal in the presence and
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absence of a flaggefable 17providesthe results of the test of proportiotiet compare the

RLR events where vehicles left the queue due to wait time.

Table 17. Results of the Test oProportion for the RLR Events where Vehicles Left the
Queue Due To the Wait Time

Traffic V( LeavTei mDeue t
Test val Nul |
Locat|/PTS w/PTS wi|lPTS wiPpT®itHP Hypot |
FIl agga Fla| Fl agg a FI a
Bur | i 413 1.00 0 11 0.01 Rej e
Mel va 20 261 0 11 0.17 Bo N
Rej e
Bel o 372 886 3 22 0.02 Reje.:
Newtd 2,97 794 0 0 0.50 PO N
Re] e
Tot a 3,77 2,94 3 4 4 < 0. Rej e«

Table 18providesthe results of the test of proportiotisat compare the RLR events
where vehiclesidregarded the traffic control.

Table 18. Results of the Test oProportion for the RLR Events where Vehicles Disregarded
the Traffic Control

Traffic Vd Di sregarded
Control
Test v al Nul |
Locat/PTS wiPTS wi|lPTS wiPTs wilP Hypotl
FIl agg a FI a FIl agg a FI a
Burl il 413 100 3 0 4 0.0¢ Do N
Rej e
Mel ve 20 261 0 5 0.2¢ P20 N
Rej e
Bel o] 372 886 0 2 0.11 Po N
Rej e
Newtd 2,97 794 2 1 0. 3¢ Do N
Rej e
Tota| 3.77| 2,94 2 12 < 0.| Reje:
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From Table 17, it can be found that there was a statistically significant difference
between the number of RLR vehicles for the two conditions. This meant that the drivers were
more likely to leave a queue due to the wait time at a PTS unit in the alodentagger From
Table 18, it can be found that there was a statistically significant difference between the number
of RLR vehicles for the two conditions. This meant that the PTS system was more susceptible to
being disregarded by drivers in the abseota flagger. All results obtained from the test of
proportions were used to make suitable conclusions and recommendations described in
Chapters 7 and.8

6.4 Delay Analysis

On August 19, 2014 the PTS unit was located at the intersection -@4U®d K14 outside
Bel oit, KS and data were collected for o6the

ground view of the intersection and the data collection setup ait,B€5.

Figure 52. Ground view fthe eastbound PTS leg of the intersection at Beloit, KS.

As shown in Figur&2, the PTS unit was located on the eastbounafafe intersection
of K-14 and US24 near Beloit, KS. Due to the high volumes observed at the intersection the
presence of a flagger was deemed necessary by the site supé&rhie@fore, flaggers were
stationed on all the three approach legs to thergettion. It was observed thatring the pilot
car operationsthe upstream end of the queoie the eastboundTS leg of the intersectioon
US-24 was followed by the vehicles stopped at the other two approach legs of the intersection.

By the time the dter two legon K-14 (northbound and southboung@re cleared completely, a
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few vehicles reappeared on the upstream PTS leg of the intersectioefofdetheflagger had

to make an informed judgment amdivedthe first few newlystopped vehicles to faiv the

back of the queue even though the PTS was displayindtneds also found that in three cases

the flagger provided his/her consent to the stopped vehicles to enter the work zone at a later time
without being escorted by a pilot car. BReperatiasresulted in a reduction alhe total delay

tmeobserved for the 0P Wwhchigdiscissed in tdllavipgsectiom. ¢ on d i

To determine the total delay that was reduced by the presence of a flagger, an exploratory
delay analysis was oducted for all31 cycles where RLRByy type, whenwaived throughby a
flagger, wereobservedFor the simplicity of the researciet ollowing assumptionsveremade
prior toconductingthe analysis:

All the vehicles arrivd at a uniform ratetahe starof the red interval;
The las vehicle in the queue arrivexkactly atthe start of the green interval;

The start and end of the green intemaleretainal from the actual observed data;

= =4 4 =4

The additional time anticipated to cledetvehicles in the queubkat wereallowed by a
flagger to entethe work zone on red indicatiomas calculated by assuming a uniform
discharge rate faall vehcles during the green intervand

1 All the vehicles traveled at constant speedsthack was no startp lost time.

One cyclewas selected from the data forAugust 19, 2014hat had six RLR vehicles
waived throughby a flaggerNote that if thesevehicleswere not allowedby the flagger then
thesesix vehicles would have been a part of tbhbowing cycle. Twoscenariosvere compared
to obtain an estimataf the totalreduction in vehiculadelay. Frst, the actual scenario wheen
vehicles were a part of the pilot car cycle and secarnypotretical scenario where all the 16
vehicleswere assumed to ke pat of the cycleif the flaggerhadnot waivedthose vehicleso
join the pilot car queue in the previous cyclde following valueswvere extracted from the
actual dataon August 19, 2014andused to develop Table Ehd Table 20

End of green interval fo€ycle 1 = 11:02:18a.m.
Start of altred intervalfor Cycle 1 = 11:02:22a.m.

1
1
9 Start of green interval fdCycle2 = 11:12:56a.m.

1 End of green interval for th@ycle2 = 11:13:51a.m.
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Where:

Cycle 1 =thepilot car cycle where sixiolations of the typewaved through by a flagger

were observedand
Cycle 2 =the pilot car cycle for which the reduction in total delay was estimated.

The total maximum wait time for the first vehicle in the queue was calculated as the time
difference between the start thfe green intervdior the cycle to be analyzed y€le 2)and the
startof the allred irterval for the previous cycle {€le 1). Therefore, thedtal maximumwait
time was found to b&38seconds

The queuecould have had a tat of 16 vehicles if six othe vehiclesvere not waived
through by the flagger to enter the work zone. Therefore, the uniform arrival rate was calculated
as a function of the total maximum wait tirfiee all 16 vehiclesand not for ten vehicles observed
in the actual scenario The arival rate was found to be 40 seconds amas used in the

developinghe values imrable 19 and Table 20.

The length of the green interval foryCle 2 was calculated as the difference between the
start and the end of the green interval aadfound to be 55 secondSince a uniform discharge
rate was assumed for both the scenarios,@ngth of greennterval for hypothetical scenario
with 16 vehicles was calculated by interpolation and found t8&secondsThe start of the
green interval dr the hypothetical scenario was same asattteal scenario (11:12:56 a.m.).

Therefore, theend of greenntervalfor the hypothetical scenario was found to he14:24a.m.

Table 19providesthe arrival time for all the vehicle positions in the queue considered in
theactualscenarioFrom Table 19, it can be found that a uniform arrival rate of 40 seconds was
used to develop the arrival times for the actual scenario. The vehicle posifitr06tl6 a.m.
indicated that no vehicle had arrived at the PTS unit. The vehicle position at 11:13:51 a.m.

indicated that the queue had completely cleared and the end of the green interval.
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Table 19. Arrival Times for the Actual Scenario

Arrival time (a.m.) it Vehicle

11:06:16

11:06:56

11:07:36

11:08:16

11:08:56

11:09:36

11:10:16

11:10:56

11:11:36

11:12:16

11:12:56

o|5|lo|x|N|o|u|sw|Nk|o

11:13:51

Table 20providesthe arrival time for each of the vehicle position in the queue considered

in the hypothetical scenario.

Table 20. Arrival Times for the Hypothetical Scenario

Arrival time (a.m.) i Vehicle
11:02:16 0
11:02:56 1
11:03:36 2
11:04:16 3
11:04:56 4
11:05:36 5
11:06:16 6
11:06:56 7
11:07:36 8
11:08:16 9
11:08:56 10
11:09:36 11
11:10:16 12
11:10:56 13
11:11:36 14
11:12:16 15
11:12:56 16
11:14:24 0

From Table 20, it can be found that similar to the exisintg scenario a uniform arrival rate
of 40 seconds was used to develop the arrival timbs. vehicle position at 102:16 a.m.
indicated that no vehicle had arrived at the PTS drhe vehicleposition at 11:14:24.m.

84



indicatedthatthe queuéhad completely cleareand the end of thgreen intervalAs indicated
previously, he final value in the Tabl@0 corresponding to the end of green cycle for the
hypothetical scenario was calculated bysumsing a uniform discharge rate for both the
scenariosFigure 53showsthe chart generated by plotting the values for vehicle position against

the arrival times usinthe data fronTable 19 and Table 20.

Delay Analysis

10

=wpathesical Delay

i'" Vehicle

Existirg D ay

Loy Mg, Tiog g, g g
"-'f..1__. 4 5-_'-4__4 ay, 'I”""-"-d g, Bt L"f..1__.

lime

Figure 53. Graph illustrating a sample delay analysis.

As shown inFigure 53, a chart was developed using the values from Table 19 and
Table 20.Time was represented on theaXis andthe position of the arriving"ivehicles were
listed on the Yaxis. This plot was usedo calculate the total delafpr the actual and the
hypothetical scenarios and thienestimate the amount of deléhat was reduced by the presence
of a flagger. The followindgqg. 5Swas used to compute the total delay for each of the conditions:

tarmat o= rutlor b | [+ vmm ] 1< Eqs

d
1
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The valuefothe6 based corr espond e dneasuwed in keeonddhenf f er e n

the entire queue clearedwden there was no vehicle timne queue
Base for tle hypothetical scenario = 1%:24a.m.i 11:02:16a.m.= 728seconds
Base for theactualscenario = 11:13:51 a.m11:06:16 a.m= 455 seconds

The value of the 6heightd corresponded to

the scenarios.
Heightfor the hypothetical scenario16 vehicles
Height for theactualscenario = 1@ehicles

The total delay for the hypothetical and the actual sces)agce calculated using Eq. 5

mentioned previously.
The ptal delay for the hymtheticalscenario (a) = 0.5 728* 7 = 5824 vehicleseconds
The ptal delay for thectualscenario (b) = 0.5 455* 4 =2,275vehicleseconds

The ptal delayreducedoy flagger (c) = a b = 5824i 2275= 3,549 vehicleseconds

h

Percentage of total delagducedoy the flagger - = —= 0.609 = 60.Percent

The percentage of total delay reduced by the presence of a flagger for this one queue was
around 61 percent which meant that a flagger could bring substantiatioedinctotal vehicle
delays by making informed judgements and allowing vehicles to enter the workTaine.21
provides a summary of the total delay that were calculated for all 31 cycles an&byzdtthe

test locations.

From table 21, it can be found that the total delay reduced by the presence of a flagger for
all the test locations was approximately 16.8 hours. This total reduction in delay was compared
to the total delay observed in the presence of a flagger to db&apercentage of delay reduced

by a flagger over the entire duration of the research.

86



Table 21. Summary of the Delay Analysisvhen a PTSwas used wth a Flagger

Dat Number of Reduction in DelayDue to Presence of a Flagger
%€ | cycles Analyzed vehicle-seconds vehicleminutes vehicle-hours

8/5/2014 2 2,953 49.2 0.8
8/192014 19 44,090 717.0 12.3
8/2012014 I 11,247 187.5 3.1
8/262014 1 905 15.1 0.3
8/272014 2 1,323.5 22.1 0.4

Total 31 60,518.5 1,008.64 16.8

The total delay observedforh e o6 P TS wi t h wastalcdatedlytheg.6c ondi t i on

» <rgn+8:yT « g} owd g e el = Eq6

Table 22 provide a summary of the total delay observed when a flagger was present with

d
1

a PTS unit calculated using the Eq. 6.

Table 22. Summary of the Total Deby Observed vhen a PTS wasisedwith a Flagger

Date Location Tc_)tal Delay T(_)tal D_elay To'gal Delay
(vehicleseconds) | (vehicleminutes) | (vehicle-hours)

8/5/2014 Burlingame 119588.5 1,993.1 33.2
8/6/2014 Scranton - - -
8/7/2014 Scranton - - -
8/12/2014 Melvern 4,097.5 68.3 1.1
8/13/2014 Melvern - - -
8/14/2014 Melvern - - -
8/19/2014 Beloit 189926.5 3,165.4 52.7
8/20/2014 Beloit 88,903 1,481.7 24.7
8/21/2014 Beloit - - -
8/26/2014 Newton 175554 2,925.9 48.8
8/27/2014 Newton 569317 9,488.6 158.1
8/28/2014 Newton - - -

Total 1,147,386.5 19,123.1 318.7

From Table 22, it can be found that approximateBA8.7 vehiclehours of delay was
observed at all the test locations when a flagger was preségnta PTS unit It was found
previously that the presence of a flagger reduced approximatelywébi@ehours of vehicle

delay. On comparison of thistal vehicle delay reduced ltlye presence of a flagger to ttotal
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vehicle delay observed over the entire duration of the sfuayr the OPTS with

condition it was found that the presenceof a flagger was benefial in reducing approximately

five percenwof the total vehicle daly.

6.5Model Developmentfor Volume Thresholds and Appropriate Green Time

The video datareductionprovided information onndividual greenintervalsand the number of
vehiclesthat wereserved in each of thatervals With the help of this informatiora model was
developed basenh the ongoing KDOT policthat would provide guidance to the contractod
KDOT prior to the application of the PTS wndn two-lane, tweway work zones with pilot car
operations. The following sectigrovidesa description of the methodology and the calculations

involved.

6.5.1 Saturation Headwagnd Startup Lost Time

To develop thenodelfor determining the appropriate green time that needs to be allotted for a
given AADT or a queue of vehicles at a PTS statithie saturation headwayd) andstartup lost
time (ts) were necessary to bealculated These terms were defined using @@10 Highway

Capacity Manual (HCM) and were provided in this sec(iZ9):

Saturation headwayhd = at a signalized intersectiorthe average headway between
vehicles occurring after the fourth vehicle in the queue and continuing until the last vehicle in the

initial queue clears the intersection.

Startup lost time {) = theadditional timeconsumed by the first few vehicles in a queue
at a signalized intersection abovealdreyond the saturation headwsgcause of the need to react

to the initiation of the green phase and to accelerate.

Saturation flow ratedj = the equivalent hourly rate at which previously queued vehicles
can traverse an intersection approach under prevailing conditions, assumthe tiraen signal

is available at all times and no lost times are experienced

The 2010 HCM indicated thatrainimum of 15 vehicular queuegere requiredo obtain
a statistically significant resulvith each of the selected queue having a minimum of eight
vehicles(29). It was found from the data reduction that all the fmstlocations hadvarying
AADT, peak hour volumes, truck percentagasd length of the longest queu&serefore, ®
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obtainan unbiased and akncompassing resulfie ten longesgueues were selected from Test
Locatiors 1, 3, and 4respectively Test location 2(K-31 near Melvern, KSjlid not have any
gueues that served more than eigéhiglesin one cycle Therefore data for Test bcation 2
were not included in the calculatiorfainally, a total of 30 queues that served a minimum of
eight vehicles each were used as a part of the model development afakysialculated values
for hs andts werethen usedo obtain a better understanding of treen interval needed to clear

aqueue of vehicles at the PTS station

Two differentcasesvere comparedo determine thds andts for the selected vehicular

queues:

1 Casel included the vehiclethat were cleareth the green interval of theorresponding
gueue and the queue position for the beginning ofs#taration flowwas determined
using the charts developéal calculate the values fok andts (referred to as Graphical
Method);

1 Case2 included the vehicles that were cleared ingheen interval of theorresponding
gueueand the methodology indicated in the Highway Capaddignual (HCM)was used

to calculate the values fbg andts (referred as HCM Method)

The following assumptions were madering the data reduction for eachtbé selected

queues

1 All types of vehicles(motorcycles, passenger cars, trycksere to be considered to
determne hs;

1 It was not necessary for the vehicle to be a part of the standing queue when caleulating
Vehicles that joined the standing queue after the signal had turned greeralscere
included in the analysis;

1 Only the vehicles that were cleared in the green interval were considered for the
calculations. The vehicles that entered the work zbtiee onset of the yellow incation
and theRLR vehicleswereexcluded from the calculations;

1 For the first vehicle, thBeadwaywas calculated as the time duration from the start of the
greenintervalt o t he t i me wlear raxletctossed vtheT®P tne.dhes r
v e h i ceéredeswas chosen as the referebeeausea numberof the vehicleshat
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were the first vehicle in the queswppedpartially beyond the STOP line and it was not
feasible to calculate thestartup time with the front axle aseference

1 From the second vehicle onwards, individual vehicle headways were calculated as the
duration from the time when a vehiclebs re
the rear axl®f the next vehicle hadrossed the STOlhe;

1 The effective green timevas assumed to be e to theactual green timéut the lost
time at the end of the phasasnot considered in the analysis; and

1 The starting response time was a part of the headway for the first vehicle and was not
calculated gearately.

To determinehs and ts for the selected queues, data for vehicle position were plotted
againstaveragevehicle headwaydor eachcorresponding positionlt was observed that the
number of data points thatpresentectach of the vehicle positisrdecreased as the vehicle
position increasedlhe coefficient of determinatiolRf) was defined as, Nt he
variability in the dependent variable thatascounted for bythe independent varialde 30j.
Therefore,the R? value indicatedhe strength of the linear relation between the two variables
which were average headway and vehicle position in our Taseards the end of the data,set
the vehicle positions were represented by as few as one data pointinwpéaiedthe R? value
significantly. To mitigate this issuetwo different plots were generated to determine the best
possible value for thbs and thets. Figure 54 shows the chantesentingheraw data for all the

30 queuedor vehicle positions against the corresgimig averagersehicle headways
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Figure 54. Plot of thevehicleheadway data against vehicle position for all the 30 queues.

As shown inFigure 54 the average vehicle headways were plotted against the vehicle
positions to obtain the estimateshefandts. It wasfound thatbeyondthe 20" vehicle position
the number of data points representing ¢tbherespondingvehicle positiors were less than 15
resulting in ovetrrepresentation of the data for those vehicle positidhgrefore, a dispersed
nature of the plot was observed beyond th® 26hicle positionas the number of vehicles
representing a particular position started decreasing. Video data reduction also indicated that t
dispersed nature of the platas due tothe presence of heavy vehiclaad late addition of
vehicles to the stam queue in thgreen interval ogap time.The ability of outliers to affect
the values of theneandiminish forlargersample sizes. Also, the shape ofdastribution begins
to resemble a normal distributidar larger sample sizess the number of degrees of freedom
increase Therdore, to obtain a result least affected by the presence of outliers and small sample
sizes, it was decided to consider the vehicle positions that were represented by a minimum of 15
vehicles. Figure 55 shows the chart for the average vehlotadways against the vehicle

positions represented by a minimum of 15 vehicles.

91
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Figure 55. Plot for the vehicle headway data againsfirst 20 vehicle positions.

As shown in Figure 55, thaverage headways were plotted against the first 20 vehicle
positions.lt wasfound that thigplot hadeliminated the dispersed nature observed earlier and also
had an improvedR? value by reducing the overepresentation of the data for some vehicle
positions. herefore it was decidedto calculate thdws andts by the Graphical Method and the
HCM Methodusing the plot shown in Figure 5&lthough from Figure 55 it was found that the
average vehicle headways dropped sharply after the fourth vehicle, saturated headway conditions
(stable headway) were not observed beyond that position and average vehicle headways varied
irregularly. Fom the Graphical Methqdt was observed that thetalle headwayconditionsdid
not start until the ninth vehicle positiohherefore,  wasconcluded thathe eight vehiclavas
the positionbeyond which the values for the headwaystethexhibiting a stable natur&€he
values for hs werecalculated as the average of the headways between the first yveliiele the
saturation wa assumed to starind the last vehicle in the queue attte values forts were

calculatedas the sum of difference between the individual vehicle heaxhveihs.
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|+ <0 »@ ot <5 T Eq.8

| rdodsomw | I £q. 9

Where:
i = Vehicle position where the saturation headway is assumed to start;
h = Individual headway of the vehicle; and
n = Position of the last vehicle in the queue.

Table 23 provide asummary of the calculated valuekhs, ts, ands by the Graphical
Method and the HCM Method

Table 23. Summary of Values ofhs and ts by the Graphical Method and the HCM Method

No. of Queues Variable Method Used
Analyzed Graphical HCM
Position for start ohs 9 5
30 hs (seconds/vehicle) 3.31 3.40
ts(seconds) 5.98 4.08
s (vehicles/hour/lane) 1,088 1,059

FromTable23, it can be found thahe resultdor thevaluesof hs for both thecasesvere
not vastly different. On the contrary, thes calculated bythe Graphical Methodwas
approximately2.5 seconds highahan thets calculated bythe HCM methodThe HCM Method
was used for the determination bf at signalized intersections and not work zoi(29).
Although the nature of the dateeresimilar, it wasbelievedthat using the values from the HCM
methodwould not be a true representation of the data collestext the research involvegbrk
zones and not intersectiorkherefore the values fohs andts from the Graphical Methodvere
used in the subsequent sections for calculating the greenTiongetermine the effesof the
presence of heavy vehicles thehs andts, the average headwaysere plottedagainst the
vehicle positions excluding the trucks from the datdsagure 56shows the chart for the average
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vehicle headways against the vehicle positions represented by a minimum of 15 vehicles and

excluding the datéor the trucks and heavy vehicles.
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Figure 56. Plot for the headway data against vehicle position excluding the trucks and
heavy vehicles.

As shown in Figure 56, the average headway data were plotted against the vehicle
positionsexcluding the data for the trucks and heavy vehiclesak found that thehs values,
when the heavy vehicles were excluded from the dataseatg the HCM Method and the
Graphical Methodwere approximately3.06 and 3.04seconds respectively The video data
reduction indicated thatn an average 3.75 trucks or heavy vehicles represeatdd vehicle
positionin all the 30 queues consideréar the analysisTherefore it wasdecided to use the
values calculatedrom Table 23oy theGraphical Méhod astheyincorporatedhe effects of the
presenceof heavy vehicles on thealues ofhs andts and were drue representation of the site

conditions
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6.5.2 Platoon Clearance Time

The platoon of vehicles escorted by the pilotatsthe onset of thegreen intervafrom one end
required a certain clearance time at the other end of the work zone before the pilmtldar
turnaroundand begin escorting the queback This time will be referred to as th&latoon

Clearance TimeR;) in the following segbns

30 queueswere considered in the calculation lef and ts it was found thatP; varied
significantly for all the threetest locations and no significaobrrelation could be determined
Video data reduction indicated the P was affected by the number of driveways in the work
zone, connecting major roads, and the proximity to the city/town.t@3téocations that had a
major connecting road within the work zone absorbed a majority of the traffic from the
dischargedjueue redting in a shorterP; at theoppositework zone end. Presence of multiple
driveways and the proximity of the work zone to a city/toetiucedhe number of vehicles that
were initially a part of the queue. Due to a small sample isineas difficult to determine the
number of vehicles tha¢ft a discharged queue use a driveway or another roddherefore Pt
was assumetb be equal to the green interyabvided at the opposite end of the work zéore

simplicity. Table 24providesa summary of th&: and theurnaroundime.

Table 24. Summary of Average Platoon Clearance Time an@urnaround Time

Average Average
Test Roadway Green AverageP; Percent g
: , . Turnaround
Location AADT Time (second Difference .
time (second)
(second)
US-56 1,0007 3,300 65 64 1.54 12
us-24 2,5001 5,000 64 52 18.75 24.8
US-50 5,0001 7,500 203.9 174 14.66 37.1
Total 112.55 97.68 13.20 25

From Table 24, it can be foundhat the averagealues forP; at each loation varied
significantly. At TestLocations 3 and 4, thB; was significantly less than its corresponding
green interval. The turnaroundtimes at these locations weilenger than Test Location 1.As
indicated previouslyTestLocations 3 and 4 had a number of driveways @nthectingroads
within the work zoneendswhich reduced the length of the departed queue. Sincé:thas

directly related to the number of vehicles in the queuegtkater percent difference &est
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Locatons 3 and 4 were attributed to the presence of multiple drivewaysgcoriaecting roads,

and proximity to the town.

6.5.3 Development of th®lodelto Determine the Green Interval

After calculatingthe values fohs andts, a model was developead calculate the amount of green
time and volume threshold based ontbadwayAADT, speed of the pilot carpd the length of
the work zoneThe following section list thassumptions madarior to the development of the

model

1 Ptincluded theurnaroundime for the pilot car at the work zone ends. The sum of these
two times was assumed to be equal to the green interval (G) which was utilized at the
opposite end of the work zone during the same cycle.

1 Thetotal lost time was equal to the stap lost tmecalculated earliein section6.5.1

Figure 57 shows a genemdto-endlayout of the work zone and the different variables

that were used in the initial development of the model.

Length of the Work Zone
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Figure 57. General endto-end layout of thework zone at all test locations.

As shown in Figure 57&he endto-end distance or the length of the work zone was the
distance in miles between the PTS units stationed at ends 1 and 2, respectively. Thikeefore, t
total round trip time for a pilot car waa sum of the time needed to travel the-tereind distance
or length of the work zon¢he green intervaland the yellow intervaltilized on the PTS unit.

For the simplicity of the model, it was assumed that the green and yellow interval at both the
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erds were equalTherefore the total round trip time for a pilot car for encdbdend 2was the
sum of the time in minutes required to travel the length of the work trane, the greerand
yellow intervalsat end 1, and the green and yellmtervalsat end 2.Using this concept and the
assumptions listed earli&q. 10 and Eq. 11 wereveloped to calculate the total round trip time

in minutes
- j]—_ ; Wfe Eq. 10
1, , jl__ To+e L Eq. 11
Where:

T, = Pilot car round trip time (minutes);

Lw = Length of work zon@ndto-end distance (miles);

S = Pilot car speed (mph);

Gmax= Maximum feasible green interval (seconds); and
Y = Yellow interval (seconds).

Eq. 12and Eg. 13or calculating the maximum feasible green interval and the length of

work zonewere obtainedby rearranging the terms from Eq.:11

I=E RIS _*ﬂ_ = Eq. 12

A
o 4y MoEe T . 1= Eq. 13

Eqg. 14 was developed to calculatee tnumber of vehicles cleared in a certain green

intervalandwas a function ohs andts.
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TI'III=|=0 L=k L / Eqg. 14

Where:

Vmax = Maximum rumber of vehicleghat could be served per round t(\ehicles per

round trip);
ts = Startup lost time(seconds)and
hs = Saturation badway(seconds)

The 2010 HCM defined capacity as, At he max:
persons or vehicles reasonably can be expected to traverse a point or a uniform section of a lane
or roadway during a given time period under prevailing roadway, envimamgaffic, and
control conditiond 29. Therefore the capacity per hour per direction was calculated as a
function of the number of vehiclesd the numberfaound trips the pilot car could make any
givenhour. Eq. 15 given below was developed for calculating the capacity in vehicles per hour

per direction.

oo+ 00l e 0™ -k 0> Eq. 15

Where:
C = Capacity (vehicles per hour pdirection).

The number of round tripger hour was calculated @se number of round trips in 60

minutessincethe Tr was calculated in minutes using Eq. 11

é Eq. 16
F T+ T,
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Substitutingthe value oVmaxfrom Eq. 14in Eq. 16

d0Fe &, Eq. 17

" Iv S

The 2010 HCM defined the AADT as, it he to
segment of a highwaya€ility in both directions for ongear divided bythe number of days in
the yead 29j. Assuming thePeak Hour Volume (PHV)o be 15 percent of the AADand a
50/50 directional distribution of the trafficvolume Eq. 18 was developed for calculating the

capacity:

Where:

AADT = AverageAnnual Daily Traffic (vehicles peay)

The terms in Eqg. 18 were rearranged to obtain the equation for calculatigifie

given in Eq. 19.

F
r JI| z Eg. 19

Substitutingthe value ofC from Eq. 17in Eqg. 19

J z z
™ v I» 8

Simplifying the Eq. 20
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Using the value ofis = 3.3L seconds antl = 5.8 seconds obtained fromecion 6.51 in
Eq. 21

TO0+e 8
+J| z 8 Eq. 22
>

—=
mA

The terms irEq. 22were rearranged to obtain the final equation for calculating the

maximum feasible green interval given in Eq. 23.

==rilil»
TOFe 8 8 Eq. 23

If the variables:AADT, the desired round trip timeandthe pilot carspeed were known
and/orassumedthe maximum feasiblgreen intervalyolume threshold for failure of the system,
length of the work zone, the number of vehicle®rved and the capacity could beasily

estimatediusing the equatiordevelopedn Section 65.3.

Using theequationgmentioned earliethreechartsshown in Figures 5&9, and 60vere
developedor values ofAADT, Gmax andLw based orthe ongoingKDOT policy of a T, = 15
minutes and a pilot car speed of 40mph to determitiee volume thresholdsind other
corresponding valug®3). Other charts that were developed for differpihdt carspeedsanbe
found in Appendix FWith the help of thenodel developed in this researskveralkcharts could
be developed for valgeof T, and other relevant combinatiorfsigure 58 shows a plot of the

AADT against the maximum feasible green interval.
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AADT vs G, @ T, = 15 mins
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Figure 58. Plot for the AADT against the maximum green interval.

As shown in Figure 58, thAADT values wereplotted against the maximum feasible
green intervafor a constant, of 15 minutes and using the Eg. 23. It was found that at a constant
T, the AADT varied linearly with the maximum feasible green interValis chart could be used
as the first step in determining the feasibility of a PTS system at the work AADd. values
could be used to obtain an estimate of the maximum feasible green interval that could be set on
the PTS unitFigure 59 shows a plot of the maximum feasible green interval against the number

of vehides that could be cleared in tratrresponding greenterval.
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Figure 59. Plot for maximum green time against number of vehicles.

As shown in Figure 59, the maximum feasible green intemas plotted against the
number of vehiles that could be cleared in thadrresponding green interval using the Eq. 14. It
was found that at any given valueShs andts, the number of vehicles that could beared
varied linearly with the corresponding maximum feasible green interval. Figure 60 shows the
plot for the maximm feasible green interval against the maximum feasible length of the work

zone.
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Gy V8 Ly @ T, =15 mins; V, =40 mph; Y = 4 sec

WA=

max

L= 0.0111 (Gyyy) + 4.9556
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Figure 60. Plot for maximum green interval against maximum length of work zone.

As shown in Figure 60, the maximum feasible green interval pl@$ed against the
maximum feasible length of the work zone using the Eq. 13. It was found that at a constant pilot
car speed and round trip time, the maximum feasible length of the work zone varied linearly with
the maximum feasible green intervdlhis chart could be used to determine the maximum
feasible length of the work zone corresponding to mhaximum feasiblegreen interval
calculated earlier using Figure 58hapter 7 presents a detailed description of the use of the
charts shown in Figure 58, 58nd 60.Table 25 providesthe calculatedvaluesfor the maximum
feasible length of the work zone, maximum feasible green interval, and number of vehicles
cleared in the corresponding green intefvated orthe ongoing KDOT policy for pilot car
round trip time and speexthd calculated using Eq. 13, Eq. 14, Eq. 16, and Eq. 19
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Table 25. Table showing the Maximum Feasible Length of Work Zone and Maximum
FeasibleGreen Interval Based on Current KDOT Policy

r = 15 minutes
Sp =40 mph
AADT (vehicles perday) Lw (miles) Gmax (seconds) V (number)
<=1000 4.20 70 19
1000 to 2000 3.51 130 38
2000 to 3000 2.82 195 56
3000 to 4000 2.13 255 75
4000 to 5000 1.44 320 94
5000 to 6000 0.75 380 113
6000to 7000 0.06 440 131
So =35 mph
< =1000 3.70 70 19
1000 to 2000 3.07 130 38
2000 to 3000 2.47 195 56
3000 to 4000 1.86 255 75
4000 to 5000 1.26 320 94
5000 to 6000 0.66 380 113
6000to 7000 0.05 440 131
Sp =30 mph
< =1000 3.15 70 19
1000 to 2000 2.63 130 38
2000 to 3000 2.12 195 56
3000 to 4000 1.60 255 75
4000 to 5000 1.08 320 94
5000 to 6000 0.56 380 113
6000to 7000 0.05 440 131

FromTable 25 it can be observed thas themaximum feasible green timecreasedhe
length of the workzonedecreasedit was alsdoundthat for aT, of 15 minutes there auld be
no length of work zone available if th®ADT increased beyond,d00 vehicles peday. Using
the equations listed earlier it was found that the PTS system would fail AARM of 7,083

vehicles peday at a maximum green interval of 446 seconds.

From theresults obtained from the RLR analysis, delay analysis, and the signal timings
and operationsthe effectiveness of the PTS system at-taree, tweway work zones in

conjunctionwith pilot car operations for all the three conditiomas evaluatedThe findings
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recommendationsand areas that neadditional researchan befound in Chapter ,7Chapter8,
and Chapter 9
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CHAPTER 7. RESEARCH FINDINGS

A Portable Traffic SignalPTS)systemis designed to control oneay traffic at temporary work
zones where the adjacent travel laelosed. Traditionally, a flaggeontrols operationat each

end ofsuch awork zoneby stopping and releasing the queue of vehidleg to risirg costs and

the riskof flaggers being struck by noompliantvehicles PTS are becominga commontool

with contractors and design engineeffie 2009 MUTCD indicated that, if traffic on the
onelane roadway was not visible from one end to the other,fthgging procedures, a pilot car

in conjunction with a flagger or a traffic control signal should be used to control opposing traffic
flows. However, there was no guidance provided regarding the use of PTS systems in
conjunction with pilot car operatiorend/or flagger operations. Since, flagging operations were
labor intensive, expensive, ampibsed hazards for workerg was important to evaluate new
technologies and techniques that had the potential of providing asafeefficient traffic

operationsaatonelane, tweway work zones.

The objective of this study was to evaluate and compare three conditions for controlling
onelane, tweway work zone trafficin conjunction with pilot car operations: flagging only
operations, a PTS system with a flagger, and a PTS system without a flagger. Four locations
which were twelane, tweway long work zones anticipating pilot car operations and flagger
operations weradentified by working with KDOT and selected for the data collectfototal of

161 hours of field data were tetted at all the test locations

After all the data were reduced, three different analyses were performed to evaluate and
comment on the efféiweness of the PTS systems in monitoring-taree, tweway traffic at long
work zones. Firstan operational evaluation and comparison of the three conditions (flagger
only, PTS with a flagger, and PTS without a flagger) was conducted by estimating and
comparing the average vehicle wait times, queue lengths, and the signal timing operations.
Second, a statistical evaluation and comparison was conducted by calculating the RLR ratios as a
percentage of the total vehicular volumes observed during the cardasgadata collection
period. RLR events were classified in different types and compared for the three conditions using
the test of proportions at a 0.05 level of significance. Furthermorex@oratorydelay analysis
was conducted to determine the taalount of delay time that was reduced by the presence of

flaggers with a PTS unit. Finally, a model was developed to determine the traffic volume
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thresholds and appropriate green time when using the PTS system-lahéywvboweway work
zones with pilot caoperations. This model would be a practical tool and serve as guidelines for

the use of PTS systems at |laangd temporary rurabork zones.

7.1Summary of Findings
7.1.1Safety and Visibility

In comparison to a flagger, the PTS units were highly visflden a long distancevhen
observedrom the upstream end herefore, vehicles at thgstreamend of a queue would be
made moreware of the presence of a work zone downstream. Although, in some cases visibility
could be dimirshed by the presence of aremized truck or a sentrailer ahead of a passenger

car or motorcycle, providing adequate signage and infornhiegitivers well in advance would
provide information to drivers regarding the presence of a PTS unit and a worklzane
suggestedalthoudh not directly studied in this thesig)at use of a PTS system couhihimize

the evefincreasing risk of flaggers being victims of inattentine aash driving at work zones.

7.1.2Ease of Installation and Operation

The PTSsystem wadound to beeasy ¢ instdl with setup and teardown timagproximatelyto

be seven to ten minutes each. The units did not invaleemplicated process to operate and
werealsoeasily operated by the pilot car drivers using a handheld remote. Signal timings such
as: green interval, yellow interval, and gap time weasilyentered, stored, and adjusted on the
PTS units. On the contrary, the pilot car remote did not operate #pmesulting in inactivation

of the green phasen a few occasions during this researchBuch situations potentially cause
driver confusion and increase the probabilitypohcompliance events.

7.1.3Evaluation ofOperational Parameters

An operational ealuation for the three conditions was conducted by estimating and comparing
the parameters such as average vehicle wait times, queue lengths, and the signal timing
operations. Following were the three key findings from the comparison of the operational

paameters:
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T The ¢6fl agger onlydé condition had the | onge
flaggerdé condition had the | east average
collection.

T The O6PTS wit hout seraedlielloagesyeerage queus reagth while the
0fl agger o setvadibe leasi avdrage gqueue length over the entire duration of
the data collection.

T The OPTaS fwiatghgeraddteo R dEt wobh hout a hddlaagger G
negligible difference in the average duration of the green interval over the entire duration

of the data collection.

Sincethe three conditiondid not differ substantiallyn the values ofiverage total wait
time, average queue length, and averggeen intervalit was concluded thatll the three
conditionsprovided the same operational efficientty monitor traffic at tweane, tweway work

zones with pilot car opations.

7.1.4RLRor Violation Analysis

Based on field observations and video evidence, RLR events were divided into different
categories for the purpose of the study and data were reduced to record each of these following

events:

RLR when drivers were catching up with a just departed queue;
RLR when drivers left a queue due to the wait time;

RLR when drivers completely disregarded the PTS system; and

Qo T p

RLR when drivers were waived through by the flagger.
1 When the drivers were catching up with a departed queue; and
1 When the drivers received theafg ger 6 s consent to enter tt

time period.

Nine violationswere observel or t he o6f | a gané all the mne yidatiooso n di t i
were in the absence of a vehicle queue ahead and solely batezjulgmentof the flagger
These wee the type of violations where the drivers talkthe flagger and obtaied hisher
consent to enter the work zone unguided by a pilot car. Suchses@piossiblewhen a flagger

is stationed at the work zone end andwleénonly a PTS uniis used Theresults of theest of
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proportionsindicated thathe number of violations when a PTS was used with a flagger

when a PTS was used without a flaggare both statisticallyhigherthanthe condition when
flaggeronly operations were usedhis result ould suggest thaising onlyflagging operations

was the most suitable method of providing work zone traffic cankeeping in mind the
potential risk of flaggers being hit by errant vehicles and other advantages of using the PTS
systemsjt is recommened that reduction irthe number of RLR vehicles aiolations should

not be the only criteria for evaluation of tledfectiveness of these traffic control devices.
Furthermoreijt wasbelieved thasincethe data collected faflagger onlycondition weresmall
compared to the data collected for the other twaddmns more data needo be collected to

make better comparisons of the flagging conditions to the other traffic control measures.

The number oRLR vehiclesfor the® TS wi t h o uconditonwasfaumgdgoebe 6
92 and the number dRLR vehiclesfor thePTSwi t h a f | a gvgsefourdd toco®@h di t i or
Since the test location of Beloit was an outlier in terms of roadway geometry and operations, it
was excluded from the calculations fdret RLR ratios and analysis. Therefore, after the
exclusion of the data for Beloit, the total number of violations when a PTS was used with a
flagger were 52. The test of proportions indicated that the number of violations when a PTS was
used without a flager were statistically higher than the number of violations when a PTS was

used with a flagger

Data reduction indicated that wherP&S unitwas used without a flaggethere were a
total of 92RLR vehicleswhere36 vehicles followed amlready departequeue 44 vehicles left
the queue due to the extensive wait time to move in the direction of the workarmhéd?2
vehiclesdisregarded the PTS contrélso it was foundthat when a PTS unit was used with a
flagger, there were a total of 52 RLR vehicles wherevelticles followedan already departed
gueue 3 vehicles left the queue due to the extensive wait time to move in the direction of the
work zone, and 2 vehiclessidegarded the PTS and flagger contfidie results of thetest of
proportions indicated that there was no statistically significant difference between the number of
RLR vehicles that followed an already departgetue for both the conditions. Furthermate,
was also found thahere was a statistically significant difference between the number of RLR
vehicles that left the queue due to the wait time thrdhumber of vehiclethat disregarded the

PTS control for both the conditions.
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7.1.5DelayAnalysis

When a PTS was used with a flagger, the total delagdetermined based on the information
available for arrival and departures time of the vehicles in each of the giteuas.foundthat
thepresence of ddgger reduced approximately fipercentf the total delay that occurred at all
the test locationdt was believedhata five percentreduction wouldhot be sufficientto entirely
advocate the use of a flagger with a PTS uHite reduction in delay was brought about by
disregarding anotherdffic control (PTS unij. Reduction in vehicle delay should not be
considered a valid justification for disregarding atualtraffic control. Also the2008 KDOT
Flagger Handbook indicatdtiat late vehicles should not be allowed to joimeaicle platoan
that has already embarkebhe use of a single traffic contrdh flagger or a PTS unitjould
demand greater respect from the drivemsai@sthe traffic control and eliminate the effect of
contradictionproducedoy the use of a multiple traffic control devices.

7.1.6Model br Volume Threshokland AppropriateGreen Interval

A model was developei provide guidance to the contractor and KDOT prior to the application

of the PTS units on twtane, tweway work zones with pilot car operations asiztain estimates

of thevolume thresholds and appropriate green intervals that ndedhtiotted to serve certain

gueue lengthThe three charts shown in Figure 58, 59, and 60 could be used as reference prior to
setting up a work zone on a tvene, tweway roadwaywith pilot car operationsFrom Figure

58, theAADT of a roadway could be used to determirerimaximum feasible green interval that
could be set ora PTS unit. From Figure 59, the maximum feasible green interval calculated
earlier could be used to determine the number of vehicles that could be cleared in the
corresponding green interval in a sigbund trip. Finally, from Figure 60, the corresponding
length of the work zone or exid-end distance could be determined. It is noteworthy to mention
that Figure 60 and Figure 59 could be used in a reverse order if a certain length of the work zone
is desired to be established by the contraddased on the model, was found thatise of aPTS

sysem would fd at anAADT of approximately 7,088ehicles pedayif 15 minutes of delay is

the maximum delay threshold allowedliso, the maximum green tinteat could be set on the
PTSis approximately 44&econdslUsing several combinations of the equatipnsvidedin the

model| various signal timings, lengthof work zone, and traffic volume information could be

obtained as desired.
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Chapter 8 provides aethiled description of all the recommendations based on the
findings of this research and discusses the limitations of the PTS system and anomalies observed

during the research.
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CHAPTER 8. RECOMMENDATIONS

This chaptercovers a detailed description of all the recommendations that were based on the
findings of the general field observations andiata analysis. First, thehapter discusses
recommendations for the use of a PTS system with a flagger or without a flaljgeredby a

list of recommendations and measures that needed to be adopted in possible signal failure
scenariosThe chapter concludes with a description of the different limitations and anomalies of

a PTS system observed during the research.

8.1 PTSwith a Flagger or PTS without a Flagger

Based on field observations and data analyses, it was found that the most appropriate location to
use a PTS system without a flagger would be alame, tweway rural highway with an AADT

less than ;000 vehiclesdlay and having a limited number of driveways between the work zone
ends. Since not every location will have similar topography and roadway geometry, the
following are a fewrecommendations and measures that could be adopted for better efficiency

and operatins.

A major part of the five percent reduction in delay \abthe intersectionoutside Beloit
KS wherethe roadway geometry was a contributing factioris strongly recommendethat a
PTS unit should never be used without a flaggeintersections antbcations with heavy
crosstraffic. At such locationsa PTS unit should be used as a secondary traffic control device
for increased driver visibility and driver understandiAtgo, the PTS unitould be placed in the
flashing yellow moderoviding thedrivers with additional information regarding the presence of
a traffic control deviceFurthermore, in cases when a flagger is used to monitor traffic at long
work zonestheflagger might not be visible to the vehicles in the queue. Complex situatidns an
road geometry coupled with a considerapégcentageof truck traffic couldaffect the proper
flaggeroperations Provision of a PTS unit would inform the drivaxfsthe presence of a traffic

control and reduce driver anxiety.

All of the work zonesnvestigatedwere long and mobile whetbe far end of thevork
zonewasnot visible to the traffistopped at the flagger stations. It wagdent from the datthat
the round trip timefor the pilot carwas a maximum ofl5 minutes ath an approximate

endto-end distance ofthe work zonewas between twoto three miles.lt is believed that
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installation of a static sign indicatirige endto-enddistanceand maximum wait timéo drivers

couldreduce their anxietgind lessen the likelihood of RLR events

It is recommended that proper spacing should be provided betvB&is unit, work
zone channelizers, and the STOP lin@ TS unit is stationed improperlgilot car drivers will
find it difficult to turn around to begin their subsequent operation andrtable to identify if the
signal turned green. If the signal was not in the green phas#@l cause driver confusion and
drivers approaching the STOP line might entirely disregard the signal creating a safety issue
within the work zone. A simple solon for this issue will be to provide ample spacing between
the PTS unit and th8TOP line and preferably locatitige PTS unit close to a driveway so that
pilot car driver could easily perform thernaroundmaneuver and keep themselves informed on

thecorrect functioning of the PTS system.

It is recommended to conduct a shargimeering study every timarior to the use othe
PTS to obtain amnderstandingbout he site characteristics such as topographyraadmum
peak hourtraffic volumes Using the model developed in this researghovided the site
superintendentan estimate thenaximum feasible greeimterval and length of the work zone

neededatany particulampilot carspeed and round trip time

During the data collectigrthe work crew and vehicles were allowed to enter and exit the
work zone at any time and were not restricted by the presence of the PTS. Interestingly, it was
observed the drivers had a tendency to follow the work vehicle that entered the work zone
assumig that it was the pilot car. It is recommended that in the absence of a flagger, a sign
should be installed on the back of all the work vehicles indicating that those wethee ntot

carand discourage drivers at the end stations from following thearthietwork zone.

As per the KDOT specifications, speed within the work zone was to be a maximum of
40 mph 23). Therefore pilot car operationsrpve to be effective as they were able to guide
traffic at a consistent and safe speed througletiiee work zoneln 2000,Meyer evaluated the
effectiveness of removable orange rumble strips and found significant reductions in the mean
and 8% percentile speeds downstream from the rumble strips for cars and (Bdgks 2011,
Sun et alinvestigated the effectiveness of radhesive portable rumble strips in improving

safety in highway work zonesand found thatthe portable rumble strips wereeffective in
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increasing the percentage of brakindnicées by an average of 10.5 percent andncrease in
speed compliance by 2p@rcent(32). In 2011,Wang et alfound thathe portableplasticrumble
strips were effective in significantly reducing the speeds o &ar 4.6 to 11.4 mph, and for
trucks 5.0 to 11.Mmph(33). Therefore, r RLR vehicles, a potentiaafetymeasure auld bethe

use portable rumble strips enforcing theed for areduction in speedwithin the work zone.
Reduction in speed &LR vehiclescould assist in reducing the severity of potential crashes and

provide the work crew and othdriverssomeadditional time to react tihe situation

Since rural roads and highways are generalige ffrom vertical and horizontal
obstructions, such as a flyover bridge, oversize vehicles could be found in rural environments
and could be a matter of concern when deploying a PTS unit. Figure 104 in Appendix G shows
an oversize vehicle passing around TS unit observed during the data collection. When a
PTS unit is deployed without a flagger, it is recommended to indicate the clearancehdlght
mast arm to avoid driver confusion and ensure that oversize loads are able to pass under or
around the structure. Generally, the PTS units should be stationed on the roadway shoulder in
such a manner that the mast arm does not extend beyond thdimenfThe mast arm might
protrude beyond the roadway centerline wherever shoulders are not available and having a sign

indicating the maximum clearance height would provide the drivers some additional guidance.

It is recommended that if a PTS unit isstted to be used without flagging operations, a
signal controller is used who operated the signal but did not engage in the flagging procedure.
However, it would also be beneficial to have the controller trained as a flagger so that he/she
could conduct lagging operations in case of an emergency. Although, this might not be a
suitable alternative in terms of reducing the costs or making additional manpower available, it

could improve the safety of flaggers by moving them away from the flagger station.

8.2 Measures © Adopt for Potential Problems Due to Signal Rilure

Signal failure events could occur at any point during the watkviey. Therefore, t is
recommendedo be prepared in casd a malfunction or a gentially hazardousituation. The
following aresome measures believednonimize effects ofundesirablescenarios and maintain

high levelsof safety within the work zone:
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It is recommended to deploy Ed@ger atonly one endof the work zone with livevideo
feed from the other en@PTS eml) of the work zone. This would provide the work crew with an
additional crew member to assist them in the work @énea@liminating one flagger position
Also, the provision of live feed would enable the flagger at one end to identify a potential system

failure at the other end or occurrencenohcomplianceventsand anomalous driver behavior.

Similarly, instead of a flagger the sitapervisorcould be providedvith a continuous
live video feed for both the endd the work zone. The site supervisor could then monitor both
ends from one location and inform his work crew of potential dangersimsafeevents. Ifa
PTS unit was to be used without a flagger, it is recommendededalarinspectiontrips be
done ly the work crew to overlookthe PTS functioningand report immediately to the site
supervisor about any potential system failures. If live video feed was not feasitiie
communication could be used and a crew member could be stationed near the work are
explicitly to inform the pilot car of a possible RLR event and alertpila car driver to slow
down by the timeghe crew membemitigated with the violatorAlthough, both the alternatives
could add additional costs, it is bmled that they would pwide supplementarynformation to

the work crewand assist ilmvoidng a potentially hazardous situation.

8.3PTS Limitations and Anomalies

At every test location for a few phases the green phase on the PTS unit failed to activate. It was

believed thathese occurrences were a consequence of one of the following situations:

1 Pilot car drivers forgoto turn on the green phase i.e. unfamiliarity of the pilot car drivers
with the PTS device;
The PTS remote was low on battery or discharged completely; and

The Buetooth connectivity of the remote was lost with the PTS main control box.

It was believed that as the pilot car drivers get familiar in operating the PTS remote, the
probability of them failing to activate the green phase will diminish. #ise recommended to

periodically check the battery units in the PTS remote control to ensure correct operations.

At three test locations during the research, only one preset on the PTS unit waw used f
green time and one of the research team menager in thepilot car for the first few cycles to

familiarize the drivers with the systeamd to avoid confusion. Even then there were situations
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when the pilot car drivers forgot to activate the green phase. Also, whenever the pilot car driver
forgot todpmResds 6t hestd6 Be@a t hat activated t he m:
the signal never provided the maximum green time but keptréenghase activated until the

Bluetooth connectivity was lost with the PTS unit. It is recommended to use only onespreset

that pilot car drivers find it easy to continue their operation and to avoid the possibility of an

incorrect selection of green time.

At Newton (US50), all the three presets offered on the PTS handheld remote were used.
Unfortunately, for unknown teciical reasons the PTS unit did not function properly and resulted
in unusual situations. On August 26, 2015 the green phase activatedlff(85 seconds and
continued into the yellow phase and theratl phasdor four cycles in continuation even though
there were vehicles still present in the queue. During the same cycles, the PTS reverted back to
the green interval after a few seconds causing driver confusion and improper traffic control.
Fortunately, the presence of a flagger aided the scenario whalhange and stopped drivers
appropriately at the STOP line. The importance d@iaggerwith a traffic control device was
reiterated by such imbences where a flagger was able to restteesituation. In the absence of
a flagger, the situation might have resulted in vehicles entering the work zone without the pilot
car and provideé a potential threat to the crew members as well as fellow road users. The
situation subsided after a few ¢gs and normal operations resumed aftdew settings were

reset on the main control box.

It was observed that 8w times the green cycle time extended beyond the maximum
value. The vendors were informed of this unusual incident with the system. Agctodivem, it
was believed to be a function of thap time. For the first three Tesbdations, the gap time was
five seconds and if a vehicle arrived in the very last second of the maximum green interval then
the PTS unit would allow for an additionavd seconds and extend the green cycle. This
sounded practical since the PTS unit at a work zone was responsible fodmemtional traffic
unlike a traffic signal in a town or an urban environment. Thus, extending the green time in some
way aided inredwing vehiculardelay, and minimized the likelihood of RLR by the vehicle
which triggered the time extension. Similar situations were observed when the gap time was set
to 12 seconds on USD at Newton, KS. The maximum green times were observed to be 192
seconds and 252 seconds for green cycle length of 180 seconds and 240, seconds respectively.
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It was alsdoundfrom the video datéhat a total of 36 vehicles turned around and left the
gueue headinthe opposite direction. Although there was no direct exddeo support this, but
it wasbelievedthatthe occurrence of such evemtas afunction of thewait time at a PTS or a
flagger station and driver impatience. It is possilblat these drivers took an alternate route
parallel to the work zone and joingéte mainline road a few miles downstrearhese vehicles
did not interfere with any of the work activity, and therefore, they were termed harmless but they
provided aninterestingperspectivehat suggested he dri ver 6s aversion to

signal or by a flagger especially in a rural environment.

Like any engineered system, there are always things that can be done for improvement.
Chapter9 providesa few areas for future research that colldlp in improvingthe overall

effectiveness of the system.
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CHAPTER 9. FUTURE RESEARCH

The chapterdiscussesareas of future research that might supplement some of the
recommendations made in the previous chapter and improve the overall guidelines available on

the topic.

From the data collectedt was observed that total of 44 vehiclesover the entire data
collection perioddid not comply with the PTS unit in the absence of a flagher to the
extended wait timeTo mitigate with thisissue of RLR due to excessive wait timéswas
recommended toispblay the expected wait timavith the help of an appropriate sign. This could
be done in either of twavays First, the contractor could install a portable dynamic changeable
message sigrhat informed the drivers of the expected wait in reaktiAlso, these dynamic
message signs could be synchronized with the PTS handheld remote contaoladgaokithm
could be developed that provided the drivers withore precise wait timét could be effective
in reducing the driver anxiety amdinimize theurge to run the lightlue toextended wait times.

It is KDOT policythat the longural work zonesn Kansaswith pilot car operationavoida pilot

car round trip timemore than 15 minuteS.hus, a second alternative to the dynamic message
sign would be to install atatic sign informing drivers of théotal wait time. This would be a
cheaper alternative and could be effective in reducingdineomplianceates that occurred due

to extendedwait times. A scope for potential future researalould be to conduct a study
wherein noncompliancerates in presence of a static message sign or a dynamic changeable

message sign could be compared withriblecomplianceates in their absence.

The volume thresholds designed aedommendedn the research included all vehicle
typesie.passenger car ss,and motardyctes.d determireshe effeedidthe
presence of a truck or leeavy vehicle in the quepadditional data neetb be collected and
additionalanalysis will need to be conducted in order to develop medejpthequationsand

recommendations regarding signal timing operations.

Pilot car speeds were reduced close to the activity laye@s much as 20 mph. The
reseacher was unable to accurately factor in the length of the activity areaitsiaceedand no
additional information regarding speed reducti@md reacceleration to the maximum speed

were available. Additional research could be condutbechore precisgl determine aspeed
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reduction factor and incorporate ittanthe equation proposeth this researchAlso, the
turnaroundtimes for the pilot car could be factored in the equation with the help of some

additional data.

Additional research could also be conducted to determine the exact valpiést chr
turnaroundtime and platoon clearance time and deduct them from the value of the maximum

green interval obtained from the equations stated earlier.

Although it isunlikely that all the issues with the system can be addressed in a single

research steg, will remain a worthy goal.
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Portable Traffic Signal (PTS)

Two ADDCO Galaxy PTS00Q PTSsystens wereused for the researchigure 61 shows the

two PTS units used for the research.

Figure 61. Two PTSunits used for thestudy.

As shown in Figure 61,aehtrailer had a bank of batteries with solar recharging, two
signal headsand an integrated radio with solid state signal control and scaling redundant conflict
monitoring systerh The PTS system was easy to transsatyp operateand take down at the
end of the dayTechnical details regarding the PTS umlevant to the study atested in the
subsequent sectioRigure 62 shows a single, fully raised PTS unit.

1 GALAXY Procurement SpecificationADDCO Solar Portable Traffic Signal Trailer with Galaxy Operating
SystenPTS2000.Rev. October 3, 2014.
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Figure 62. A fully r aised PTS unit.

Overall Dimensions

Deployment heightpavemento bottom of upper signal head = 17 feet
Deployment heightpavemento bottom of lower signal head = 10 feet
Height: PTSfully raised = 20 feet 4 inches to the top of the signal head.
Transport heightpavemento bottom ofupper signal head = 9 feet 2 inches
Transport heightpavemento bottom of lower signal head = 7 feet 11 inches
Width: atthewidest point = 8 feet 3 inches

Length:mastertrailer with hitch = 14 feet 5 inches

Length:remotetrailer with hitch = 12 feet thches

Length:in tandem tow configuration = 25 feet 4 inches

Gross weight = 3,780 Ibt 3,940 Ibs.

Signal HeadsSpecifications

Figure 63 shows the signal heads on a single PTS unit.
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Figure 63. PTS sgnal heads.

1. Signalhead LEDs wee warranted for a-year life span.
2. Standard ITE approved polycarbonate 12 inch diameter signal heads.

3. There wee two signal head assemblies per trailendard. The outer signal head sva
permanent mount. The second may be quickbynted by the user either over the roadway or
at the lower position on the mast (factory shipped position).

4. The signal heads hdlde ability to be rotated 180 degrees to face in the opposite direction with
a simple lockable spring loadeelease mecham. In addition, many horizontal ancertical
adjustment positions we available to provide optimum visibility to tkievers

5. Both signal heads hatie ability to rotate and lock in 10 degree increments to position the

signal head for the optimum visibility to tleivers

6. Optional: (a) Aluminum signal headéb) Backing plateqc) Units capable of being
transported and operated with backingtes

7. A work zone safety light walocated orntherearside of the upper signal head. fizsiction was
to alert workers of the traffic signal light status. The work zone safety light illuminates when

the traffic signal status is Ared. o
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Batteries

Figure 64 shows the batteries provided in a single PTS unit.

Figure 64. Batteries povided. (Source: Procurement Specifications PT-2000)

1 Up to sixteen (16) 6 volt, 225 antur deep cycle heavy duty batteries providing over
21 days continuous operation without solar agssist.

1 Batteries are wired in a 12 VDC configuration.
Photo Voltaic Solar Array
Figure 65 shows the photo voltaclar array on a single PTS unit.

Up to six panels ranging from &b watts power producqzer panel

A tilt and rotate system increases solar collection efficiency by allowing the panels to be
optimally set for exposure to the sun.

1 An electremechanicakystem shall be included to raise and lower the solar panels into an
optimum solar collection angle.
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Ifigure 65. Tilt and rotate system for the solar @nels.

Transmitter/Receiver Specifications

Power Output: 10 mWI1 watt power output (up to 4 mile range)
Frequency: ISM 902928 MHz operating frequency

1
1
1 Spread Spectrum: FHSBequency hopping spread spectrum
1

Modulation: FSKfrequency shift keying
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Radio Remote Control

Figure 66 showthe handheld remote control used to operate the PTS unit.

Figure 66. PTS handheld remote control with external plugin charger.

1. ElectricalSpecifications

1 External Paver Supply Voltage: 108 VDC
1 Temperature: 30 degrees to 60 degrees C.

2. Operational Specifications

1 Activity time out 5 minutes
1 Operatingime oninternal batteryminimum 10 hours

9 Distance from any unit: Up to 1/4 mile
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Controls

Figure 67 shows the main control box osirggle PTS unit.

Figure 67. PTS control box.

As shown in Figure 67, llainstrumentation was mounted in a large lockable,

weatherproof NEMA 4 enclosure

1 Master power oioff switch,

1 Raise/lower mast swit¢h

1 Extend/retract signarm switch

1 Battery voltmeteand cab light. The cab light wavired through the door switch to turn
off when the control caloor was shut to conserve power, and

1 Solar charge ammeter
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A survey of 1different stateDOTs was conducted during May and June 20hkobjectiveof

the survey wado obtain an understanding of the practices followedhm various states
regardingthe use ofPTS (referred to as temporary traffic signals in the survey) @ity and
flagger operatiom The survey was conducted via telephone or email depending on the
preferenceof the stateofficials. The following section listethe questions used as a part of the

survey followed by a summary of the survey respohsesr t he vari ous DOTOs
Q.1 Does the DOT use portable/ temporary traffic signals in any of its work zones?

(a) If yes, does the DOT have anyistixg guidelines for the use &TSin work zone with or
without flaggers or does it follow the MUTCD guidelines only?

(b) If yes,wasthere a website with thinformation, or could you please email me a copy of the

guidance?

Q.2 Does the DOT currently use any pilot car operations in any of the xemds? If yes, then
what kind of work activitywasexpected to make use of them? E.g. Overlay, bridge work,

culvert replacement.

Q.3 Whatwasthe average length (or minimum and maximum length) of work zones that use

pilot car operations and temporary traffignals in the state?

Q4Does the DOT consider o6vehicle waiting ti
devices? Have there been any experiences when excessivéakkimen found by the use

of pilot car operations?
(a) Wasthere a thresholdrothe hourly volumes or queue lengths when using these devices?

Q.5 Wasthere a difference in guidance between the daytime and nighttime usage of pilot car or
temporary traffic signal operations? Whaast he DOT6s gui danwag f or

work zone oprations at night?
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Arkansas DOT

The Arkansas DOT referred to the MUTCD guidelines and used the temporary traffic signals
without flaggers in its work zones. The department used pilot car operation for bridge work and
in long work zones of lengtlgreater than ,000 feet and during daytime operations. The
temporary traffic signals were deployed on short work sections when both ends of work zones
were visible to each otheand could b used during daytime and nighte operations.
Interestingly, thedepartment suggested that temporary traffic signals should not be used for road

sections with very high volumes.
ConnecticutDOT

The Connecticut DOT referred to the MUTCD guidelines for the use of temporary traffic signals.
The department never makes udethe pilot car operations for any of its work zones. The
temporary traffic signals were used for work zones of length less than 300 feet and believes that
it could be used in work zones of longer lengths. The department used hourly volumes as a
measured determine the applicability of these devices and believes that an hourly volume of
700-800 vehicles in both directions would result in excessive deldys.department generally
adopteda temporary traffic signal for night time operations with flaggettrmdled work zones

and STOP signs.

Florida DOT

The Florida DOT rarely used the temporary traffic signals in its work zones and referred to the
MUTCD guidelines if needed. The department used pilot car operations (referred to as rolling
road block operatios in Florida) in some of its work zones. Pilot cars were used for not more
than two to three hours in one day in any work zone. Temporary traffic signals, if used, would be
adopted for longer durations. The department preferred using the pilot carayseadtighttime

and in the nofpeak hours due to lower traffic volumes.

I[daho DOT

The Idaho DOTreferredto its ownstandard set of guidelinésr the use othe temporary traffic
signals in its work zones. Thiepartmenmakes use of pilot car operations mostly for chip seal

operations ad work zones involving culvert replacemefhe maximum length of work zose
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for the use of pilot car operations or the temporary traffic sigwalsabout five miles.The
department had threshold of 13ninutes for thewait time when using pilot car operation or
the temporary traffic signakor example, thevork would begin with a five mile long work zone
and subsequentecreasdn the length of the work zoneuntil work was completed which
reducedthe waittime. The departmentdoptedthe use of temporary traffic signals on the one
lane operations anmgreferedusing it both day andighttime Thedepartment recommendéuk

use of pilot cafor daytime operationsnly.
lllinois DOT

The lllinois DOT referred to its own specifications for the use of temporary traffic signals and
used the MUTCD as a supporting document. The department also does not adopt pilot car
operations in any of its work zones. There was no maximum limit to thghlefiwork zone that

can make use of the temporary traffic sigmait in general the lgyth varies from 250 feet to
one-andonehalf miles. There was no threshold on the volumes that determine the use of the
temporary traffic signal. The nine distrioffices made decisions pertaining to the use of the
temporary traffic gnal based on criteria such dse number of lanes available, the effects of
addition of a signal on the volumesnd anticipated green times. The closure lengths were a
major factorand if longer closures lengths were planned, the department recommended splitting
the work to avoid long closure lengths. On the other hand, the long work zones were retained if
the work zone was expected to serve lower volumes. The department had renchffen
guidance for daytime angighttimeoperations. Also, they did not have a preference in terms of
duration of work zone for the use of temporary traffic signals.

Indiana DOT

Thetemporary traffic signalvasnot approved by the state of IndianaeTdepartmentnadeuse

of pilot car operation with police participation on a few projects of high importance and
occasionally for night time operations. The length of work zone for the pilot pemations
varied from onehalf mile to eightmiles. The depament considere@ queue length of ane
andonehalf milesto be significant and queues longer than this length were unacceptable. The
volume threshlal for pilot car operations omiferstates with only one lane open for traffic was
1,400 cars per hour ardiosure of twelanes simultaneously was discouraged for heavy volumes.

The department adopts flagging for one lane closures on rural roads.
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lowa DOT

The lowaDOT referredto its own developmental standarfds the use of the temporary traffic
signals. The departmentsed a pilot car operationon two-lane work zones for temporary
maintenancework activities such as resurfacing, patchjngtc. but never with culvert
replacement activities. Temporary traffic sitmaere deployed for sheterm bridgework that
were not very long in length. @mporary traffic signals and pilot car operatiansre usedin
work zones of length up to two and a half mile. The departhead threshold of 10 minutes for
a driver wait tme when using @ilot car operation. The department preferred usielgicular
volumes as measure to determine the applicability of the traffic control damttenot the
vehicle waiting time delayThe department suggestetiortening the length of work zes if
excessive delaywereanticipated Pilot carswere usedn the daytime anaighttime conditions
thoughit was preferredo use thepilot cars onlyduringthe daytime operations. The department

recommendedppropriate lighting of the work zone foighttime operations.
Kentucky Transportation Cabinet

The Kentucky DOT referred to its own standard drawings and the provisions of part four of the
MUTCD for the application of temporary traffic signals. The departrd&hhot adopt the pilot

cars inany of its work zones. d@mporary traffic signals were used in work zones having a
minimum length of40 feetto a maximum of 180 feefThe department established a minimum of
500 feet of no passing zone before the work zone to ensure safety in the warkeroporary

traffic signals were also used forghttime operations. The department used a flagger on two
lane, tweway work zones only when the flaggers were visible to each other and located well in
advance of the work zone. lllumination of flagger ista8 was recommended foighttime

operations.

Maryland DOT

The Maryland DOT used temporary traffic signal veryarely in its work zones. @mporary

traffic signal was used for twiane, tweway bridge work usually ,000 feet to D00 feet in

length usinghe guidelines laid @vn by the Maryland MUTCD. i@t car operations were never

used in the state of Maryland and flaggers were usually deployed at work zones whenever

necessary. The department advised the project managers to take appropriate metsares if
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gueue lengths in work zones exceeded one mile in length. If necessary, flaggers were used for

nighttimeoperations with appropriate lighting in the work zone.

Michigan DOT

The Michigan DOTreferredto the MUTCD guidelines for the use of temporary traffic signals.
The department used pilot cars in work zones for activities such as chip seal. According to the
department, application of pilot cars and temporary traffic signals should not be donein wor
zones longer than two miles. Temporary traffic signals were used when both ends of the work
zone were visible to eaabther. The department considereghicle waiting time delays as a
measure in determining the applicability of these devitkesdepartnent had a threshold of 15
minutes for thewait time when usin@ pilot car operation oa temporary traffic signal. The
department used temporary traffic signals during night time operations and pilot cars during the

day time operations.

MinnesotaDOT

The Minnesota DOT used temporary traffic siggan its work zones with the MPOT field
manual and the MUTCD as refereac&he department also used pilot car operations in its work
zones generally that were long in length. The use of pilot car operationsawantirely
dependent on the length of the work zqreg on the existing ADT and the accesses at the site.
Temporary traffic signals were used by the bridge crews fordageoperations and were

independent of the length of the bridge.

Montana DOT

The Montana DOT referred to the MUTCD guidelines for the use of temporary traffic signals.
The DOT also used pilot car operations in its work zones involving activities such as overlay,
chip seal on twdane rural highways and reconstruction projects. Theag mo recommended
distance for the use of pilot cars or the temporary traffic sighatsa work zone length of two
miles would generally deploy these two traffic controlaswwes. The department considered
vehicle waiting time delays when using eitharpilot car ora temporarytraffic signal and
refrainedfrom keeping the drivers waiting for more than ten minutes. There were cases of

excessive delays caused during the pilot car operdiidrnthey were not necessarily due to the
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pilot car operating in the work zone. The departmdidt not prefer usinga pilot car ora
temporary traffic signal fonighttimeoperations and there was no special guidance for the work

on oneway roads at night.
NebraskaDOT

The Nebraska DOT referred the MUTCD guidelines when using a temporary traffic signal
without the flaggers in its work zones. The department adopted a pilot car operation for general
overlay work activity and a temporary traffic signal for culvert replacement work. Flagging was
adopted in conjunction with pilot cars if the flaggers were able tals=ends of the work zone.
Temporary traffic signals were never used in conjunction with the pilot car oper&hen.
department had a threshold of dbnutes for thewait time when usig a pilot car operation.
Temporary traffic signals were generally used in work zones of length less,@t#nféet. The
department gave critical importance to vehicle waiting time delay when ada@ppiigt car
operation ora temporary traffic signal. T work activity was generally divided into smaller
sections for better phasing and reduction in delay times. The departmeattesgzbrary traffic
signal for both daytime andighttime operations and avoided the use of pilot car operations at
night. Theflagger stations were required to be properly illuminated if pilot car operations were to
be adopted fonighttimework activity.

NevadaDOT

The Nevada DOT referred to the MUTCD for the usea tdmporarytraffic signalor PTSfor

repairs on bridges and also cases where permanent signals require repair. Pilot car operations
were also used for overlay, bridge work and deck cleaning activities. The length of the work
zones thamadeuse of pilot car operations or temporary t@ffignals varied from 0 to five

miles. The department used a 20/30 rule which meant that a vehicle could be stopped for a
maximum of 20 minutes per direction but could not be delayed for more than 30 minutes for the
entire trip. The department used piladrcoperations and temporary traffic signals for both

daytime andighttimework activities.

138



Ohio DOT

The Ohio DOT usedhe temporarytraffic signalsor PTS for two-lane oneway operations
referring toits own set of standard drawings. The pilot car operatiegre never usedn any
work zones in Ohio. Thdepartment dichot recommend any particular length for the use of
temporary traffic signal but preferredusing a traffic signal when ends of theiork zone wee
visible to each other. Theepartment used temporary traffic signals for both the daytime and

nighttimeoperations.

Oklahoma DOT

The Oklahoma DOT usetemporary traffic signals mostly for bridge rehabilitation work and

short duration mjects. Thedepartment usedhe MUTCD as a reference and developed
guidelines and drawings for every projeétt flagger operated work zonethe pilot car
operationswere used. Thedepartment preferred using @lot car operation whetnhe sight
distancedid not permit the use of other traffic control devic€sere was no particular length for
which the department recommended the use of pilot cars or temporary traffic signals and that the
use of these devices relied on the sight distances and preserextiaal or horizontal curves.

The department recommended the use of pilot car operations and temporary traffic signals for

nighttimeoperations.

Tennesse®OT

The Tennessee DOT occasionally used the temptnafic signalsor PTSin its works zones.

The department recommended the installation of a normal traffic signal if necessary and the use
ofaPTSwoul d be entirely at the contractords dis
bridge maintenance and repair in theestaith work zones varying in lengths from one mile to
oneandonehalf miles and generally lorgrm projects. The department did not use pilot car
operations in its work zones and may use them in case of emergency situations tditoneed
addressedl'he department considered queue length as an important factor when determining the
use of traffic signals in its work zones and recommended inclusion of a buffer time in the cycle
length to clear traffic for opposite lane. The department recommendedainstabf signs that

suggest the expected wait times before the work zones. The goal would be to keep the wait times
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at a minimum but there was no specific amount of time that was recommended. Also, the traffic

signals once installed were to be used fahloaytime anahighttimeoperations.

TexasDOT

The Texas DOT used temporary traffic signals in its work zones rejewithe guidelines from

the TX-MUTCD and Texas Traffic Control Plans. The department used pilot car operations with
flaggers for overlaybridge work and culvert replacement. The pilot car operations usually were
undetaken for safety concerns and didt necessarily have a fixed length of work zone where
they would be used. On the other hand, temporary traffic signals would be usek inowes

not longer than two miles. Radio connectivity was an important factor when using temporary
traffic signals with the flaggers. The use of pilot cars in conjunction with temporary traffic
signals did not require radio conngity. The department caideredvehicle waiting time
delays and a five to ten minute wait peramteptablevhen usingatemporary traffic signal. The
department had never experienced excessive vehicle waiting time delays when using the pilot
cars and any delays caused were betido be because of driver erréior nightime operations,

pilot car operations and temporary traffic signals were generally not recommended by TXDOT.
The temporary traffic signals in the entire state of Texas were actuated aretlwitfbout a

pilot car. This was adopted so that the workforce could be used at a different location in the work
zone. Bmporarytraffic signals hadten presets of different timings with one as a default
program, one for the pilot car and the remaining eight being used asep&mguirement when
setting up a work zone. The green timesdeoemporary traffic signal were designed for speeds

up to 25 mph. The department had used temporary traffic signals in both, rural and the urban
areas with ADT®/0@toi3000.t he range of 2

Wyoming DOT

The Wyoming DOT used temporary traffic signal in conjunction with pilot car operation in its
work zones referring to the guidelines from the MUTCD. The department generally used the two
traffic control measures in conjunction for cfane two-way operations and when work was
expected to last over several days. They used temporary traffic signals for work zones short in
length or in situations where the travel time from one end to the other would be approximately

30 seconds. The departmeigcaused pilot car operations in conjunction with flagger operations
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for a few of its work zones. The department preferred using temporary traffic signals for

nighttimeoperations.
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Data for Delay Analysis

142



Table 26. Data for Delay Analysis1

Hypothetical Delay

Existing Delay

Arrival Time it Vehicle Arrival Time it Vehicle
4:03:05p.m. 0 4:04:31p.m. 0
4:03:48p.m. 1 4:05:14p.m. 1
4:04:31p.m. 2 4:05:57p.m. 2
4:05:14p.m. 3 4:06:40p.m. 3
4:05:57p.m. 4 4:07:23p.m. 4
4:06:40p.m. 5 4:08:06p.m. 5
4:07:23p.m. 6 4:08:49p.m. 6
4:08:06p.m. 7 4:09:32p.m. 7
4:08:49p.m. 8 4:10:15p.m. 8
4:09:32p.m. 9 4:10:58p.m. 9
4:10:15p.m. 10 4:11:41p.m. 10
4:10:58p.m. 11 4:12:24p.m. 11
4:11:41p.m. 12 4:13:07p.m. 12
4:12:24p.m. 13 4:13:50p.m. 13
4:13:07p.m. 14 4:14:33p.m. 14
4:13:50p.m. 15 4:15:16p.m. 15
4:14:33p.m. 16 4:16:16p.m. 0
4:15:16p.m. 17
4:16:24p.m. 0

Table 27. Datafor Delay Analysis?2

Hypothetical Delay Existing Delay

Arrival Time it Vehicle Arrival Time it Vehicle
2:04:57p.m. 0 2:07:29p.m. 0
2:06:13p.m. 1 2:08:45p.m. 1
2:07:29p.m. 2 2:10:01p.m. 2
2:08:45p.m. 3 2:11:17p.m. 3
2:10:01p.m. 4 2:12:33p.m. 4
2:11:17p.m. 5 2:13:49p.m. 5
2:12:33p.m. 6 2:15:05p.m. 6
2:13:49p.m. I 2:16:21p.m. I
2:15:05p.m. 8 2:17:37p.m. 8
2:16:21p.m. 9 2:18:13p.m. 0
2:17:37p.m. 10
2:18:22p.m. 0
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Table 28. Data for Delay Analysis3

Hypothetical Delay Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
12:35:20p.m. 0 12:37:32p.m. 0
12:36:26p.m. 1 12:38:38p.m. 1
12:37:32p.m. 2 12:39:44p.m. 2
12:38:38p.m. 3 12:40:50p.m. 3
12:39:44p.m. 4 12:41:56p.m. 4
12:40:50p.m. 5 12:43:02p.m. 5
12:41:56p.m. 6 12:44:08p.m. 6
12:43:02p.m. I 12:45:14p.m. 7
12:44:08p.m. 8 12:46:20p.m. 8
12:45:14p.m. 9 12:47:25p.m. 0
12:46:20p.m. 10
12:47:41p.m. 0

Table 29. Data for Delay Analysis4

Hypothetical Delay Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
3:41:54p.m. 0 3:45:24p.m. 0
3:43:04p.m. 1 3:46:34p.m. 1
3:44:14p.m. 2 3:47:44p.m. 2
3:45:24p.m. 3 3:48:54p.m. 3
3:46:34p.m. 4 3:50:04p.m. 4
3:47:44p.m. 5 3:51:14p.m. 5
3:48:54p.m. 6 3:52:24p.m. 6
3:50:04p.m. 7 3:53:34p.m. 7
3:51:14p.m. 8 3:54:44p.m. 8
3:52:24p.m. 9 3:55:54p.m. 9
3:53:34p.m. 10 3:57:04p.m. 10
3:54:44p.m. 11 3:58:14p.m. 11
3:55:54p.m. 12 3:59:24p.m. 12
3:57:04p.m. 13 4:00:34p.m. 13
3:58:14p.m. 14 4:01:44p.m. 14
3:59:24p.m. 15 4:02:54p.m. 15
4:00:34p.m. 16 4:04:04p.m. 16
4:01:44p.m. 17 4:05:14p.m. 17
4:02:54p.m. 18 4:06:24p.m. 18
4:04:04p.m. 19 4:07:34p.m. 19
4:05:14p.m. 20 4:08:34p.m. 0
4:06:24p.m. 21
4:07:34p.m. 22
4:08:43p.m. 0
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Table 30. Data for Delay Analysis5

Hypothetical Delay Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
4:08:41p.m. 0 4:13:20p.m. 0
4:10:38p.m. 1 4:15:41p.m. 1
4:12:35p.m. 2 4:18:02p.m. 2
4:14:32p.m. 3 4:20:23p.m. 3
4:16:29p.m. 4 4:21:11p.m. 0
4:18:26p.m. 5

4:20:23p.m. 6

4:21:59 p.m. 0

Table 31. Data for Delay Analysis6

Hypothetical Delay

Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
11:58:52a.m. 0 11:59:49a.m. 0
11:59:4%9a.m. 1 12:00:46p.m. 1
12:00:46p.m. 2 12:01:43p.m. 2
12:01:43p.m. 3 12:02:40p.m. 3
12:02:40p.m. 4 12:03:37p.m. 4
12:03:37p.m. 5 12:04:34p.m. S
12:04:34p.m. 6 12:05:31p.m. 6
12:05:31p.m. l4 12:06:28p.m. I
12:06:28p.m. 8 12:07:25p.m. 8
12:07:25p.m. 9 12:08:22p.m. 9
12:08:22p.m. 10 12:09:19p.m. 10
12:09:19p.m. 11 12:10:16p.m. 11
12:10:16p.m. 12 12:11:13p.m. 12
12:11:13p.m. 13 12:12:00p.m. 0
12:12:04p.m. 0
Table 32. Data for Delay Analysis7
Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
1:35:29p.m. 0 1:36:55p.m. 0
1:36:55p.m. 1 1:38:21p.m. 1
1:38:21p.m. 2 1:39:47p.m. 2
1:39:47p.m. 3 1:41:13p.m. 3
1:41:13p.m. 4 1:42:39p.m. 4
1:42:39p.m. 5 1:44:05p.m. 5
1:44:05p.m. 6 1:45:31p.m. 6
1:45:31p.m. 7 1:46:08p.m. 0
1:46:14p.m. 0
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Table 33. Data for Delay Analysis8

Hypothetical Delay

Existing Delay

Table 35. Data for Delay Analysis10

Arrival time i Vehicle Arrival time i Vehicle
2:31:56p.m. 0 2:35:23p.m. 0
2:33:05p.m. 1 2:36:32p.m. 1
2:34:14p.m. 2 2:37:41p.m. 2
2:35:23p.m. 3 2:38:50p.m. 3
2:36:32p.m. 4 2:39:59p.m. 4
2:37:41p.m. 5 2:41:08p.m. 5
2:38:50p.m. 6 2:42:17p.m. 6
2:39:59p.m. 7 2:43:26p.m. 7
2:41:08p.m. 8 2:44:35p.m. 8
2:42:17p.m. 9 2:45:13p.m. 0
2:43:26p.m. 10

2:44:35p.m. 11

2:45:27p.m. 0

Table 34. Data for Delay Analysis9
Hypothetical Delay Existing Delay

Arrival time it Vehicle Arrival time it Vehicle
2:57:35p.m. 0 3:07:19p.m. 0
3:00:01p.m. 1 3:09:45p.m. 1
3:02:27p.m. 2 3:10:15p.m. 0
3:04:53p.m. 3

3:07.19p.m. 4

3:09:46 p.m. 5

3:1215 p.m. 0

Hypothetical Delay

Existing Delay

Arrival time it" Vehicle Arrival time it" Vehicle
11:32:13a.m. 0 11:38:58a.m. 0
11:33:34a.m. 1 11:40:19a.m. 1
11:34:55a.m. 2 11:41:40a.m. 2
11:36:16a.m. 3 11:43:01a.m. 3
11:37:37a.m. 4 11:44:22a.m. 4
11:38:58a.m. 5 11:44:52a.m. 0
11:40:19a.m. 6
11:41:40a.m. 7
11:43:01a.m. 8
11:44:22a.m. 9
11:45:30a.m. 0
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Table 36. Data for Delay Analysis11

Hypothetical Delay Existing Delay
Arrival time it" Vehicle Arrival time i" Vehicle
11:52:42a.m. 0 11:56:42a.m. 0
11:53:30a.m. 1 11:57:30a.m. 1
11:54:18a.m. 2 11:58:18a.m. 2
11:55:06a.m. 3 11:59:06a.m. 3
11:55:54a.m. 4 11:59:54a.m. 4
11:56:42a.m. 5 12:00:42p.m. 5
11:57:30a.m. 6 12:01:30p.m. 6
11:58:18a.m. I 12:02:18p.m. 7
11:59:06a.m. 8 12:03:06p.m. 8
11:59:54a.m. 9 12:03:54p.m. 9
12:00:42p.m. 10 12:04:42p.m. 10
12:01:30p.m. 11 12:05:30p.m. 11
12:02:18p.m. 12 12:06:35p.m. 0
12:03:06p.m. 13
12:03:54p.m. 14
12:04:42p.m. 15
12:05:30p.m. 16
12:07:04p.m. 0
Table 37. Data for Delay Analysis12
Hypothetical Delay Existing Delay
Arrival time ith Vehicle Arrival time it" Vehicle
10:23:31a.m. 0 10:28:25a.m. 0
10:24:20a.m. 1 10:29:14a.m. 1
10:25:09a.m. 2 10:30:03a.m. 2
10:25:58a.m. 3 10:30:52a.m. 3
10:26:47a.m. 4 10:31:41a.m. 4
10:27:36a.m. 5 10:32:30a.m. 5
10:28:25a.m. 6 10:33:19%9a.m. 6
10:29:14a.m. 7 10:34:08a.m. 7
10:30:03a.m. 8 10:34:57a.m. 8
10:30:52a.m. 9 10:35:46a.m. 9
10:31:41a.m. 10 10:36:51a.m. 0
10:32:30a.m. 11
10:33:19a.m. 12
10:34:08a.m. 13
10:34:57a.m. 14
10:35:46a.m. 15
10:37:34a.m. 0
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Table 38. Data for Delay Analysis13

Hypothetical Delay Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
12:54:10p.m. 0 12:57:46p.m. 0
12:55:04p.m. 1 12:58:40p.m. 1
12:55:58p.m. 2 12:59:34p.m. 2
12:56:52p.m. 3 1:00:28p.m. 3
12:57:46p.m. 4 1:01:22p.m. 4
12:58:40p.m. 5 1:02:16p.m. 5
12:59:34p.m. 6 1:03:10p.m. 6
1:00:28p.m. I 1:04:04p.m. I
1:01:22p.m. 8 1:04:58p.m. 8
1:02:16p.m. 9 1:05:52p.m. 9
1:03:10p.m. 10 1:06:43p.m. 0
1:04:04p.m. 11

1:04:58p.m. 12

1:05:52p.m. 13

1:07:06p.m. 0

Table 39. Data for Delay Analysis14

Hypothetical Delay

Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
3:35:04p.m. 0 3:43:05p.m. 0
3:35:41p.m. 1 3:43:42p.m. 1
3:36:18p.m. 2 3:44:19p.m. 2
3:36:55p.m. 3 3:44:56p.m. 3
3:37:32p.m. 4 3:45:33p.m. 4
3:38:09p.m. 5 3:46:10p.m. 5
3:38:46p.m. 6 3:46:47p.m. 6
3:39:23p.m. I 3:47:24p.m. 7
3:40:00p.m. 8 3:48:01p.m. 8
3:40:37p.m. 9 3:48:38p.m. 9
3:41:14p.m. 10 3:49:15p.m. 10
3:41:51p.m. 11 3:50:15p.m. 0
3:42:28p.m. 12

3:43:05p.m. 13

3:43:42p.m. 14

3:44:19p.m. 15

3:44:56p.m. 16

3:45:33p.m. 17

3:46:10p.m. 18

3:46:47p.m. 19

3:47:24p.m. 20

3:48:01p.m. 21

3:48:38p.m. 22
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3:49:15p.m.

23

3:51:33p.m.

0

Table 40. Data for Delay Analysis15

Hypothetical Delay

Existing Delay

Arrival time ith Vehicle Arrival time it Vehicle
11:39:30a.m. 0 11:40:38a.m. 0
11:40:04a.m. 1 11:41:12a.m. 1
11:40:38a.m. 2 11:41:46a.m. 2
11:41:12a.m. 3 11:42:20a.m. 3
11:41:46a.m. 4 11:42:54a.m. 4
11:42:20a.m. 5 11:43:28a.m. 5
11:42:54a.m. 6 11:44:02a.m. 6
11:43:28a.m. 7 11:44:36a.m. 7
11:44:02a.m. 8 11:45:10a.m. 8
11:44:36a.m. 9 11:45:44a.m. 9
11:45:10a.m. 10 11:46:18a.m. 10
11:45:44a.m. 11 11:46:52a.m. 11
11:46:18a.m. 12 11:47:26a.m. 12
11:46:52a.m. 13 11:48:00a.m. 13
11:47:26a.m. 14 11:48:34a.m. 14
11:48:00a.m. 15 11:49:08a.m. 15
11:48:34a.m. 16 11:49:42a.m. 16
11:49:08a.m. 17 11:50:16a.m. 17
11:49:42a.m. 18 11:50:50a.m. 18
11:50:16a.m. 19 11:51:24a.m. 19
11:50:50a.m. 20 11:52:29a.m. 0
11:51:24a.m. 21

11:52:36a.m. 0
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Table 41. Data for Delay Analysis16

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
1:41:22p.m. 0 1:42:20p.m. 0
1:42:20p.m. 1 1:43:18p.m. 1
1:43:18p.m. 2 1:44:16p.m. 2
1:44:16p.m. 3 1:45:14p.m. 3
1:45:14p.m. 4 1:46:12p.m. 4
1:46:12p.m. 5 1:47:10p.m. 5
1:47:10p.m. 6 1:48:08p.m. 6
1:48:08p.m. I 1:49:06p.m. 7
1:49:06p.m. 8 1:50:04p.m. 8
1:50:04p.m. 9 1:51:02p.m. 9
1:51:02p.m. 10 1:52:00p.m. 10
1:52:00p.m. 11 1:52:53p.m. 0
1:52:58p.m. 0
Table 42. Data for Delay Analysis17
Hypothetical Delay Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
2:04:17p.m. 0 2:05:32p.m. 0
2:05:32p.m. 1 2:06:47p.m. 1
2:06:47p.m. 2 2:08:02p.m. 2
2:08:02p.m. 3 2:09:17p.m. 3
2:09:17p.m. 4 2:10:32p.m. 4
2:10:32p.m. S 2:11:47p.m. 5
2:11:47p.m. 6 2:13:02p.m. 6
2:13:02p.m. I 2:14:17p.m. 7
2:14:17p.m. 8 2:14:51p.m. 0
2:14:57p.m. 0
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Table 43. Data for Delay Analysis18

Hypothetical Delay

Existing Delay

Arrival time it" Vehicle Arrival time ith Vehicle
11:26:17a.m. 0 11:27:13a.m. 0
11:27:13a.m. 1 11:28:09a.m. 1
11:28:09a.m. 2 11:29:05a.m. 2
11:29:05a.m. 3 11:30:01a.m. 3
11:30:01a.m. 4 11:30:57a.m. 4
11:30:57a.m. 5 11:31:53a.m. 5
11:31:53a.m. 6 11:32:49a.m. 6
11:32:4%9a.m. 7 11:33:45a.m. 7
11:33:45a.m. 8 11:34:41a.m. 8
11:34:41a.m. 9 11:35:37a.m. 9
11:35:37a.m. 10 11:36:33a.m. 10
11:36:33a.m. 11 11:37:29%9a.m. 11
11:37:2%9a.m. 12 11:38:25a.m. 12
11:38:25a.m. 13 11:39:25a.m. 0
11:39:30a.m. 0

Table 44. Data for Delay Analysis19

Hypothetical Delay

Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
4:03:13p.m. 0 4:04:02p.m. 0
4:04:02p.m. 1 4:04:51p.m. 1
4:04:51p.m. 2 4:05:40p.m. 2
4:05:40p.m. 3 4:06:29p.m. 3
4:06:29p.m. 4 4:07:18p.m. 4
4:07:18p.m. S 4:08:07p.m. 5
4:08:07p.m. 6 4:08:56p.m. 6
4:08:56p.m. I 4:09:45p.m. 7
4:09:45p.m. 8 4:10:34p.m. 8
4:10:34p.m. 9 4:11:23p.m. 9
4:11:23p.m. 10 4:12:12p.m. 10
4:12:12p.m. 11 4:13:01p.m. 11
4:13:01p.m. 12 4:13:50p.m. 12
4:13:50p.m. 13 4:14:39p.m. 13
4:14:39p.m. 14 4:15:29p.m. 0
4:15:33p.m. 0
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Table 45. Data for Delay Analysis20

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
4:15:32p.m. 0 4:17:02p.m. 0
4:17:02p.m. 1 4:18:32p.m. 1
4:18:32p.m. 2 4:20:02p.m. 2
4:20:02p.m. 3 4:21:32p.m. 3
4:21:32p.m. 4 4:23:02p.m. 4
4:23:02p.m. 5 4:24:32p.m. 5
4:24:32p.m. 6 4:26:02p.m. 6
4:26:02p.m. I 4:27:32p.m. I
4:27:32p.m. 8 4:28:15p.m. 0
4:28:21p.m. 0

Table 46. Data for Delay Analysis21

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
10:27:08a.m. 0 10:32:08a.m. 0
10:28:23a.m. 1 10:33:23a.m. 1
10:29:38a.m. 2 10:34:38a.m. 2
10:30:53a.m. 3 10:35:53a.m. 3
10:32:08a.m. 4 10:37:08a.m. 4
10:33:23a.m. 5 10:38:23a.m. 5
10:34:38a.m. 6 10:39:38a.m. 6
10:35:53a.m. 7 10:40:16a.m. 0
10:37:08a.m. 8
10:38:23a.m. 9
10:39:38a.m. 10
10:40:41a.m. 0
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Table 47. Data for Delay Analysis22

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
12:59:02p.m. 0 1:02:32p.m. 0
12:59:44p.m. 1 1:03:14p.m. 1
1:00:26p.m. 2 1:03:56p.m. 2
1:01:08p.m. 3 1:04:38p.m. 3
1:01:50p.m. 4 1:05:20p.m. 4
1:02:32p.m. 5 1:06:02p.m. 5
1:03:14p.m. 6 1:06:44p.m. 6
1:03:56p.m. I 1:07:26p.m. I
1:04:38p.m. 8 1:08:08p.m. 8
1:05:20p.m. 9 1:08:50p.m. 9
1:06:02p.m. 10 1:09:32p.m. 10
1:06:44p.m. 11 1:10:14p.m. 11
1:07:26p.m. 12 1:10:56p.m. 12
1:08:08p.m. 13 1:11:38p.m. 13
1:08:50p.m. 14 1:12:38p.m. 0
1:09:32p.m. 15
1:10:14p.m. 16
1:10:56p.m. 17
1:11:38p.m. 18
1:13:01p.m. 0

Table 48. Data for Delay Analysis23

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
12:17:28p.m. 0 12:18:18p.m. 0
12:18:18p.m. 1 12:19:08p.m. 1
12:19:08p.m. 2 12:19:58p.m. 2
12:19:58p.m. 3 12:20:48p.m. 3
12:20:48p.m. 4 12:21:38p.m. 4
12:21:38p.m. S 12:22:28p.m. 5
12:22:28p.m. 6 12:23:18p.m. 6
12:23:18p.m. I 12:24:08p.m. 7
12:24:08p.m. 8 12:24:58p.m. 8
12:24:58p.m. 9 12:25:48p.m. 9
12:25:48p.m. 10 12:26:38p.m. 10
12:26:38p.m. 11 12:27:28p.m. 11
12:27:28p.m. 12 12:28:18p.m. 12
12:28:18p.m. 13 12:29:08p.m. 13
12:29:08p.m. 14 12:29:58p.m. 14
12:29:58p.m. 15 12:31:03p.m. 0
12:31:08p.m. 0
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Table 49. Data for Delay Analysis24

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
2:24:59p.m. 0 2:29:14p.m. 0
2:26:24p.m. 1 2:30:39p.m. 1
2:27:49p.m. 2 2:32:04p.m. 2
2:29:14p.m. 3 2:33:29p.m. 3
2:30:39p.m. 4 2:34:54p.m. 4
2:32:04p.m. 5 2:36:19p.m. 5
2:33:29p.m. 6 2:37:44p.m. 6
2:34:54p.m. I 2:38:14p.m. 0
2:36:19p.m. 8
2:37:44p.m. 9
2:38:29p.m. 0

Table 50. Data for Delay Analysis25

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
3:25:14p.m. 0 3:27:50p.m. 0
3:27:50p.m. 1 3:30:26p.m. 1
3:30:26p.m. 2 3:33:02p.m. 2
3:33:02p.m. 3 3:35:38p.m. 3
3:35:38p.m. 4 3:38:14p.m. 4
3:38:14p.m. 5 3:38:44p.m. 0
3:38:52p.m. 0

Table 51. Data for Delay Analysis26

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
3:38:48p.m. 0 3:39:58p.m. 0
3:39:58p.m. 1 3:41:08p.m. 1
3:41:08p.m. 2 3:42:18p.m. 2
3:42:18p.m. 3 3:43:28p.m. 3
3:43:28p.m. 4 3:44:38p.m. 4
3:44:38p.m. 5 3:45:48p.m. 5
3:45:48p.m. 6 3:46:58p.m. 6
3:46:58p.m. 7 3:48:08p.m. 7
3:48:08p.m. 8 3:49:18p.m. 8
3:49:18p.m. 9 3:50:28p.m. 9
3:50:28p.m. 10 3:51:05p.m. 0
3:51:09p.m. 0
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Table 52. Data for Delay Analysis27

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
11:40:22a.m. 0 11:42:16a.m. 0
11:42:16a.m. 1 11:44:10a.m. 1
11:44:10a.m. 2 11:46:04a.m. 2
11:46:04a.m. 3 11:47:58a.m. 3
11:47:58a.m. 4 11:49:52a.m. 4
11:49:52a.m. 5 11:51:46a.m. 5
11:51:46a.m. 6 11:53:40a.m. 6
11:53:40a.m. 7 11:54:10a.m. 0
11:54:15a.m. 0

Table 53. Data for Delay Analysis28

Hypothetical Delay Existing Delay
Arrival time i Vehicle Arrival time i Vehicle
1:37:53p.m. 0 1:38:25p.m. 0
1:38:25p.m. 1 1:38:57p.m. 1
1:38:57p.m. 2 1:39:29p.m. 2
1:39:29p.m. 3 1:40:01p.m. 3
1:40:01p.m. 4 1:40:33p.m. 4
1:40:33p.m. 5 1:41:05p.m. 5
1:41:05p.m. 6 1:41:37p.m. 6
1:41:37p.m. 7 1:42:09p.m. I
1:42:09p.m. 8 1:42:41p.m. 8
1:42:41p.m. 9 1:43:13p.m. 9
1:43:13p.m. 10 1:43:45p.m. 10
1:43:45p.m. 11 1:44:17p.m. 11
1:44:17p.m. 12 1:44:49p.m. 12
1:44:49p.m. 13 1:45:21p.m. 13
1:45:21p.m. 14 1:45:53p.m. 14
1:45:53p.m. 15 1:46:25p.m. 15
1:46:25p.m. 16 1:46:57p.m. 16
1:46:57p.m. 17 1:47:29p.m. 17
1:47:29p.m. 18 1:48:01p.m. 18
1:48:01p.m. 19 1:48:33p.m. 19
1:48:33p.m. 20 1:49:05p.m. 20
1:49:05p.m. 21 1:49:37p.m. 21
1:49:37p.m. 22 1:50:09p.m. 22
1:50:09p.m. 23 1:50:41p.m. 23
1:50:41p.m. 24 1:51:13p.m. 24
1:51:13p.m. 25 1:53:10p.m. 0
1:53:15p.m. 0
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Table 54. Data for Delay Analysis29

Hypothetical Delay

Existing Delay

Arrival time ith Vehicle Arrival time it" Vehicle
11:42:3%a.m. 0 11:42:59a.m. 0
11:42:59a.m. 1 11:43:19%a.m. 1
11:43:19%a.m. 2 11:43:3%a.m. 2
11:43:3%a.m. 3 11:43:59%9a.m. 3
11:43:59%9a.m. 4 11:44:19a.m. 4
11:44:19a.m. 5 11:44:3%a.m. 5
11:44:3%a.m. 6 11:44:59a.m. 6
11:44:5%9a.m. 7 11:45:19a.m. 7
11:45:19a.m. 8 11:45:3%a.m. 8
11:45:3%a.m. 9 11:45:59a.m. 9
11:45:59a.m. 10 11:46:19a.m. 10
11:46:19a.m. 11 11:46:3%a.m. 11
11:46:3%a.m. 12 11:46:59a.m. 12
11:46:59a.m. 13 11:47:19%9a.m. 13
11:47:19%a.m. 14 11:47:3%a.m. 14
11:47:3%a.m. 15 11:47:5%9a.m. 15
11:47:5%9a.m. 16 11:48:19a.m. 16
11:48:19a.m. 17 11:48:3%a.m. 17
11:48:3%a.m. 18 11:48:5%9a.m. 18
11:48:5%9a.m. 19 11:49:19a.m. 19
11:49:19a.m. 20 11:49:3%9a.m. 20
11:49:3%a.m. 21 11:49:59a.m. 21
11:49:59a.m. 22 11:50:19a.m. 22
11:50:19a.m. 23 11:52:12a.m. 0
11:52:21a.m. 0
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Table 55. Data for Delay Analysis 30

Hypothetical Delay

Existing Delay

Arrival time i Vehicle Arrival time i Vehicle
12:16:07p.m. 0 12:16:25p.m. 0
12:16:25p.m. 1 12:16:43p.m. 1
12:16:43p.m. 2 12:17:01p.m. 2
12:17:01p.m. 3 12:17:19p.m. 3
12:17:19p.m. 4 12:17:37p.m. 4
12:17:37p.m. 5 12:17:55p.m. 5
12:17:55p.m. 6 12:18:13p.m. 6
12:18:13p.m. I 12:18:31p.m. 7
12:18:31p.m. 8 12:18:49p.m. 8
12:18:49p.m. 9 12:19:07p.m. 9
12:19:07p.m. 10 12:19:25p.m. 10
12:19:25p.m. 11 12:19:43p.m. 11
12:19:43p.m. 12 12:20:01p.m. 12
12:20:01p.m. 13 12:20:19p.m. 13
12:20:19p.m. 14 12:20:37p.m. 14
12:20:37p.m. 15 12:20:55p.m. 15
12:20:55p.m. 16 12:21:13p.m. 16
12:21:13p.m. 17 12:21:31p.m. 17
12:21:31p.m. 18 12:21:49p.m. 18
12:21:49p.m. 19 12:22:07p.m. 19
12:22:07p.m. 20 12:22:25p.m. 20
12:22:25p.m. 21 12:22:43p.m. 21
12:22:43p.m. 22 12:23:01p.m. 22
12:23:01p.m. 23 12:23:19p.m. 23
12:23:19p.m. 24 12:23:37p.m. 24
12:23:37p.m. 25 12:23:55p.m. 25
12:23:55p.m. 26 12:24:13p.m. 26
12:24:13p.m. 27 12:24:31p.m. 27
12:24:31p.m. 28 12:24:49p.m. 28
12:24:49p.m. 29 12:25:07p.m. 29
12:25:07p.m. 30 12:28:12p.m. 0
12:28:18p.m. 0
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APPENDIX D

Charts for Delay Analysis
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Figure 72. Delay analysis5.
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Figure 73. Delay analysis6.
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Figure 74. Delay analysis?.

Figure 75. Delay analysis8.
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