The Pennsylvania State University
The Graduate School

Department of Civil & Environmental Engineering

SEMI-PARAMETRIC MODELING OF PAVEMENT MARKING VISIBI

DEGRADATION

A Thesis in
Civil Engineering

by

Sudhakar Sathyanarayanan

0 2007 Sudhakar Sathyanarayanan

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

December 2007

LITY



The thesis of Sudhakar Sathyanarayanan was reviamegedpproved* by the following:

Venky Shankar

Associate Professor of Civil Engineering
Thesis Co-advisor

Co-Chair of Committee

Eric T. Donnell

Assistant Professor of Civil Engineering
Thesis Co-advisor

Co-Chair of Committee

Martin T. Pietrucha
Associate Professor of Civil Engineering

Evelyn Thomchick
Associate Professor of Supply Chain & Informatigst®ms

Peggy Johnson
Professor & Head of the Department
Department of Civil & Environmental Engineering

*Signatures are on file in the Graduate School



iii
ABSTRACT

The core objective of this research is to provigeedhodology for obtaining guidance
based on empirical evidences on pavement markplgaement times. This dissertation
investigates the degradation process of pavemerkimgavisibility over time in the
United States using semi-parametric family of doramodels. Specifically, a
methodological framework to analyze typical pavetmeaking visibility inspection data
was formulated. The National Transportation Prodiw&luation Program datasets
pertaining to water based paints from a total oertesting locations in the states of
Alabama, Pennsylvania, Mississippi, Minnesota, Ser@ad Wisconsin were used for the
purpose of this investigation. From a methodoldgtandpoint this research suggests
that mid-point imputation is reasonable to appratennterval level failure data.
Furthermore, the elapsed time model seemed to iexipboempirical pattern of event
dependence among multiple marking samples on aeriex@ntal deck better than the
gap-time model. This suggests that event dependeists and degradation of the

pavement marking visibility is more simultaneouartisequential.
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Chapter 1

Introduction

Motivation for this research

Quality management pioneers, such as Deming, J@asby, Feigenbaum and Ishika
have emphasized various quality management praxifl]. After undergoing many
conceptualizations of quality principles, the Bdde criteria for excellent quality
performance provided by the National Institute ¢&rslards and Technology (NIST)
resulted in seven categories in which the coreegmhnd quality concepts are embodied
[1, 2]. They are: leadership, strategic planning, custoamd market focus, measurement
analysis-knowledge management, workforce focuscga® management, and business
results. Though quality-based approaches and melihgids are well embraced by the
private sector, quality management continues tgness in the public sector, particularly
in transportation agenciesl,[ 3-7]. The transportation sector has implemented a
continuous improvement strategy, where the philbgap that there is always room for
organizational improvement]. In addition, key strategic priorities are set thfferent
dimensions of quality, such as learning and growtlsiness processes, customer service
and financial progression. As the transportationt@geis moving towards a quality
approach in various facets of administration, dgsagpnstruction, and maintenance, this
research attempts to contribute to that movemenugh a data-driven focus on quality

approaches in infrastructure maintenance and asartigement of highway facilities.
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This research falls under the measurement-anatysisgdedge management category and
fact-based decisions, which address one of thend@akidge-NIST criteria. Specifically,
the research contributes to the development otadia/en information system for cost-
effective and efficient decision-making processes roadway pavement marking

management.

Roadway Pavement Markings in the United States—A &tus Quo

The Manual on Uniform Traffic Control Devices (MUD( for Streets and Highways
[8], developed under the auspices of the Federal whghAdministration (FHWA),
provides guidance on the use of pavement markimghe United States. It states that
roadway delineation through pavement markings & afrthe important ways to provide
positive driver guidance, particularly for nightendriving. This assumes the provision of
a consistent and reliable standard for pavemenkingawisibility. Visibility is measured
by retroreflectivity which is the material propettat redirects light back in the direction
of its source. More precisely, according to curgggtement marking visibility standards,
retroreflectivity is defined as the amount of lighdaveling in the direction of the source
when viewed from 30 meters at an entrance ang83af6° and an observation angle of
1.05° P] (Figurel-1). In an effort to provide consistent visibilithe U.S. Congress has
mandated that the FHWA establish minimum levels fpavement marking
retroreflectivity [L0]. While research efforts are being pursed to axilthis issue, state
transportation agencies are incurring millions ailats of expenses installing and

maintaining road markings. In 1993, the annual egjare for maintaining pavement
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marking programs for nearly 795,000 miles of U.8adways was estimated to be
approximately $ 353 million1fg]. In 2000, the annual expenditure in 50 statesh&
United States and 13 Canadian provinces and teestovas estimated to be about $1.5

billion for maintaining a total of 3.8 million cezrline miles of roadwayi[l].

Entrance Angle 88.75 degrees
-
T
Observation Angle
1.05 degrees
-
Measuring distance 30 meters

Figurel-1: Current standard parameters for measuring pavemarking visibility 9]

Currently, there are many types of pavement markimgierials used for roadway
delineation by various highway agencies acrosdhieed States, ranging from $0.05 to
$ 4 per linear foot 1, 12, 14, 16 A literature review and survey of various state
practices across the United States suggests thatmaet marking practices is
inconsistent104. It is, however, evident that some state agerftée® made an effort to

develop a structured pavement marking managemeoesgs (Figuré-2) [10Q.
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Figurel-2 General Pavement Marking Practice in the UnitedeS.

Typically, commercially available products are ¢gstising standard material laboratory
tests, and a qualified product list is developgdp(d in Figurel-2). Next, markings are
selected from the products available in the qualiforoduct list for installation purposes
(step 2 in Figurd-2). Then, the selected product is installed on teslway by private
contractors or state agency maintenance forcesdingoto the specifications provided
by the agency (step 3 in Figute?). Subsequently, the installation is examined for
quality purposes and specification correctnesstate sagencies during the installation
and quality assurance period (step 4 in FiguB. Steps 1-4 are repeated at every

occasion when the pavement marking is re-stripesvedv¥er, the justification when the
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re-striping should be done is not clear in the entrpractice (step 5 in Figute?). The

central focus of this research is to develop a éa&ork so that guidance on re-stripe time

based on empirical evidences could be provided.

The replacement schedule for pavement markingftes @ function of traffic, climatic
conditions, remaining useful life of the pavemeailable funds, blanket replacement,
subjective visual inspection, subjective durabilitings, or manufacturers’ durability
recommendations. Some states do use quantitatiasures such as benefit-cost ratios,
traffic accidents, and/or visibility in their dema making process for pavement marking
maintenance 47 , 10]. Appendix presents a sample of pavement markalgcton
matrices that are currently used by various stgenees. Although some maintenance
strategies are identified, the maintenance practidepted by state agencies is not
integrated and consistent and often consists ofigt@s [13, 27]. An integrated and
consistent decision making process could providst-effective improvement in
pavement marking management. To strike a balanweeba available resources, system
performance, cost, and the promotion of consigbeattice, a management system that
can integrate all of the aforementioned informatisnrequired. While efforts are
currently underway to create such a managemererys], this research is essential to

build a management system.

Since the main component of an effective pavemeatkimg management system is
service life prediction, it is imperative that acaie models of pavement marking

degradation be developed. Further, such modelddheuportable across states from the
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standpoint of simplicity in data collection, modapdating, and implementation.
Combined, the two characteristics of this reseambroach enhance the development of
a “belief” system among state agencies that qudivt methods such as the one

proposed herein, may be beneficial both in thetsdmat long term.

The core idea of this research is to focus on ngpkiacisions to replace pavement
markings based on the likely end of their usefukdi This motivation steers to address
the following two main factors:

1. not replacing the marking long after the expiratdrhe useful life, and

2. not replacing the markings when there is remainisegful life.
Since pavement markings are associated with lamugee for drivers, the first scenario
could create traffic safety concerns because obgrpg drivers to roadway environments
where pavement markings are no longer visible. 3&eond scenario might result in
inefficient use of transportation agency resouraasgcessary exposure of the work crew
in the traffic environment, and undue increasesafiic delay due to constraints imposed
on normal traffic flow for installation purposesitier way, the replacement decision of
the pavement marking not based on likely end ofistsful life would incur unnecessary

expenses and might result in inefficient managerfa@rthe agencies.

Several researchers have attempted to understanu@atel the degradation of pavement
marking visibility over time 15-31] (see Tablel-1). Many have studied the degradation
of actual longitudinal lines; however, relativelyewf have used the National

Transportation Product Evaluation Program (NTPE&a.dANo explicit criticism of the
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data is available. On the contrary, the data peoviokr geographically diverse site
locations, pavement types, material types, andivgrgeo-climatic zones. Furthermore,
due to the recent changes in the visibility measerd standard<], the results of some

previous studies are no longer reliable becauserpasreflectivity measurements were

not recorded to the standard specifications ottireent retroreflectometers.

From a methodological standpoint, nearly all pragigpavement marking degradation
evaluations have used the ordinary least squareS)(@gression model (Tablel) to
estimate the time when the marking would reachvargithreshold retroreflectivity or
visibility value [15-25, 27, 28]. Some have used trend analy9,[30]. Various studies
have considered the effects of traffic, markingenat type, initial retroreflectivity value,
and line configuration (centerline, edgeline, skip) as a part of the model. Zhang and
Wu [26] explained the need for adopting more rigorous ehaod techniques and
illustrated the use of time series models to urideds the service life of pavement

markings. Chapter 2 presents details on theseestudi

Overall, many studies have addressed the objectivenodeling pavement marking
visibility degradation. However, their results vamdely. This could be attributed to a
multitude of reasons including updates in visipilineasuring instrument standards,
evolution of marking material chemistry, inconsigtestate practices, limited
consideration of explanatory variables in the mmdglmodeling methodology used, and

time and space effects.



Tablel-1: Previous studies in pavement marking servicentiéeleling

Retrorefleciometer Degradation Modeling method
Author State 30-meter P TP
(cuwrrent  Others Iongitudinal line 1e OLS* Others
standard) ngi sty
Lu 1995 Alagka X X X
Andrady 1997 Alabama and Pennsylvania X X X
Scheuer et al, 1997 hlichigan X X X
Petrin Jr et al, 1997 Utah X X X
Lee et al, 1999 Michigan X X X
Migletz et al, 2000 FHWA study (19 U3 states) X X X
Abboud and Bowman 2001 Alabama X X X
Lindly et al,, 2003 Alabama X X X
Sarasua et al, 2003 South Carolina X X X
Kopf 2004 Washington X X X
Zhang and Wu 2004 Mississippi X X Time seties models
Liu 2006 Utah X X X
Bahar et al,, 2006 California X X X
Lagergren et al, 2006 Washington X X Trend analysis
Long et al, 2006 Michigan X X Trend analysis
Vasudevan and Kaseko 2006  Nevada X .Sk Spearmans's rank correlation
* Ordinary Least Sequares

** National Transportation Product Evaluation Program data
*** Local Experimental test adopting NTPEP style

Research Inquiry

Based on the aforementioned gaps identified in ¢terent pavement marking
management research, there is a need to betterstemi# the degradation process of
pavement markings. This research proposes to uaddrshe degradation of pavement
markings using duration models and to motivate peare marking maintenance
decisions on the basis of quantitative reasonirgyséch, this research aims to contribute
to the existing state of the knowledge in pavenmegatking management by providing:
1. an empirical basis for making pavement marking mesmance decisions such as
inspection and replacement timing, as opposed higestive judgments and fixed

cycle replacement and other heuristic approaches,
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. a methodology for comparing durability performance different pavement
marking materials,

. a method to utilize typical pavement marking viiypidata collected by state
transportation agencies,

. an exposition of duration models using pavementkmgrvisibility inspection

data, and

. a motivation to use duration models, which havenh@&sder utilized in the field

of transportation engineering, where infrastructutegradation, failure, and
rehabilitation are emerging as significant issuethe overall infrastructure asset

management area.



Chapter 2

Literature Review

Introduction

The Manual on Uniform Control Devices (MUTCD) fotr&ts and Highways presents
guidance on the use of pavement markings on Ughways B]. However, there is

currently no guidance on the minimum visibility ¢shold to be maintained for
longitudinal pavement markings. Nevertheless, resognized that roadway delineation
through pavement markings is one of the importaaysmMor providing positive driver

guidance §]. Presently, there are many types of pavement imgskthat are used for

roadway delineation by various highway agenciessgthe U.S. The material chemistry
of pavement marking materials has undergone a k&b development since its
conception, and is improving as we proceed in acingrthe efficiency and the safety of
our transportation systems. Because of this ewanluit is not unusual to see diversity in
practice and usage of different pavement markingenas across states. The main
objective of this literature review is to synthesiprevious studies that focused on

determining the service life and cost effectiversfgsavement markings in the U.S.

Cost of Pavement Markings

As noted previously, pavement marking installataord maintenance efforts produces

more than a billion dollars in monetary expensewuatly [11]. There are many marking
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materials available for the same purpose of pragdiongitudinal delineation on
roadways. Among various available pavement markmagerials, water borne paints,
thermoplastics, epoxies and tapes are used mosnooiyn [11]. In general, pavement
markings are classified in-terms of durable and-dorable materials. Though the
classification of marking materials is not formallz paints are classified as non-durable
markings while others that last more than a yedworare called durable materials (e.g.
methyl meta acrylate, tapes, thermoplastics). Makican also be categorized into four
different styles based on their application techagy They are: flat, inlaid, profiled, and
patterned markings installed by melt, excursiosmay procedures (see TaBld). Not

all styles and application techniques are used alitmaterials. Nevertheless, a variety of
marking materials and application options are eulyeavailable for providing pavement
markings for different costs. Therefore, the ouem@st associated with different
pavement marking materials are very likely to flate depending on the preferred
materials and the chosen application techniqudsamgportation agencies. Moreover, the
evolution of material chemistry of the markings dhdir resultant product performance
further compounds cost inconsistency. This is bseathe recommended product
installation procedures, usage, and performancétnbg different based on the nature of
the material used. Consequently, the cost perrlif@at of marking installation, and
material cost could vary accordingly. Furthermotle uncertainty involved in
determining the service life of the markings progiudifficulties in assessing life-cycle

costs. Therefore, finding a cost effective pavenmeaitking material can be challenging.
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Table2-1: Typical Type of Pavement Markings

1. Traffic paints
a. ‘Water based

b, Solvent based (e.g. alkyds, hydrocatbons, chlotinated-polyolefin ete...)
2. Thermoplastics (preformed, melt, sprayed and extruded)

a. Flat
b, Profiled
c. Inlaid
3. Tapes (preformed, and melt excursion)
a. Flat
b, Profiled
c. Inlaid
d. Patterned

4. Multi-component field reacted materials (ie. it involves chemical mixingfreaction
at the site before application)

a. Epoxy
b.  Polyester
c. Methyl-meta acrylate
d. Modified Urethane
e. Polyurea
5. Cold Plastics (sprayed and extruded)
a. Flat
b.  Profiled

c. Patterned
6. Raised pavement matkers
a.  Ceramic buttons (non-retroreflective)
b.  Raised pavement markers (retroreflective)
c.  Snowplowable raised pavement matkers (retroreflective)
d. Recessed raised pavement markers (both b and c can be used)
g, Temporary raised pavement markers
7. Glass beads (Type [, II and III. This iz rated based on the bead gradation/size
I (small) — III (large))
a. Drop-on
b,  Premixed
2 White cementasious material
9. Others

According to Cuelho et allp3, pavement marking costs are determined by the afos
materials, equipment, time required for installatithe volume of markings, and whether
or not the markings are installed by a private fiompublic agency. In general, the

overall cost effectiveness of a pavement markintgrma is associated with the material
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cost, installation and mobilization cost, mainteseost, road user cost, and life cycle

cost.

Material, installation and mobilization costs asually merged and expressed in dollars
per linear foot ($/Lft). Road user cost is a measafrdelay incurred (in vehicle-hours) as
a result of pavement marking installation. Conveytvehicle-hours into appropriate cost
figures will provide an estimate of road user cdsevertheless, obtaining accurate
estimates of road user cost is difficult. Mainterencost includes discrete costs
associated with pavement marking maintenance sirtolgpatch work in the case of

pavement maintenance. Usually, a small contractwblere the cost is spread over
limited miles involves more expenses than markomgeér sections of roadway. This is
because small contracts are likely to have subatarhounts of equipment and crew idle

time [12].

Table2-2 presents the descriptive statistics on the cdstrnmation of some common

pavement markings that are currently used for loiignal delineation purposes in the
U.S. [10g. From the cost details gathered, it appearstti@taverage cost for installing
one foot of solvent borne paint is the cheapes$(0.85) followed by water borne paints
(US$ 0.06) (see Tab2). However, solvent borne paints are seldom consie
because of Environmental Protection Agency (EP#usdtions on toxic materials of the
solvent used16]. Inlayed methyl-meta acrylate (MMA) is the cossif material among

the others with an average cost of US$ 4.00 peetfifioot of installation.



14

This high cost could be attributed to the instadlaprocess. For inlayed installations, the
pavement is required to be recessed before thecapph of the marking materials. In
general, the installation procedures for inlayed profiled markings are quite involved
and consequently a higher installation cost is riremi compared to other installation
methods. White cementasious material (WCM), prdfiegpes, and cold plastic markings
are other expensive materials with an averageafdds$ 3.51, 2.23, and 2.21 per foot of

installation, respectively.
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Table2-2 Summary of Pavement Marking Material Cost U.Seflpnear Foot

Materials Min Max Median Mean Sample Size
Solvent based paints 0.02 0.15 0.05 0.05 11
Water based paints 0.02 0.20 0.04 0.06 21
Polyester 0.05 0.30 0.08 0.13 3
Spray thermoplastics 0.10 0.40 0.19 0.23 5
Epoxy 0.09 0.40 0.27 0.26 12
Flat thermoplastics 0.08 0.85 0.32 0.38 11
Modified urethane 0.43 0.43 0.43 0.43 1
Polyurea 0.43 0.90 0.70 0.68 4
Profiled thermoplastics 0.35 1.30 0.55 0.73 3
Flat-MMA 0.25 1.53 0.85 0.86 6
Profiled-MMA 1.12 1.75 1.44 1.44 2
Flat-tape 0.12 2.65 1.65 1.67 14
Cold plastic 2.12 2.12 2.12 2.12 1
Profiled-Tape 1.50 3.10 2.10 2.23 3

White cementasious

material (WCM) 3.51 3.51 3.51 3.51 1
Inlayed-MMA 4.00 4.00 4.00 4.00 |

1 The cost values provided in this table is a summary of cost information presented in detail in

reference [100]. The report year ranges from 1997 to 2002. The cost values should be interpreted with
caution.
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Determinants of Pavement Marking Service Life

According to the FHWA Roadway Delineation Handbothle service life of pavement
markings is defined as “the time required for agragnt marking to become ineffective
due to its having lost its luster, lost its retfteetivity, or having been wornompletely
from the pavement[14]. Based on this definition, the components thatiawolved in
identifying the useful lifetime are marking matérigresence, color, and visibility.
Theoretically, anything that affects these thremponents (color, visibility and material
presence) could directly influence the useful iifet of the pavement marking material.
Visibility (or retroreflectivity) is considered a@ primary component in assessing the
useful life of pavement markings in this reseaffhus, the useful lifetimfeof pavement
markings in this research is defined as the timi tive visibility level of the marking

falls below a threshold value.

Various studies34-43] have suggested a threshold level for pavemenkingwisibility
based on driver judgment, preference, and costlangevity of the markings. The
suggested values fall between 70-180 meftlimn Some state agencies adopt thresholds
values of 100, 120, 125, and 1504[ 100, 10]] to justify replacement of pavement
markings. However, most of the studies used rdtemt®meters that are not up to the
current standard for pavement marking visibility asgrements in determining the
threshold value. A more recent study conducted @pdilon et al recommended

minimum levels of pavement marking visibility basad results from a model known as

! Service life and useful lifetime has the samerdédin and are used interchangeably in this documen
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Target Visibility Predictor (TARVIP)[112]. The TARVIP provides estimates of

minimum visibility values based on Computer Aide@av@ment Making visibility
Evaluator (CARVE) originally developed by SchnelidaZwahlen[113]. Table 2-3
presents the recommended visibility levels for paet marking with and without raised

retroreflective pavement markers.

Table2-3: Recommended minimum pavement marking visibikydls[112]

Without raised retroreflective pavement

Pavement Marking markers (RRPM) with
specification <50 mph 55-65 mph >70 mph RRPM
With Edgeline 40 60 90 40

(Both White and Yellow)
Yellow centerline only 90 250 570 50

Weather and climatic conditions dictate the mopitit the traffic stream, and also affect
the useful life of pavement marking82[ 44, 45|. Cottrell 45 assessed the impact of
snow-removal activities on the durability of paititermoplastics, and waffle tapes. The
study recommended the use of inlaid markings amioany the importance of the

thickness of the marking material. This is becatlseker markings are susceptible to

more abrasion by snowplow blades.

Traffic volume and composition are considered inguar variables to assess the useful
life of pavement markingslf, 19]. This is because higher traffic volumes can iasge
the rate of pavement marking degradation by ineeashicle-tire abrasion if vehicles
pass over the markings. The type of pavement (etesersus asphalt) is an influencing

factor when determining pavement marking servife. IAssociated with the type of
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pavement, variations in surface roughness, headitsaty and surface porosity are

known to affect the service life of pavement magkif4].

No-track time is defined as the time required fa pavement marking material to dry so
that a passenger car driven at a speed of 15 +2wopld not produce a track. This time
varies with the material chemistry of the markiraged the installation characteristics
associated with it. Thus, no-track time may be wwred as a surrogate measure that

represents material chemistry of the pavement mgrki

Empirical studies have indicated that pavement mgrketroreflectivity readings
increase after the initial installation due to ke exposure of the embedded glass beads
as the top surface wears due to snowplow anddraffiivities P2, 23, 44. This suggests
that variation in glass bead characteristics mdljuence the overall service life of
pavement markings -- the reason being that theepoes of glass beads essentially
contributes to the retroreflectivity level of a pawent marking. Thus, quantifying glass
bead retention capability of marking types overetioould provide a better understanding
of the service life of pavement marking$7]. Glass beads used for the purpose of
pavement marking retroreflectivity can be clasdifiekased on bead application and
manufacturing properties4fl]. Application properties include quantity of beadsd
dispersion of exposed beads, and embedment depiseTare dependent on the
applicator truck speed, bead drop rate, and viscao$ithe binder material. Bead types
are classified based on particle size gradaticinaceve index, clarity and roundness.

Typically, smaller grade beads are mixed with thggment marking material prior to
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installation, while larger grade beads are droppethe markings during the application
process. Bead coatings can influence embedmenth deptl hence the measured
retroreflectivity @4]. Moisture proof and adhesive coatings are theliead coatings that
currently used. However, the extent to which thHesads would affect the visibility is not

known.

As detailed above, many factors can influence tefull lifetime or the service life of
pavement markings after installation on the roadwayaddition to the challenge of
developing empirical prediction of service lifemdvement markings, inclusion of all the
aforementioned variables in the model requiresrarmous data collection effort over

time and space.

Previous Research on Pavement Marking Service Lifiglodeling

Most research efforts to model pavement markingicerlife have been to establish
pavement marking service life as a function ofetsoreflectivity. Table2-4 at the end of
this chapter presents the highlights of variouslistithat attempted to model pavement
marking service life. Lul5] conducted a study to evaluate pavement makingnadg
that are typically used in states with heavy sndwdéad snow plowing activities,
including Alaska, Oregon, Washington and Idaho.&bieg pavement marking materials
are commonly used to provide roadway delineatiosriaw-belt regions. The types of
pavement marking materials included in the studyewkermoplastics, preformed tapes,

traffic paints (unknown whether it is water or siv based paints), and MMA. The study
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included a four-year assessment to judge the pedoce of the pavement marking
material based on retroreflectivity measures wusiag 12 meter geometry
retroreflectometer. The retroreflectivity perfornsarevaluation of traffic markings used
an exponential decay functional form to model tegrddation of retroreflectivity (see
Figure2-1). The objective evaluation concluded the following
» Service life of all marking analyzed ranged betwdeand 12 months with traffic
paints on the lower end of the estimated serviegdinge.

« MMA is more suitable for Alaskan climatic condit®®as it can be installed in the

field at a temperature as low as*cl (30°F) while others require more moderate

temperatures. Therefore, MMA when compared to sts&rdied was concluded

as a suitable pavement marking material in coltbreg

The Alaska Department of Transportation and PuHdicilities placed two test decks on a
four lane divided asphalt paved highway using thiegjines prescribed in ASTM D-713
to evaluate the longevity of several durable pavemearking materials33]. Preformed
thermoplastics, preformed tapes, MMA, and traffanp (unknown solvent) as a control
were included in the testing. The test stripes wiengch transverse lines running across
the traveled way. Retroreflectivity measurementsewabserved by using a LTL 2000
retroreflectometer (30 meter geometry) positionadhltel to the stripe including wheel
path and non-wheel path locations. Though no mogdelias done, the study established
empirical recommendations and concluded that theAyitlermoplastics and preformed

pavement-markings are superior to paints in ternfis dorability. Paints were
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recommended on concrete pavements in rural and w@ateas when the annual average
daily traffic (AADT) is less than 2000, and mosMMA markings were recommended
beyond AADT levels 2000. For asphalt and other pa@s that require frequent

patching work, paints were recommended for alfirdévels.
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Figure2-1: Pavement marking visibility degradation curvesdfawn using mde
equations developed by Lu [15]

Andrady [L6] analyzed retroreflectivity data measured usindlza meter geometry
retroreflectometer from the Southeastern and Nesteen Association of State Highway
and Transportation Officials Regional Testing Pamgr An empirical equation between

retroreflectivity and log of months fit the dataliy@®? > 0.82) (see Tabl2-4 for model
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equation). However, the study showed that the meétion of transverse stripes at test
deck locations in Alabama and Pennsylvania wasla@ted and may not necessarily

represent the actual deterioration of the longrtatmarkings.

Perrin et al., 18] evaluated the performance of solvent-based paphxy, and
preformed tape on Portland cement concrete (PC&)aphalt concrete (AC) freeways
and arterials in Salt Lake, UT. Except for prefodiape on PCC the results compared
favorably to those obtained by DaR?]. Data regarding marking types, location and date
of application, initial and observed retroreflediry pavement type, highway lane
geometry, and AADT levels were collected and casrated to form an equation to
determine the useful lifetime of the pavement nregknaterial (see Tabl&3 for model
equation). The study generally concluded that:

* epoxy paints had an improved useful life of betwé&8npercent and 45 percent
over paint on PCC pavement types.

» paints and epoxy produced similar useful life range AC pavements,

» preformed tape on AC pavement had a maximum usigfulanging from six to
ten years, which is about 150 to 350 percent longeful life on AC pavement
than both paint and epoxy for a given AADT,

* in terms of material type longevity on pavementeypepoxy lasts 100 to 120
percent longer on PCC than on AC pavements; pkistsaabout 40 to 80 percent

longer on PCC than on AC, and,
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* Though the goodness-of-fit measure was low, theyssupports that a hyperbolic

relationship between AADT and the useful life ibetter representation than a

linear fit.

Scheuer et al., 1J/] developed retroreflectivity degradation curvesemwvime by
evaluating the performance of longitudinal linesMirchigan (see Tabl2-4 for model
equation). However, their study indicated no dtiaadly significant relationship between
retroreflectivity levels, and the independent alea (material and pavement types)
considered. Snow plowing and sanding were suspeotdthve adverse effects on the

decay of retroreflectivity.

Lee et al., 19] conducted a four-year evaluation of longitudipal’ement markings at 50
sites in Michigan that were comprised of Intergand state truck routes. The objective
of the study was intended to develop guidelinestifier most cost-effective pavement
marking material, and to investigate the relatigmshetween retroreflectivity and
nighttime crashes. The AADT ranged from 1400 toOfb0ehicle per day, percentage
commercial vehicles ranged from 1 to 14 percerthefdaily traffic; speed limits were
between 35 and 70 mph; and, the annual averagefalhoamnged from 50 to more than
100 inches. The evaluation included the followirmrf types of pavement marking
materials: water borne paints, polyester paintsynoplastic materials, and performed
tapes. Retroreflectivity measures obtained from aolMx 15 meter geometry

retroreflectometer and a subjective durability mgtiwere used as the performance
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measures to judge the effectiveness among theusanuwaterial types included in the
study. The analysis indicated that the retroreflggtand traffic variables (AADT, speed
limit, and commercial traffic percentage) were ootrelated. Though the comparisons
were not statistically significant, the study card#d that water-based paints are most
cost-effective because they retain good retroreflieég, have reasonable durability
(80%), have a longer average time to failure aredless costly (0.05 US$/foot). The
study also concluded that the percentage losstiareflectivity per day was 0.14% for
all materials studied. Linear regression models eweleveloped to depict the
retroreflectivity degradation over time (see TaBi8 for model equation). The study,
however, highlighted that snowplowing and deicingivity appears to be a major
contributing factor for retroreflectivity decay dlar to Scheuer et allf]. Figure2-2
represents the retroreflectivity degradation modietswater borne paints developed by
Lee et al., 19], Perrin et al., 18], and Scheuer et alL]]. The x-axis represents the age
(in months) and the left hand side y-axis represesiroreflectivity values for Lee, et al
and Scheuer, et al study, and the right-hand sideis/is for the Perrin, et al. study. If
100 mcd/sg.m/lux were assumed as a minimum thrédioolre-stripe then the service
life of water borne paints from the models (Leeaketind Scheuer, et al) would range
from 12-15 months. For Perrin, et al., the expola¢iecay model becomes asymptotic
at approximately 112 mcd/sg.m/lux. Fig@a& presents the exponential degradation

curves for tapes using the model equations devdlbpéerrin, et al. and Lu.
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Rearoreflectivity degradation ourves for water horne paints
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Figure2-2 Retroreflectivity degradation models for water dghpaints (drawn usil
model equations developed by the authors)

The FHWA conducted a research study to quantify ghevice life of all weather
pavement markings in terms of cumulative traffisgmges 40, 21]. The evaluation
included 85 study sites in 19 states that had tadgial pavement marking lines
including edgelines, centerlines and skiplines. phegement marking materials used in
the study were epoxy, MMA, flat and profiled poltess flat and profiled thermoplastics,
profiled performed tape, conventional paints, wakesed paints and pavement markers
including standard and snow-plowable raised refiestve pavement markers (RPMs).
The factors that were considered in the evaluati@ne type of pavement marking

material, traffic volume, color, roadway type, amckposure to ambient weather
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conditions and snowplow operations. Measuremenewbreflectivity was observed at
six-month intervals over a period of four years hwia Laserlux 30m mobile

retroreflectometer. The evaluation developed mdr@nt100 regression models for
determining the expected service life of pavemeatkmgs as a function of cumulative
traffic passages (CTP) for each site. From theviddal models expected service life in
CTP was calculated and averaged for all sites withilar characteristics. From the
expected service life in CTP (as an average dhalkites Strp) an expected service life

expressed in elapsed months since the markingllaigia to the minimum threshold

retroreflectivity value was calculated (see Tdb#e for model equation). The study
exhibited large variations across sites from ddferstates, emphasizing the variability in

pavement marking performance across space.

Abboud and Bowman2p] established cost- and longevity-based criteriasftheduling
re-stripe time in the state of Alabama. The crterontained primarily the application
cost, service life and the user cost relative @sloes during the striping lifetime. The
pavement marking materials considered in the stughg thermoplastics and water based
paints. Part of the study focused on corroborageneflectivity values (measured using
15 meter geometry retroreflectometer) to traffip@sure, and developed logarithmic
models for retroreflectivity degradation as a fumctof vehicle exposure (see Taldes

for model equation). Figur2-4 presents the relationship between estimated useful
lifetime of pavement markings to reach 150 mcd/dgxn with increased traffic

exposure.
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Figure2-3: Retroreflectivity degradation models for tapésagvn using model equatic
developed by the respective authors)

Lindly and Wijesundera23] evaluated thermoplastics and profiled thermopiason
Alabama highwaysZ0, 21]. As a part of the evaluation, service life modglbased on
retroreflectivity was considered. Retroreflectivigata (using 30 meter geometry
retroreflectometer) were gathered from differem¢ssiwithin the state of Alabama with
similar pavement markings at approximately six-rhoimtervals over a period of one
year. Subsequently, a decay model representing ganegate degradation for that

pavement marking type was developed (see Taid)e
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Figure2-4: Service life estimates of pavement markingsls® mcd/sq.m/lux32)

The independent variable (cumulative traffic pas¥agpnsidered was similar to the
FHWA study RO, 21]; however, the modeling approach and the scope wéferent.
FHWA developed site specific models and arrivedratiggregate estimate of the service
life, while the Alabama study2B] developed an aggregate model based on data adloss
sites in the state. This implicitly assumes homogsndegradation across space. The
scope of the FHWA study was across 19 differentestavith a variety of pavement
marking materials and types of roadways and ddimedreatments, while the Alabama
study focused on edge lines where the ADT did maeed 20,000 vehicles per day.
Nevertheless, both the models estimated similavicerlife estimates for profiled

thermoplastics markings.
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Sarasua et al.,2f]] developed a methodology to estimate the lifecyalepavement
markings located on Interstate highways in Souttol@e. The research included epoxy,
thermoplastics and tapes on asphalt and Portlanter@econcrete pavements for the
evaluation and modeling. A total of 149 sites westeidied for retroreflectivity
degradation modeling. The study considered the afselifference and percentage
difference from the initial value as the dependemtable in modeling. However, the
study implicitly assumed that degradation was dssBn homogenous across sites.
Sarasua et al.2f] included both linear and non-linear modeling tages based on
typical patterns observed in the data set. Thelinear model was used to model the
number of days required for the marking to reaclstage of steady (i.e. linear)
degradation. This is because the pavement marlkaxigbited an initial increase in the
retroreflectivity measure before waning. This phraeaon was explained by the delayed
bead exposure after installation, causing the meflexctivity to increase initially. The
linear model was used for those sites that surga$seinitial waxing and waning trend.
Time was selected as the final independent variabldhe model after considering traffic
volume, temperature, and humidity as independenablas (see Tabl2-4 for model
equations). In order to determine the service difehe markings, first, the non-linear
model was used to find the number of days for tiitéal increase in retroreflectivity and
subsequently, the linear model was used to findntimaber of days required to reach a
retroreflectivity threshold. The overall servicilwas calculated by summing the days
predicted by the non-linear and linear models. bedness of fit measures*(Ralues)
for the models developed was between 20 and 8@mpierSarasua et al24] concluded

the following:



30

» Pavement surface type, marking material, and maamtee activities are the most
significant factors influencing the performanceltd markings,

» Both thermoplastics and epoxy markings showed ataobal initial increase in
retroreflectivity readings when newly applied,

* Retroreflectivity degradation exhibits an initisde and then a steady decreasing
trend, and

* AADT was not a statistically influential factor retroreflectivity degradation.

Kopf [25 conducted an evaluation in the state of Washimggomodel service life and

determine degradation curves for water borne ahetisbpaint markings. The study used
linear regression to model the marking visibilitygdadation. However, it was indicated
that high variability in the retroreflectivity maags at similar traffic and environmental

sites rendered the study to be statistically inksice.

Bahar et al.,27] conducted a study to find an association betwsmrement marking

visibility and traffic accidents. In the processtroreflectivity degradation modeling was
attempted to associate a retroreflectivity valught® time when the accident occurred.
The study utilized the National Transportation RicidEvaluation Program’s (NTPEP)
pavement marking degradation data from variousesttiat measured visibility values
using 30 meter geometry retroreflectometers. Areis® polynomial relationship was
determined to be a reasonable fit for the markis@nity degradation data (see Talde

4 for model equations). The parameters were estdnasgng a non-linear regression

analysis.
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Liu [28] studied the effects of traffic volume on longitnal water based pavement
marking visibility over time in Utah. The study alserdinary least squares regression to
estimate the model. It was determined that pairgsldvsurvive 8-17 months prior to
completely wearing out. Lagergren et 29 and Long et al.30] used trend or graphical
analysis to assess pavement marking visibility aegtions in Washington and Michigan
respectively. Vasudevan and Kaseldd][conducted a local experimentation similar to

NTPEP installation style in Nevada to assess atesm test deck installation designs.

Lessons Learned

In summary, there are three important componeidseeto the service life of pavement
markings. They are: color, material presence, asitility. Visibility is considered the
most important measure to evaluate the performantepavement markings.
Retroreflectivity is the visibility measure meadlireising a 30 meter geometry
retroreflectometer. It is understood that manydetcan influence the degradation of
visibility of pavement markings. While there is angral understanding about the key
factors such as installation practice, traffic, thea, pavement and color influencing the
service life of pavement markings, the combine@ctf and the degree of influence of
each is still not clear. Several studies have gitethto establish a relationship between
retroreflectivity and service life through ordinatgast squares regression methods.
However, the results of those studies appear ty wedely. It appears that the
retroreflectivity of pavement marking materials gete after an initial rise. A non-linear

functional form could be used to model the initigke, and a linear degradation model
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used thereafter to approximate the degradatiome¢ment marking visibility. The use of
a non-linear functional form for the initial risacha subsequent linear degradation needs
further investigation. Recently, the retrorefleityivdegradation of pavement marking

was illustrated using auto regressive integratedingoaverage time series methods.

Currently, many state agencies adopt a minimunbnitsi threshold value ranging from
100-150 mcd/sg.m/lux. A recent study suggests thatalue between 40 and 90
mcd/sq.m/lux for white markings and a value betwd@nand 570 mcd/sq.m/lux for
yellow markings as the recommended minimum val\dsile research studies are being
conducted for establishing minimum levels of pavemenarking visibility, many
agencies have developed selection matrices tofyjjustistripe times as presented in
Appendix. Due to the lack of a proper degradatiardeh for pavement markings, the
selection matrices currently adopted by differ¢ates agencies are general, inconsistent,
and are heuristic in nature. Given the state ofwkedge, it is understandable why
pavement marking management practices across staiasonsistent. However, it is
believed that a uniform management process wildéeeloped in the future as more
progressive research that promotes quantitativgngats is conducted. Overall, there
exists a need to understand the degradation ohpavemarking visibility and to develop
accurate service life estimates of pavement maskimdnich is the major focus of this
research. This study used duration modeling teglas to understand the service life of
pavement markings. The following chapter preseetaild on the methodology adopted

for conducting this research.
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Table2-4: Previous Service life modeling efforts

Study

Lu (1995)
[15]

Andrady
(1997)
(NCHRP
study) [16]

Scheuer et
al.. (1997)

(17]

State

Alaska

Alabama
and
Pennsylvani
a

Michigan

Modeling
Technigue

Regression with
exponential
functional form

Regression with
logarnithmic
functional form

Linear regression

Field Condition

Actual
longimdinal lines
ranging from 300-
1000 feet in
length.

Alabama and
Pennsylvania Test
deck: Transverse
lines

Actual
longitudinal lines

Pavement marking service life model / general
form of the model

- SETime) 2
= 1914+ 58436 12TME B2 _ 678
tapes

r—U.252*Time,a_R2

=1083+4048¢ =nla

Rynss

R (—0100%Time) 2
thermoplasics

TWhere,

. . =remorefl@tivity (mrd/sg mdm)
Rmm'hngmaerm!s rerroreflativity (med/sg. min)

Time = Age in mohs

Tigg = 10(Ry— 100)/b
2
R™ >082
Thera,
RO = Hsfimate gf the inifial refroveflectivity value
b = gradient of the semi-log plot of reoreflectivity
TNgg = Duration in months for revereflectivigy

to reach a value of 100 units

¥ = 26550 -03824X°R" = 0.1877
TiTere,
Y = refroreflectivity of painis (mcd/sq.m/lux)

X = Ageindays

=1675+723¢ RT=0203

Independent Length of

variable effects study,

© ed in ber of

the modeling sites and

attempt retroreflec
tometer

Time: MMA. 3 years;

thermoplastics, /A

tapes; Interstate: Mirolux-12

Edgelines.

Time: Tapes. NTPEP

polyester, paints,  Test deck

thermoplastics, procedures;

MMA, preformed  Mirolux-12

thermoplastics, and

epoxy and solvent  Erickson

paints; Color;

Traffic volume:

Weather

conditions.

Polyester, paints 1-year;

thermoplastics; N/A;

Time, Traffic Mirolux-12

volume;

Edgelines,

lanelines and
centerlines; Color
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Table2-5: Previous Service life modeling efforts (contidue)

Perrin It et
al., (1997)

[18]

Lee et al,
(19993 [19]

Migletz et
al., 2000
(FHWA
study) [20]

Utah

Michigan

19 different
states in the
us

Regression with
exponential
functional form

Linear regression

Regression with
linear.
exponential and
power funcrional
forms were
considered

Actual
longitdinal lines

Actual
longitudinal lines

Actual
longimdinal lines

(—0.0008%4) .2 Epoxy. paints,
Kgpm}_ =130¢ :R° =0027 tapes: Time,;

¢ ) Traffic volume:
(—0.0024%4) 2 i :
Rppints =117¢ ' R" = 0.005 Freeways,
arterials, PCC
— 5*¥4) 0 .
Rrapes = 3669( 00213 g2 05706 and AC

Where,
. = vify s y, -
Rmar.i‘(mg material = retroreflectivity (med/sg.m/lux)

4 = Agein months

v-(-27 )

U = useful life {months)

C = Calculated deterioration rate
[(ncdsg.m/ix)/month]/(A4ADT/ane)

M = Minimum acceptable retroreflectivity
(med/sg.mdx)

I = A4DT/Lane

I = Initial retroreflectivity (mcd/sg.m/lx)

2 Polyester, paints.
Y=27942-040358 . R™ =017 thermoplastics,
L tapes. Snowfall.
where Time, Interstate,
¥ = remroreflectivity of paints (mcd/sg.m/hax) truck route
X = Adgeindays
I Epoxy, methyl
SL,, — SLerp methacrylate, flat
anihs CTR and profiled
. 575 »
[ Final 36325 days polyester, flat and
| Dar%m,— Datg,, . | L 12 months profiled
- ) thermoplastics,
where, profiled
performed tape,
5L onhs= Jerviceile in elpsed month conventional
) paints, water-
SLerp= Serviceife in CTP based paints and
. . pavement
(millionof vehiclg) markers Time,
CTRy;, = Cummudary TrafiPassage Iraffic volume,
Finai i & Functional
(millionpf vehiads) at finl field Claﬂslﬁ;:]im of
roads, eation
measuremaare treatment (Edge

line, lane lines,

- 7 fal
Dategy, 1= Daie offfial fleldneasireme color), weather.

Dm%’nsraIF Installaon data fpavement

marking

Laserlux
Mobile with
substandard

geometry

3-years and
4-months
30 sites;
Mirolux-12

4-years; 85
sites:
Laserlux
mobile
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Table2-6: Previous Service life modeling efforts (continueqd

Bowman and  Alabama Regression with
Abboud logarithmic
(2001) [22] functional form
Lindly and Alabama Regression with
Wyesundera linear and

2003 [23] exponential

functional forms

Actual
longitudinal lines

Actual
longitudinal lines

R pings = 2627 = 19.457In(VE):R” = 0.3139
Rr}remsopfa:ﬁcs = 639.66 —70.806ln(VE)R™ =
where

R ; = retroreflectivity (mcd/sg.m/

marking ma teria

VE = Vehicle exposure in thousands of vehicl es

= ADT per lane * age of markings * 30.4/1000
K
Service life =
A4ADT

per lane
where,
K is calculated based on the degradation

model for specific marking marevial and

a minimum threshold for refrorefle ctivity.

Ry, hermopigc ~310-3 ],l*C‘LBg}_ cdga&ifﬂz =066

R hermopitics = 3292&.16‘6\9’1‘387. R 067

RProﬁ.’ad Thanaplastié 239- gsg*C‘T?mr edgale

3{2 =033

e ’ .=24¢e—0.16“CTJ%m. edeaie
Profiled Thenoplastic

Rz =055

wierg

R parking mapial= TeTOreEIVIY (wrlisg.m/ky

CT}E‘ or edzale = Cummulaté TraffiPassage
ADT*Age afarkingnidays
1000008 umber dfines

Paints, 15 meter
thermoplastic, handheld
traffic volume,
I edge lines, white
color
Thermoplastic 1-year: 40
and profiled sites;
thermoplastics, Lasurlux

traffic velume,
time, edgeline,
number of lanes.
urban and mural
areas, presence of
street
lightings/RPMs,
speed limits.
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Table2-7: Previous Service life modeling efforts (continued

Sarasua, South
Clarke, and Carolina
Davis (2003)

124

Kepf I Washington
(2004) [25]

Zhang and Mississippi
Wu (2004)

126]

Bahar et al NCHRP
(2006)[27]  Study

Step wise linear
regression, and
non-linear
regression

Regression with
linear,
exponential and
logarithmic
functional forms

Smoothing Spline
and Time series

Non-linear
Tegression-
Inverse
polynomial
functional form

Acmal
longimdinal lines

Actual
longimdinal lines

Mississippi Test
deck: Transverse
lines

NTPEP test decks

Alabama,
California,
Minnesota,
Pennsylvania,

Mississippi, Texas,

Utah, and
Wisconsin

Retroreflectivity difference

- O+ K"Days)
Retroreflectivity percentage
difference = Q+ K*(Days)
Ratrorgflectivity difference

= Q0+ *Days)+ K;*(Dm's)z
Retroreflectivity

percentage difference

= O+ & *Daysh+ K;*(Dm's)“
Where,

QK K, are parameters

Days = Number of days

Models were stated to be inconclusive

A six-menth forecasting power was concluded.

B+ 5, Age+ B, Age’
Where,

R - Retroreflectivity

Age — Time (months) when the retroreflectivity
measurement was made.

Asphalt and
Portland cement
conerete
pavement types;
epoxy,
thermoplastics,
and rapes; White
and Yellow color:
Interstate routes:
traffic volume,
temperature,
humidity.

Water borne and
solvent paints;
traffic volume:
environmental
condition

Tapes, paints,
preformed
thermoplastics
and
thermoplastics:
asphalt and
concrete
pavements;

Traffic volume:

weather

Water and solvent
based paints.
thermoplastics,
and epoxy

28-month;
149 sites:
LTL 2000

1-year; 80
sites; Laser
lux

LTL 2000

LTL 2000




Chapter 3

Research Plan

Introduction

The primary objective of this research is to bettederstand the degradation process of
pavement marking visibility over time using duratimodels, and present a methodology
to provide data driven maintenance decisions. thressing the objective of this research,
a three phase methodology is proposed.

1) Database development,

2) Service life modeling, and

3) Life cycle cost analysis
The following sections describe the details invdluethe first two phases of this
research. Phase 3 involved an economic analysig tis¢ net present value method that

is explained along with the analysis results in@éa4.

Phase 1: Database Development

As described in Chapter 2, many factors can affieetduration of the useful life of
pavement markings which in this study is definedterms of retroreflectivity. The
present study will be constrained within the scopavailable data from the National
Transportation Product Evaluation Program (NTPEninistered by the American

Association of State Highways and Officials (AASHITO'he NTPEP program is
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designed to conduct performance evaluations ofspmamation products. Pavement
markings are one of the products tested acrossusgeo-climatic regions as designated
by the program. The marking materials include waeed paints, thermoplastics,
epoxies, preformed tapes, Polyurea, methyl-metglater (MMA), cold plastics, poly
cement, and polyester. The evaluations are conduzyeusing accelerated wear test
guidelines provided by the ASTM D713 “Standard Becacfor Conducting Road Service
Tests on Fluid Traffic Marking Materials’50]. As such, different marking materials
from participating manufacturers are laid in a $ng@rse pattern in a roadway travel lane
(see Figure3-1) for testing fi8, 49. Specific site requirements for the purpose oPEP
testing include the following:

* Flat grade,

* No curves or access points or intersections,

e  Minimum AADT of 5000 vehicles,

* The road shall be fully exposed to the sun,

» The drainage should be uniform, and

» Test deck should have been opened to traffic fteast one year.

Wheel path ares

Figure3-1. NTPEP Testing setup
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As a part of the field evaluation plan, visibilitata measures are recorded periodically in
a consistent fashiom§]. The visibility data are measured near the skglarea and in
one of the wheel paths (see Fig3r&) by trained personnel using a 30-meter geometry
retroreflectometer, which is the current standapd measuring pavement marking
visibility. The current 30-m geometry retroreflecteter measures the visibility of the

pavement marking according to the configuratioraflepresented in Figure 1.1.

The inspection is planned to begin seven days afstallation and at approximately 30
day intervals thereafter during the first year atdapproximately 120 day intervals for
subsequent years. Typically, the data are not aelleif the visibility reading is below
100 med/mlux or worn out. In addition, a portion of the selmused in the field test is
used to perform laboratory examinations and tes#gommon criticism of using the
NTPEP data is that it does not necessarily reptdsagitudinal pavement markings
applied to a roadway. It is to be noted howevet the inspection data are collected in a
planned fashion making the data consistent foryarsabnd therefore allowing valuable
insights on pavement marking degradation. Moreaer,data collected by the NTPEP
are not analyzed by the program and no conclusamgso the effectiveness of the
markings are made. It is left to the participatingnsportation agencies to make their

own interpretations and conclusions.

Some of the data are available via the AASHTO-NTHERaMine website 1] in
electronic form, while other NTPEP data must beawmi®d from hard copy reports.

Figure3-2 represents the plan of action for building the bdase. Electronic data will be
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usable directly while hardcopy reports were digidizinto a spreadsheet form using
ScanSoft OmniPage® optical character reader saoftvidre digitized image was checked
manually by visual inspection for any abnormal detdry. After quality assurance

checking, the data were stored in Microsoft Excel.

Oplical Chasacter
=i Reader
! [ Doration
TPER o) NTPEP = e Databass
s EFE::'E = | Imiage —»| |inspection |——»| ComPueE fllure sultasie
_ Scanner neecsshenl Database e for
S Ee =~ = modeiing

/

I-’

[ nPep |
Sofcopy

| Datamine |

\

Figure3-2 Phase I: Data development

Subsequently, the failure times (defined in Ph&swill be computed and all necessary
coding will be done for modeling purposes. For pluepose of this research, available
historical NTPEP data from various states thatsBas the current ASTM standards on
visibility measurement will be gathered and usednimdeling. Visibility data obtained

near the skipline area and the wheel path areaHigeee3-1) over time will be used as

the quantitative measure to define useful life tmh@avement markings. The wheel path
area is expected to produce rapid degradation aydb® considered as the lower bound
for pavement marking degradation. In addition, masi available installation measures
including pavement type, color of the marking, kimess of the markings, glass bead

types, glass bead coatings, amount of glass beadsack time, road temperature, air
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temperature, wind speed, due point, barometer mgadind humidity at the time of
marking application, lagged visibility readings,daather plausible influencing factors
will be given consideration for inclusion in modidvelopment. Based on a preliminary
investigation of data availability and sample siestrictions, this research proposes to
analyze water-based paints from Alabama, Minnest¢ansylvania, Texas, Mississippi,
and Wisconsin. Chapter 4 presents the descriptatestics of the data collected in Phase

1.

Phase IlI: Service Life Modeling

As in many fields that involve duration data, tdea is to develop an understanding of
the factors that determine the time until a spe@frent occurs, in this case a formally
defined “failure time” for the pavement markingsed on a visibility threshold. Such an
analysis dealing with duration data or time urdilire is called duration modeling. An
alternate term used to describe the same metrmdvs/al analysis. Though the concept
of duration modeling has been prevalent for a lbmg in the fields of medicine, social
and political sciences, industrial and manufacwriengineering, epidemiology,
economics, marketing, and psychology, transpornaéingineering has begun to apply
such methods only recently. Despite the opportulitgpply duration modeling in many
aspects of transportation engineeringd,[ 56|, researchers have applied duration
modeling techniques to some issues. T8kblepresents a survey of duration model
applications in transportation engineerirgy{99. Many of the applications have been

related to activity-based modeling (16-studiesgffic and truck safety (6- studies),
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automobile ownership (4-studies), traffic operagiof8-studies), travel behavior (2-
studies), incident management (2-studies) and itrgas study). Recently, duration
modeling has been used to model infrastructure ridestion (6 studies), mainly

addressing structural pavement deterioration.

Table3-1: Application of duration models in Transportatiéngineering field

Applization in Transpotiation Duration mde]ng Special cnmlﬂzraum.ls
Author . - Cox S emi- . Unobgerved State  Time varying
Engmeeting Parametrc | Non-parametric ) _
Parametric heterogeneity Dependence  covardates

Kin and Mannering 1992 X X
Hamed and Mannering 1993 X
Mannering etal., 1994 X X
Ettemna 1995 * X
Niemeier and Morita 1996 X
Wang 1996 X
Bhat 1996 X X
Bhat 1996 * X
Kitamura et al,, 1997 Activity duration X
Misra and Bhat 1999 X X
Oh and Polak 2001 X X
Srinivasan and Guo 2003 X
Bhat et al. 2004 X X
Bhat et al. 2005 X X
Tirmermans 2006 X
Miller 2006 X
Mohammadian and Deherty 2006
Prozziand Madanat 2000
Mauch and Madanat 2001 X
Prozziand Madanat 2002 Infirastructure deterioration
DeLisle etal., 2003
Andvess and Karlaftis 2005
Ziad and Madanat 2006
Jovanis and Chang 1989 X
Chang and Jovanis 1990 X
Mannering 1991
Yang etal,, 1992 L L T
Lin et al., 1993 X
Mannering 1993
Mannering and Winston 1991
Gilbert 1992
de Jong, G 1996
Yamamota et al., 1999 *
Hensher and Raimond 1992
Paselk and Mannering 1994 Traffic operations
Stathopoulos and Karlafiis 2002
Jones et al., 1991
Nam and Mannering 2000
Manrering and Hamed 1990 .
Mannering etal., 1994 Travelbekavior
Chirisbypher 2005 Transit
* Cotupeting tisk models

b

e e e

v

Auwtormohile ownership

Incident Management

Ea Bt Bl B i e i i b
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Characteristics of Duration Data

Typically, in duration modeling applications, thebgect or sample is followed over a
period of time for the event of interest. If theeat occurs within the time frame of the
study, then the sample is considered failed andctimeesponding timét) is recorded.
Such duration data are called uncensored or exaetidn data (see Figu83). If the
event of interest has occurred before the beginairige follow-up (so, b], the sample is
then said to be left censoredhatlf the event of interest did not occur (), then the
sample is said to be right-censored at the enchefstudy time or fallen out of the
experiment for some reason after a period of foligw Finally, if the failure is known to
have occurred during an interval [a, b], then tAmgle is said to be interval censored

duration data.

A

Sample 4 M Interval censared
Sample 3 Right censored
Sample 2 0m Left censored
Sample 1 @ Exact

o A R

\/ \J/

Start End

Follow-up period

Figure3-3: Duration data types
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Figure3-4 presents the duration data types that were pramsetiie NTPEP dataset.

Pavement marking visibility values were measuredaonnterval basis. Therefore, we
know the interval in which the material failed ftve chosen threshold value. Such
samples are called interval censored data or iatéevel data. Samples 4-6 in figused
represents interval level data, and samples 6 septe the one that has a skipped
inspection. Furthermore, some materials did notifaihe end of the follow-up time thus
causing right censoring (sample 3) in the dataSetne markings (sample 1) had the
chosen threshold visibility value on the day of timspection. Such markings are
considered as exact failed samples. Therefored#taset in hand is unequal spaced
interval-level with exact and right-censored dumatdata. Left censored data (sample 2)
are those that had a visibility reading lower ththe threshold on the day of first
inspection. Left censored data are usually notrec@m in this application because state
transportation agencies do adopt minimum visibitgguirements for the markings that
are well above the threshold value considered.\Ralestatistical methods to address the

censoring nature of the duration data are resdoteithe modeling.

Another focus of this research is to make use efwkll established methods to analyze
exact duration data. For this purpose imputatiorthods will be used. Imputation
methods essentially assume an exact failure tintieirwihe known failure interval. The
plan is to test the sensitivity of the following potation methods: quarter point,
midpoint, three-quarter point and linear interpolatoetween the failed time intervals. A
sensitivity analysis on using the imputation methaad a parametric context revealed

midpoint imputation performs better than othersppsed when compared to the interval
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nature of the datfd 10]. Therefore, midpoint imputation was used to anabszact failure

time duration data.

A

Sample 7 H H ?77?
Sample 6 O—O Inspection skip: Interval censored

Sample 5
F o—o Interval censored
Sample 4 O—O Interval censored

Sample 3 Right censored

Sample 2 | Leftcensored

Sample 1

=J Exact failure

5

v

I | |
| Inspection 1 Inspection 2 Inspection 3

Installation day Follow-up period End

Figure3-4: Duration data types present in the database

Duration Modeling Framework

Pavement marking visibility degradation can be gidwf a process that begins from an
installation date and ends at the next re-stripe. ddowever, the re-stripe time in practice
is justified not solely because of pavement markailgires. This can be due to pavement
restoration, resurfacing, and rehabilitation andéther possible reasons including

heuristic reasons. The interest in this researchinscted toward understanding the
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process of pavement marking visibility degradatiathin the service duration (i.e. from
installation date to the end of study time or fallap or any intervention) so that better

maintenance decisions could be made on the bapsveimnent marking performance.

In addition, our interest is to know the effect ®dme covariates on the risk of
experiencing a failure event within the study timi@e event of interest in the current
context is the time interval when the pavement magrks known to have fallen below a

chosen threshold visibility level.

Pavement marking failure events can be expectedppen at discrete locations. In other
words, within a particular geographic area multifddlure times are possible. This
suggests that pavement marking failure events mwitbgions may be correlated. Thus
pavement marking failure events can be thoughtsohdrepeated events” problem.
Duration modeling of repeated events contains thra@r issues:

1. Event dependency

2. Unobserved heterogeneity

3. Both event dependency and unobserved heterogeneity

The issue of event dependency arises because ithee favents are considered to be
correlated within a geographic region, and failingake care of this issue would create

inefficiency and bias in the estimated parametH08].
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When modeling duration data, it is implicitly assdn that the distribution is

homogeneous across observations. In other wold&grations in durations are assumed
to be captured by the included covariates. In tygadixpecting such homogeneity across
observations amidst variation is likely unjustifiedls noted previously, many factors
contribute to the degradation of pavement markiisgoMity and some samples may be
more or less prone to failure because of the isitiproperties associated with the
markings. Presence of unobserved heterogeneityhh@nniodel indicates specification
error and can lead to erroneous inferences inhbpesof the hazard function, parameter
estimates, and standard error estimabés pg. Therefore, the scope of this research
considers pavement marking failure events as a gigppendent repeated events process

with effects of possible unobserved heterogeneity.

Typically duration modeling is accomplished usingn+parametric, semi-parametric or
parametric formulations. The non-parametric forriala assumes no underlying
distributional assumption and works with the ploloisy that“the data speak for

themselves”On the other hand, the semi-parametric formulaiissumes less stringent
distributional assumptions, while the parametrianfolation assumes a specific
distribution for the failure times. Past studiessdhaonsidered all three formulations
(parametric, non-parametric and semi-parametricififierent contexts of modeling
duration data in the field of transportation engimeg (see Tabl8-1). The choice to use
a particular formulation is however, unclear. Tleisuld be mainly due to the non
existence of a-priori information to support thelegd setting. Since there is no a-priori

information for pavement marking visibility degraida, it is difficult to say for certain
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which formulation would be the best. For the pugsosf this research the Cox regression

framework is chosen. The Cox framework is desdripelow.

Cox Regression

The Cox regression estimates the hazard of therialate failure given it has survived
until that time. The semi-parametric method devetbppy Sir David Cox34] as an
improvement to the non-parametric estimators in $base that Cox regression can
include the effects of explanatory variables touatjthe failure time characterizing
functions. The Cox estimator considers the basélazard as a nuisance parameter and is
left unspecified, although post-hoc baselines canrdirieved. In essence, the model
serves as a tool to find out the relationship betwthe survival of the material from
failure and its effects on the explanatory variabté interest. More formally, the Cox
proportional hazards model estimates the hazard gample at timet, as the product of

two factors (see E®.1):

1. A non-negative baseline hazard functian(t) that is left unspecified (i.e. no

distributional assumptions involved) and is depanada timet. This is called the
baseline hazard function for a sample when thercates arezera

2. A linear function with a vector oK covariates and corresponding coefficiefits
that are exponentiated and is independent of tith@t acts multiplicatively on

the baseline hazard function.

h(t)=A,*exd B X) 3.1
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The above equation is the basic Cox formulationre/levery event is considered to be
independent and no unobserved heterogeneity iadadl In order to account for event
dependency variance correction models are use@ whibbserved heterogeneity is taken
care by using a random effects model. The variaaceection models will correct the

standard errors after parameter estimation usingstostandard errors, while the random

effects will include a stochastic variation attidd to the unobserved effe§199].

Three modeling formulations developed in the claksariance correction models are
considered in this research. Anderson and Gill (AGdel) assumes that the risk of an
event for a given sample is unaffected by the eradvents following non-homogenous
Poisson arrival events. This is very similar to thesic Cox model. The difference
however, is the correction for standard errorstfer dependence assumption is done
robustly. The Prentice, Williams and Peterson (PMttlel) assumes that the sample is
not at risk for a later event until all the prioreats have already occurred. The PWP
model is also called as conditional model whereryewavent is conditioned on the
previous events. The dependency issue in the PWieInstaken care of by allowing the
baseline hazard to vary over the risk sequdn¢see Eq3.2). Furthermore, the PWP

model can be used for both gap time (GT) and ethpses (ET).

h(t)= Ao * exdBX) 3.2
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Now, if we consider unobserved heterogeneity instpecification, Eq 3.2 becomes

Eq.3.3

h(t):AOk*eXF(ﬁ'X +eij) 3.3

Theg; in Eq.3.2indicates unobserved heterogeneity of samgleared within clustgy,

which takes into account other unobserved factoas dre not included as a part of the
specification. In other words, this assumes thatessamples are intrinsically more or
less prone to failure and are characterized by garmeterogeneity with mean one and

some unknown variance.

The Cox model uses the method of partial likelirtm estimate the model parameters.
First, the partial likelihood function is constradtand iterative methods (e.g., Newton
Raphson) are used to solve for the parameterseSimator for the coefficient variance
is then the inverse of the negative Hessian ofldgdikelihood function. Generally, the
likelihood function is the product of the likelihd® for all the samples while the partial
likelihood is the product of the likelihoods foretisample present in the risk set at time
A risk set is defined as the number of samples segqbdo the risk of failure at any instant
including those that are censored. ThuK ifs the number of failure events observed
amongi samples excluding the censored samples, we caa thapartial likelihood(PL)

as the product of aK likelihoods(L) (see Eq3.4)

PL= ﬂ L, 3.4
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Considern independent pavement marking samples {, 2,....n) used for service life
testing. For each sample, the data consists o€ thegts: time of the failure event or
censoring ), censor statusdicator variablg(d;), and the vector of covariat€X). To
obtain the partial likelihood function for a datasé sizen with k distinct failure events
andn-k right censored data, the data is first orderedh shiatt;<t»....<t,.. Let us suppose
that failure timeg; are not tied. Then, the general expression fop#rgal likelihood for

data with fixed covariates based on the Cox pramaat hazards model is (see Bop):

9

pL= | EXABX) 3.5
= Sy, Explax)

JDR(t )

where,Y; = 1if ;> t andY; = 0 if tj < t;, andj is the time of failure event or censoring
for the samplda. The indicator variablé; is included in the expression to ensure that
failed samples are removed from the risk set. Whed failure times are present,
modifications in the PL are provided either by gskxact, Discrete, Breslow, or Efron
methods. The logic of the Exact method supposédstittth failure times are continuous
and it is merely the result of imprecise failuma¢i measurements. It assumes that there is
a true time ordering among the tied failure timBse discrete method assumes that the
failure times are non-continuous and that the dies true in reality. The Breslow and
Efron methods were developed as numerical apprdionms after recognizing that the
Exact and Discrete methods are cumbersome andvangnificant computing time.

The logic of the Breslow method assumes that the sif the risk set is the same
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regardless of which event among the tied occuiirst The Breslow method was used in

this study.

Summary

The objective of this study is to apply suitabletinogls that are within the Cox regression
framework to explain the empirical question beingj@red. The methods explained
above are in no means exhaustive and only provadbsef summary of the concept.
Readers are referred to other references thatdraetaborate explanation of the methods

used in this studj104-109]

It is believed that pavement marking degradatiofikisly to be correlated within the
geographic region with effects of possible unobseérheterogeneity. The following
chapters present the summary of the data usedsingbearch followed by the analysis

results and conclusions.



Chapter 4

Data Analysis and Results

General

The methodology presented in chapter 3, Phasedllatethe steps involved in the data
development process. Visibility inspection datalestied over time on each pavement
marking transverse line or ‘sample’ on the whedl@atd the skipline area were gathered.
Some of the data were available from the NTPEPndat& website while others were
obtained from hard copy reports. The method on Hatw was acquired from the hard
copy report was explained in Chapter 3 Phase 1thendey feature of this research is to
develop suitable data structures so that the asatpsild be done. This chapter presents
the descriptive statistics of the data gathereBhase 1 and also presents the format of

the data required to run the models. Furthermbeentodeling results are also presented.

Data Summary

Pavement marking retroreflectivity data pertainiogvater based paints from a total of 9
test decks in 6 different states in the United 3tavere gathered. The test decks were
located in Alabama, Minnesota, Mississippi, Penrayia, Texas and Wisconsin. The
time frame of the data gathered ranges from 19200%. Specific time frames for each
site, their testing duration and other site spedifetails are presented in Taliel. All

the sites satisfied the minimum site conditionsunesgl by ASTM D-713. Visibility data
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for a total of 3,874 samples were assembled. Tihedudes, 1,759 samples (45%)
representing the skipline area, and 2,115 sampte%4d) representing the wheelpath area.
The site located in Wisconsin did not collect skiplarea data, and the site located in
Texas collected data in the area in-between theegehs instead of the skipline area.
Table4-3 presents more details on the sample size for esdteh A total of 18
manufacturers represented their products for ggstinhe test decks and were considered
as part of the explanatory variables in the modéting. Table4-2 presents a summary

of the sample sizes grouped by manufacturers atitessne sites.

Table 4-1: NTPEP Site summary

Geo-climatic  Dataset State Testing duration Highway ADT
zones ID facility
June 1997- June 8,000-
AL97_99  Alabama 1999 1-65 9.000
. ... June 1999 - July 15,000-
Hot, humid, MS99 01 Mississippi 2001 U.S. 78 20,000
gulf state ... July 2002 - June 22,000-
MS02_04  Mississippi 2004 U.S. 78 24.000
Oct 1998 - Sep 11,600 -
TX98 00 Texas 2000 U.S. 287 13.100
PA98_02 Pennsylvaniaggl();z1998 APl g0 10,000
Cold, humid, ._Aug 2000 - July
altitude PAOO 01 Pennsylvanla2001 1-80 12,000
PA02_05 Pennsylvaniaggl())%zo02 Uy g0 13,500
. July 1997-July
Cold, dry, MN97_00 Minnesota 2000 1-94 21,000
altitude WI99 01  Wisconsin July 1999 - July US. 53 5,200-

2001 5,800
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Subsequent to gathering the retroreflectivity imsijpa data over time for each sample,
the left and right end points of the failure in@vand the respective censoring status,
were identified for each sample with an assumedbility threshold level of 75
mcd/sq.m/lux. Figurd-1 presents the censoring distribution in the datalMejority of

the samples failed within an interval (68%), whsleme failed exactly on the day of the
inspection (2%). Right censored samples constitabedit 29 %, while a small percent of

the sample was left censored (0.15%).

3000
2648

2500

2000

1500 -~
1132

1000 -

500

88
o 4 . I

6

Right Exact Left Interval

Figure4-1: Censoring distribution (failure threshold 75 nszgin/lux)

? Since there is no minimum visibility standard ety available, a threshold value of 75 mcd/squr/I
was assumed for this research. Certainly othestinld values can be used and this is identifieal fasure
research exercise.



Table 4-2: Summary of sample size

Dataset  Pavement Sample size

D types White Yellow Total Skipline Wheelpath
area area
AL97 99 (:Ajr?:rae'tte :?; 221 7765 151 151 151
s S0 S w
MS02_04 gjﬁ:rael:e 2288 221 5522 104 104 104
N N L
PA98 02 (:Ajr?:rae'tte Lﬁs ‘277 %% 182 182 182
A
MN97_00 ?jr?:rae'tte 3311 2277 5588 116 116 116
wooe B %% e oo
* Only wheelpath area data 1759 2115

3874
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Table 4-3: Sample size summary grouped by manuéstu

Asphalt Asphalt Concrete Concrete Grand
Total Total Total
Manufacturer White  Yellow White  Yellow
AexcelCoorporation 10 10 20 10 10 20 40
Cataphotelnc 2 2 4 2 2 4 8
Centerlinelndustries 55 61 116 55 61 116 232
DouglasChemicalCo 18 18 36 18 18 36 72
DowChemicalCompany 22 22 44 22 22 44 88
EnnisPaintinc 288 314 602 288 310 598 1200
LaFargeRoadMarkingsinc 56 80 136 54 80 134 270
LinearDynamics 24 30 54 24 30 54 108
NCDOCCaorrections 1 1 2 1 1 2 4
ReichholdChemicals 4 4 8 4 4 8 16
Rohm&HaasCompany 163 12 175 165 12 177 352
SafetyCoatings 6 12 18 6 12 18 36
SherwinWilliamsCompany 276 280 556 274 278 552 1108
Swarco 1 1 2 1 1 2 4
TechnicalCoatingsCorp 3 3 6 3 3 6 12
TMTPathwayLLC 32 32 64 32 32 64 128
UtilityDevelopmentCorp 8 NA 8 8 NA 8 16
VogelPaint&Wax 44 44 88 48 44 92 180
Grand Total 1013 926 1939 1015 920 1935 3874

Table4-4 presents a snap shot of the data format. The ¢otimn is the sample
identification while the second identifies the sigh the year. It can be seen that there
are two rows for each of the samples. In all theas the first row is right censored,
and the second row is either right censored oedaiModels 1 and 2 are estimated using
the midpoint data but without the first row for ahmples. Model 3 uses the gap time
represented by ‘gaplLeft75’ and ‘gapRight75’, whilladels 4 and 5 uses the elapsed
time represented by ‘elapsedLeft75’ and ‘elapsedRifg as the end points. The
difference in gap time from elapsed time is that ititerval gets reset for gap times after
the end of the first interval. The ‘cenStatus7%liaates whether or not the sample failed

in the interval with ‘zero’ representing right censd data. The ‘riskSequence’ column
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denotes the stratification variable which is ordeog the right end of the failure interval

within a site.

Table4-4: Snap shot of the data structure used in the hmgde

Primary_key siteYr elapsedLeft75 elapsedRight75 midpt75 gapleft75 gapRight75 censorStatus7s riskSequence7s
3872 Alabamalds7 ") 6 3 o 6 o 1
3872 Alabamal397 ] 37 215 o 31 1 1
3633 Alabamal1957 o 11 5.5 o 1 o 2
3633 Alabamald97 11 42 26.5 o 31 1 2
3696 Alabamal397 0 11 5.5 o 11 o 3
3696 Alabamal1957 11 42 26.5 o 31 1 3

3112 Minnesottal997

o o o 1
3112 Minnesottal397 2 32 17 o 30 1 1
3090 Minnesottals97 ") 2 1 o 2 o 2
3090 Minnesottalss7 2 32 17 o 30 1 2
3111 Minnesottal3s97 0 2 1 o 2 ] 3
3111 Minnesottals97 2 32 17 o 30 1 3
3053 Minnesottal397 0 2 1 o 2 ] 4
2591 Mississippil999 1) 1 0.5 o 1 o 1
2591 Mississippi1993 1 30 15.5 o 29 1 1
2535 M pi1933 0 8 a4 o 8 ] 2
2535 Mis ppils99 8 37 225 o 29 1 2
2613 Mississippi1993 o 61 30.5 o 30 o 3
2613 Mississippil999 30 61 45.5 o 31 1 3
652 Penn2002 o 1 0.5 o 1 o 1
652 Penn2002 1 62 31.5 o 61 1 1
653 Penn2002 0 1 0.5 o 1 o 2
653 Penn2002 1 62 315 o 61 1 2
980 Penn2002 ") 1 0.5 o 1 o 3
980 Penn2002 1 62 315 o 61 1 3
3203 Texas1998 ") 125 62.5 o 125 o 1
3203 Texas1598 125 184 154.5 o 59 1 1
3165 Texas1398 0 245 122.5 o 245 ] 2
3165 Texas1998 245 306 275.5 o 61 1 2
3145 Texas1598 0 245 122.5 o 245 ] 3
3145 Texas1398 245 306 275.5 o 61 1 3
2837 Wisconsin1999 o 11 26 o 1 o 1
2837 Wisconsin1999 11 41 26 o 30 1 1
2857 Wisconsin1999 0 17 32 o 17 o 2
2857 Wisconsin1999 17 47 32 o 30 1 2
2721 Wisconsinl999 ") 17 32 o 17 o 3
2721 Wisconsin1999 17 47 32 o 30 1 3
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Modeling Results

This section discusses the semi-parametric founaldtir the analysis of degradation of
pavement marking visibility over time. One maywaghat a non-parametric approach
may serve as a more appropriate foundation duehd¢ofact that no distributional
assumptions are made about the nature of the hdaaction. The hazard function
represents the instantaneous probability of a pamémmarking degrading below a
threshold given that it has not until that timeheThon-parametric foundation is in fact
part of the foundation of the thesis through exatiory research on the treatment of
interval data on a visibility index110]. While the non-parametric results from the
exploratory research indicated the plausibility inferval mid-point imputations as
reasonable approximations of interval measuresagipgoach cannot explicitly account
for the impact of pavement configuration (and pb&tly manufacturer) characteristics
on the nature of degradation of pavement markistpNity. It is the goal of this chapter
to explore the nature of the above-mentioned cleriatics and the manner in which
they can be incorporated into the hazard functowm@lation. Specifically, this research
attempts to model the pavement marking serviced#fea hazard function taking into
account possible effects of pavement marking cdlu, type of pavement, location of
visibility reading (wheelpath vs skipline area),spible effects due to manufacturer
differences, site effects, unobserved heterogenaity state dependency issue within the
Cox regression framework. The failure time is dedi as the time when the pavement
markings reached a retroreflectivity value of 75dfsg/lux. As left censored samples

were negligible and for the reasons stated eatiey were removed from the sample.
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All the models developed are based on a total 868 ,NTPEP test samples over 9

different test sites in the U.S.

Figure4-2 presents the flow diagram of the modeling work ecaned in this study. The
first objective was to identify an appropriate ingtion method. A sensitivity analysis
was conducted to identify whether midpoint, ¥4 po#atpoint, or a linearly interpolated
point in the failed interval was comparable withe tinterval level estimates in a
parametric duration contekt10]. The results indicated that midpoint imputatiooselly

approximates the interval level estimates. Basedhas sensitivity analysis midpoint

imputation was considered to run models that inm@ie exact failures.

Subsequently, the classic Cox regression framewsskiming the midpoint imputation
for the failure times with gamma heterogeneity w@desveloped. A number of
specifications were tried and a final specificatibat allowed unobserved heterogeneity
parametethetato be insignificant was used in all the modelss discussed earlier, the
heterogeneity effect presumed apriori in the matieicture is reasonable. This mainly
arises from the fact that unobserved effects duat@tions in manufacturer installation
practices, weather effects, pavement location effand associated interactions with the
environment may be at play. A typical assumptionthe nature of heterogeneity is
gamma heterogeneity. The inverse Gaussian foremnislternative approach, but is
suspect to convergence problems and associatedagdity problems. The upshot of a

Cox-based approach is that it is semi-parametciavolves no assumptions about the
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nature of the baseline hazard. Furthermore, the &bproach is reasonably robust to

distributional variations.

To be sure that the heterogeneity effect was ftdigtured in the Cox framework, a fully
interactive model was specified in order to incogbe as explicitly as possible through
observed covariates. Any residual effect would dmeounted for by the gamma
heterogeneity term. If the gamma heterogeneity t&as found to be insignificant, then
one may conclude that the fully interactive modekeasonably robust to unobserved
effects arising in pavement marking degradationteeds. Thus the final specification
included the effects of manufacturers and four-wdgractions between color (white,
yellow), pavement type (asphalt, concrete), measen¢ location (skipline, wheelpath),
and test states (Alabama, Pennsylvania, Missisklpinesota, Texas, and Wisconsin).
All these variables were coded as dummy indicatdlere were a total of eighteen
manufacturers (coded as dummies) and forty four-wsgraction variables. In theory, a
total of forty-eight interactions are possible; lewer, no data was available for seven
interactions due to unavailable visibility measueeats. The four-way interactions were
labeled in a consistent sequence of letters sgawtith the color of marking, followed by
pavement type, followed by measurement locatiorpavement and followed by state.
For example, the label for the interaction varidh8CSPA” represents a white marking
on a concrete pavement in the skipline area in dvenia. The manufacturer variable
“Vogel” and the interaction variabt®CWMS (white marking on concrete pavement in

the wheelpath area in MississippiWere considered as baselines to avoid the dummy
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variable trap problem in estimation. Interactiovith zero observations weM/ASWI,
WCSWI, YASWI, YCSWI, WASTX, WCSTX, YASWXYCSTX Finally, in order to
account for possible dependence among events, @alelsiwere stratified using gap-
time and elapsed-time structures as shown in T&leIn sum, Tabl@-4 represents the
logical sequence of modeling efforts to accommodbaté heterogeneity and dependence
effects. The uniqueness of this sequence is dumivents the usual inseperaability
between heterogeneity and dependence by utiliziglyinteractive specification as a
surrogate for heterogeneity. This may be an attitd the pavement marking dataset;
nevertheless it proves to be advantageous in ollityato treat heterogeneity and
dependence sequentially. By accounting for a fuitgractive structure as a substitute
for distributional heterogeneity, dependence is ehedl exclusively through a Cox

procedure stratified at the site level.

Table4-5 presents the parameter estimates of the Cox-medt#l unobserved
heterogeneity along with parameter standard eramd confidence intervals. The
unobserved heterogeneity parametbeta clustered over the manufacturers was
insignificant (p-value of 0.5) suggesting that tfmur-way interactive specification
captures heterogeneity at the manufacturer level.addition, among the fifty-eight
variables used, thirty-seven variables were foumdeé significant at the ninety-five
percent confidence level. The sign of the estichgiarameter for each independent
variable indicates the direction of the contribotito the overall hazard function. A
positive sign increases the hazard and decreagesuttvival, while a negative sign

decreases the hazard and increases the survivllegpavement marking. Figude3
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presents the baseline survival function along with non-parametric Kaplan Meier
estimate. Depending on the variable of interastyigal curves can be constructed. In
effect the baseline survival (or hazard) will bergased or decreased proportionally
which is the basic assumption of the Cox structu@ne may argue that statistically
insignificant effects if omitted may contribute itccreased heterogeneity; however, it is
premature to assume that the observed variablesvéra insignificant would continue to
be insignificant if more observations were avagablThe model structure as such should
be viewed as a broad-spectrum specification thabwads for all possible four-way
interactions. In this light, it should be mentidnénat the seven four-way interactions
with zero observations may indeed turn out to beemqally significant if observations

became available from extended testing.

Figure4-4 presents survival plots for white markings on asdjgbavements across
various states. It suggests that the degradatiavht&é markings on asphalt is faster in
Pennsylvania than compared to Texas while all thercstates are in-between them.
Figure4-5presents a similar plot across various statesdtbow markings on asphalt
pavement. In this case yellow markings in Alabaesh tleck degraded faster than all the
other considered, with Texas having a slower degdiaid when compared to others.
Figure4-6 presents survival curves for white markings on ak@nd concrete for
wheelpath and skipline areas in the state of Pdwvens. It suggests that degradation in
the wheelpath area is rapid compared to the skinea (an expected result); and white
markings on asphalt pavements degrade faster ceohpamhite markings on concrete

pavements in Pennsylvania. The solid line intadlplots is the median survival where
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the probability of the marking to fail is 50 %. Tald-6 presents the median survival
times in days from the classic Cox model. In gelné@revas observed that yellow
markings degraded faster than white markings; mgsekiaid over asphalt pavement
appear to degrade marginally faster than concaett wheelpath areas degrade faster

than skipline areas.

Probability of Survival

T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 100011001200 1300 1400
Failure time (days)

Figure4-3: Baseline survival curve

COX Baseline Kaplan Meier
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Table4-5. Classic Cox with gamma unobserved heterogeneity

Midpt75 CoxPHf LL=-19636.044 {Manufacturer level gamma unobserved heterogenity)

coef exp{coef) se(coef) z =] LCI ucl
Aexcel -1.443 0.236 0.245 -5.890 000D -1.923 -0.963
Catapho 0.588 1.801 0.423 1.390 0.164 -0.241 1.418
Centerline -1.029 0354 0.116 -B.920 0000 -1.268 -0.811
Douglas -1.410 0244 0.171 -8.260 0000 -1.745 -1.076
Dow -0.492 0.611  0.147 -3.360 0.001 -0.779 -0.205
Ennis -0.947 0D.388 0.085 -11.190 0000 -1.113 -0.781
LaFarge -0.230 0.795 0.111 -2.070 0.038 -0.448 -0.012
Limear -1.268 0282 0.146 -8.670 000D -1.554 -0.981
MNCDOCC -0.557 0.573 0.755 -0.740 0.460 -2.037 0.923
Reichhold -0.282 0.754 0.299 -0.940 0.346 -0.868 0.205
RohmH -0.530 0.589 0. 106 -5 000 0000 -0.738 -0.3222
SafetyC -2.531 0.080  0.398 -6.370 0.000 -3.310 -1.752
ShernwinW -0.965 0.281  0.088 -11.000 0.000 -1.137 -0.793
Swarco -0.335 0.715 0.757 -0.440 0.653 -1.813 1.1438
TMTPathway -0.918 0.399 0.136 -6.750 0000 -1.185 -0.652
TechCoating -1.429 0.239 0.463 -3.090 o002 -2.336 -0.523
utilityDewvp -0.199 0.820 0.2632 -0.7e0 0.450 -0.713 0.216
WA AL 0.172 1.187 0.282 0.610 0.542 -0.380 0.724
WA P A 0.416 1.516 0.183 2270 0.023 0.057 0775
WWAWWI -0.615 0.541  0.217 -2.830 0.005 -1.041 -0.189
WAV N -0.049 0.952 0.277 -0.180 0.360 -0.592 0.494
WWAWWTX -1.441 0237 0.453 -3.180 0.001 -2.329 -0.554
WAWIVIS 0.184 1.202 0.233 0.790 0.430 -0.273 0.540
WASAL -0.778 0. 460 0.350 -2.220 0026 -1.464 -0.091
WASPA -0.702 0. 496 0.187 -3.740 000D -1.070 -0.235
WWASNVIM -1.378 0252 03296 -3.480 0,001 -2.154 -0.602
WWASMS -1.537 0215 0.346 -4.440 0000 -2.215 -0.859
YASAL 0.502 1.653 0.259 1.540 0.053 -0.006 1.010
YASPA 0.066 1.069 0.184 0.360 0.719 -0.295 0.423
WASNIMN -0.749 0.473 0.353 -2.120 0.034 -1.442 -0.057
YASMS -0.621 0.537 0. 266 -2.340 0.019 -1.142 -0.101
WAMSAL 1.268 3.929 0.245 5.590 000D 0.889 1.848
WAWPA 0.940 2.560 0.183 5.140 000D 0.582 1.299
WAMIWI 0950 2. 586 0222 4_280 0000 0.515 1.385
WA PN 0.287 1.332 0.290 0.990 0.322 -0.281 0.855
YAWWTX -0.706 0.494 0.461 -1.530 0.125 -1.608 0.197
¥AWMS 0.209 1.362 0.238 1.300 0.194 -0.157 0.775
WWCSAL -0.835 04349 0.378 -2.210 0027 -1.575 -0.094
WCSPA -0.843 0430 0. 190 -4.450 000D -1.215 -0.472
WWCSMIN -1.271 0280 0.378 -3.360 0.001 -2.012 -0.531
WCSMS -1.569 0208 0.246 -4.540 0000 -2.247 -0.891
WCSAL -0.087F 0.917 0.201 -0.290 0.772 -0.677 0.5032
YCSPA -0.095 0.909 0.186 -0.510 0.607 -0.459 0.269
YCSMN -0.724 0.485 0.344 -2.100 0.035 -1.398 -0.050
YCSMS -1.073 0.342 0.309 -3.470 0.001 -1.678 -0.467
WOW AL 0.786 2.195 0.255 3.090 o002 0287 1.286
WCOWPA 0.497 1.644 0.183 2. 720 000 0.139 0.855
WOWAWI 1.142 2.137 0.224 5. 100 000D 0. 704 1.582
WOW VM 0.786 2.194 0.266 2.950 0003 0.264 1.208
WOWTX -1.005 02324 0.552 -1.980 o047 -2 177 -0.014
YCOWMS 0.617 1.853 0.236 2.610 0.009 0.154 1.079
WOWAL -0.019 0.981 0.307 -0.060 0.951 -0.620 0.582
WOWERA 0.062 1.064 0.184 0.340 0.735 -0.2938 0.422
WCWIWI -0.276 0.759 0.210 -1.310 0. 190 -0.6838 0.137
WCW VN 0.018 1.019 0.281 0.070 0.9458 -0.532 0.569
WCWTX -1.495 0.224 0.452 -2.310 0.001 -2.381 -0.610

theta 0.000 0.000 0.500
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Figure4-6. Estimated survival plots for white markings asphalt and concrete in |
state of Pennsylvania

Table4-6. Estimated median survival times of pavement nmayki(days)

Pavement type Marking Color Reading location Alabama Minnesotta Mississippi Pennsylvania Wisconsin Texas Mean

White Skipline area 838 1072 1117 702 932 717

Asphalt Wheelpath area 304 355 305 234 685 1073 302
vellow Skipline area 261 777 686 330 514 e

Wheelpath area 215 297 297 230 229 732 333
White Skipline area 844 1061 1219 828 988 762

Wheelpath area 350 338 331 549 1117 537

Conerete Skipli 365 732 936 366 600
Yellow fpline area 433

Wheelpath area 233 233 235 265 225 1006 366

The above results suggest the impact of a fullgrattive specification on the shift in the
baseline hazard. It should be noted that figurds 4-5 and 4-6 represent proportional
hazard based survival plots when accounting foerbgeneity alone. The issue of
dependency in events still remains. Dependen&vamts is fundamentally a recurrence

phenomenon where an individual site can experieacearrent failures over time. Since



69

multiple marking samples over various configurasi@ne tested site-by-site over various
states, the problem of dependency may remain éwargh the actual marking samples
are supposedly independent. One can hypothesate¢hil dependency may arise due to
the fact that the markings are at a localized pamnsample with finite physical

dimensions to it, i.e., as a deck. As a resultrdouting factors common to a deck may
generate an underlying dependency among eventreoc&. The importance of event
occurrence lies in the fact that this is a phenameseparable from heterogeneity effects.
Heterogeneity effects within a sample deck basedample-specific stratification may

capture some dependency, but not to the extent hwhwan explicit framework

accounting for time-related dependency effectsaistofred into the baseline hazard
function. This is in essence the function of a-gae, or elapsed-time Cox model, as
proposed by Prentice, Williams and Peterdrl]. The PWP model adjusts the baseline
hazard function within a deck to represent evernpeddence. In a classic Cox
framework, the baseline hazard is not adjusted doownt for event dependence.
Tables4-7 and4-8 present model estimates from PWP gap time andedhippme models

respectively. The gap-time model represents dilided at convergence of -3,901.26,
while an elapsed time structure represents a cgewuee likelihood of 1,484.06. The

significant improvement in elapsed time likelihosdggests that marking degradation
occurs in a form where dependence exists acrdsseguences. In a gap-time structure,
time between events is measured continuously witrisk sequence, while in an elapsed
time model, the measurement is continuous acreg&ssequences. The key questions
arise based on this observation are: a) what isuhaval curve shift due to the impact of

dependence, and b) what is the realistic implicabb dependence in terms of marking
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degradation. Clearly, in a realistic driving envinoent, marking samples are not likely to
be juxtaposed as in the NTPEP testing deck, bus iteasonable to expect some
longitudinal dependence along a paint stripe indhection of travel. Answering this

qguestion will provide light on a strategic samplimgthod. More investigation on actual

longitudinal lines should be pursued.
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Table4-7: Prentice Willimans and Peterson (PWP) gap tioeleh

Aexcel
Catapho
Centerline
Douglas
Draww
Ennis
LaFarge
Linear
MNCDOCC
Reichhold
RohmH
SafetyC
Sherwinw
Swarco
TMTPathway
TechCoating
uUtilityDevp
vogel

WA AL
WAWPA
WA
WAWNMM
WAWTX
WAMMS
WASAL
WASPA
WASMN
WASMS
YASAL
YASPA
YASMM
YASMS
AW AL
YAWPA
YAWWI
AWM
YAWTX
¥AWMS
WCSAL
WCSPA
WCSMIMN
WCsSMS
Y¥CSAL
YWCSPA
YCSMIN
YCSMS
YCOWAL
YCOWPA
YCOWWI
YCOWMN
YOWTX
YCOWMS
WOW AL
WOWPA
WEWNAWI
WWEWRA N
WOWTX
WOWMSs

Coef
-0.701
0.876
-0.3606
-0.640
-0.080
-0.123
0.072
-0.464
0.806
-0.010
-0.002
-1.344
-0.262
0.273
-0.403
-0.177
-0.249

0.2499
0.335
-0.100
0.091
-1.371
0.138
-0.416
0014
-0.898
-0.891
0.277
0.306
-0.454
-0.058
0.526
0.536
0.643
0. 140
-1.006
0.133
-0.614
-0.252
-0.780
-1.002
-0.099
0,098
-0.378
-0.559
0.391
0.303
0.731
0.276
-1.308
0.235
-0.073
0.219
0.099
0.132
-1.281

PWP Gap Time Model LL=-3901.26

exp(coef) se(coef] se-robust z
0.496 0.275 0.069 -10.155
2.401 0.468 0.140 6.276
0.693 0.143 0.134 -2.731
0.527 0.198 0.184 -3.484
0.923 0.172 0.186 -0.430
0.884 0.118 0.100 -1.229
1.075 0.147 0.205 0.354
0.629 0.171 0.169 -2.751
2.239 0.798 0.112 7.210
0.990 0.333 0.139 -0.073
0.993 0.143 0.107 -0.017
0.261 0.427 0.248 -5.420
0.769 0.122 0.142 -1.844
1.314 0.799 0.073 3.759
0.668 0.196 0.124 -3.240
0.838 0.501 0.594 -0.298
0.779 0.405 0.126 -1.985

Baseline
1.283 0.321 0.134 1.859
1.398 0.213 0.127 2.648
0.905 0.249 0.199 -0.503
1.095 0.305 0.038 2.420
0.254 0.466 0.105 -13.016
1.147 0.255 0.074 1.866
0.660 0.384 0.180 -2.315
1.014 0.228 0.119 0.115
0.407 0.422 0.138 -6.508
0.410 0.366 0.189 -4.719
1.320 0.282 0.097 2.873
1.358 0.218 0.088 3.483
0.635 0.379 0.098 -4.661
0.944 0.289 0.289 -0.199
1.693 0.269 0.175 3.006
1.708 0.207 0.130 4.111
1.902 0.252 0.297 2.164
1.150 0.305 0.103 1.361
0.366 0.492 0.084 -12.040
1.142 0.264 0.107 1.237
0.541 0.409 0.146 -4.215
0.777 0.232 0.246 -1.025
0.459 0.406 0.086 -9.113
0.367 0.362 0.171 -5.861
0.906 0.329 0.153 -0.650
1.103 0.221 0.127 0.774
0.685 0.369 0.089 -4.260
0.572 0.328 0.076 -7.372
1.478 0.283 0.115 3.405%
1.354 0.210 0.115 2.627
2.076 0.253 0.350 2.089
1.318 0.287 0.109 2.540
0.270 0.563 0.117 -11.173
1.265 0.261 0.053 4.439
0.930 0.337 0.109 -0.666
1.245 0.215 0.135 1.630
1.104 0.238 0. 100 0.989
1.141 0.308 0.083 1.585
0.278 0.462 0.101 -12.697
Baseline

0.000
0000
0.006
0.000
0.670
0.220
0,720
0.006
0.000
0940
0,990
0.000
0.065
0000
0.001
0. 770
0.047

0,063
0.008
0.610
0.016
0.000
0.062
0.021
0910
0.000
0.000
0.004
0.001
0.000
0.840
0.003
0.000
0.030
0. 170
0.000
0.220
0.000
0.310
0.000
0.000
0.520
0440
0.000
0.000
0.001
0.009
0.037
0.011
0.000
0.000
0.510
0,100
0.320
0.110
0000

-0.014
0.087
-0.490
0.017
-1.577
-0.007
-0.768
-0.219
-1.168
-1.260
0.088
0.134
-0.646
-0.624
0.183
0.280
0.060
-0.062
-1.170
-0.078
-0.899
-0.734
-0.947
-1.336
-0.398
-0.150
-0.552
-0.708
0.1606
0.077
0.045
0.063
-1.538
0.131
-0.287
-0.044
-0.097
-0.031
-1.479

uci
-0.565
1.149
-0.103
-0.280
0.284
0.073
0.473
-0.134
1.025
0.263
0,207
-0.858
0.017
0.415
-0.159
0.987
-0.003
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Table4-8 Prentice Williams and Peterson (PWP) elapsed timdel

PWP Elapsed Time Model LL=-1484.060
exp(coef) se(coef] se-robust

Aexcel
Catapho
Centerline
Douglas
Doww
Ennis
LaFarge
Linear
NCDOCC
Reichhold
RohmH
SafetyC
Sherwinw
Swarco
TMTPathway
TechCoating
utilityDevp
vogel
WWAMAL
WAWPA
WA
WAWMNMN
WAWTX
WAWMS
WASAL
WASPA
WASNIMN
WASMS
YASAL
YASPA
YASMMN
YASMS
YAWAL
YAWPA
YAWWI
YAWNMN
YAWTX
YAWNMS
WCSAL
WCSPA
WCSMMN
WCsSMSs
YCSAL
YCSPA
YCSMMN
YCsMS
YCWAL
YCOWPA
YCOWwI
YOWNMN
YCOWTX
YCWMS
WCOWAL
WOWPA
WCWAWI
WCWMMN
WOWTX
WOWmMSs

Coef
-2.232
0.734
-1.278
-2.061
-0.583
-0.284
0.975
-1.344
-3.647
-0.115
0.157
-2.412
-0.342
-3.251
0.170
-1.476
-0.424

1.654
2.122
0.217
1.443
-2.927
0.560
1.088
1.098
0.642
-1.101
2.547
1.430
0.506
-0.734
2.666
2.308
3.283
1.504
-1.847
0.143
0.748
0.727
0.510
-2.212
1.808
1.126
0.763
-1.131
2.922
1.721
3.368
1.463
-6.190
0.226
2.360
1.600
0.680
1.526
-1.784

0.107
2.084
0.279
0.127
0.558
0.753
2.652
0.261
0.026
0.892
1.170
0.090
0.711
0.039
1.185
0.229
0.655

5.444
8.347
1.243
4.259
0.054
1.750
2.967
2.999
1.900
0.332
12.773
4.178
1.659
0.480
14.380
11.001
26.650
4.500
0.158
1.154
2.113
2.068
1.666
0.109
6.096
3.082
2.144
0.323
18.587
5.588
29.026
4.345
0.002
1.253
10.588
4.954
1.975
4.599
0.168

0.351
0.542
0.187
0.260
0.215
0.156
0.207
0.218
10.603
0.409
0.187
0.498
0.159
8.927
0.272
0.703
0.580

0.415
0.286
0.357
0.379
0.861
0.342
0.509
0.314
0.479
0.486
0.387
0.294
0.448
0.410
0.353
0.279
0.357
0.373
0.796
0.354
0.513
0.328
0.483
0.559
0.417
0.301
0.438
0.474
0.392
0.278
0.357
0.348
4.615
0.339
0.448
0.230
0.326
0.373
0.566

Z

0.390 -5.722
0.287 2.561
0.393 -3.249
0.468 -4.404
0.429 -1.358
0.196 -1.446
0.687 1.419
0.462 -2.011
0.901 -4.050
0.461 -0.249
0.315 0.499
0.402 -6.004
0.445 -0.768
1.061 -3.065
0.358 0.304
0.734 -1.883
0.269 -1.577
Baseline
0.947 1.790
0.953 2.226
0.865 0.251
0.939 1.543
0.638 -4.588
0.347 1.615
0.944 1.152
0.964 1.139
0.946 0.678
0.874 -1.261
0.933 2.729
0.991 1.443
0.960 0.327
0.369 -1.988
1.031 2.585
1.019 2.353
1.004 3.270
1.090 1.380
0.769 -2.401
0.160 0.893
0.898 0.833
1.048 0.693
0.962 0.530
0.242 -6.458
0.963 1.877
0.991 1.135
0.944 0.808
0.238 -4.747
0.999 2.927
1.063 1.618
0.928 3.631
1.135 1.294
1.090 -5.677
0.513 0.440
1.011 2.234
0.959 1.668
0.875 0.778
1.014 1.505
0.549 -3.251
Baseline

0.000
0.010
0.001
0.000
0.170
0.150
0.160
0.004
0.000
0.800
0.620
0.000
0.440
0.002
0.760
0.060
0.110

0.073
0.026
0.800
0.120
0.000
0.110
0.250
0.250
0.500
0.210
0.006
0.150
0.600
0.047
0.010
0.019
0.001
0.170
0.016
0.370
0.400
0.490
0.600
0.000
0.061
0.260
0.420
0.000
0.003
0.110
0.000
0.200
0.000
0.660
0.020
0.095
0.440
0.130
0.001

LCl
-2.996
0.171
-2.048
-2.978
-1.424
-0.668
-0.372
-2.250
-5.413
-1.019
-0.460
-3.200
-1.214
-5.331
-0.924
-3.013
-0.951

-0.162
0.254
-1.478
-0.391
-4.177
-0.120
-0.762
-0.791
-1.212
-2.814
0.718
-0.512
-1.376
-1.457
0.645
0.401
1.315
-0.632
-3.354
-0.171
-1.012
-1.327
-1.376
-2.884
-0.073
-0.816
-1.087
-1.597
0.964
-0.362
1.549
-0.756
-8.326
-0.779
0.378
-0.280
-1.035
-0.461
-2.860

uci
-1.468
1.297
-0.508
-1.144
0.258
0.100
2.322
-0.438
-1.881
0.789
0.774
-1.624
0.530
-1.171
1.264
0.061
0.103

3.550
3.990
1.912
3.289
-1.677
1.240
2.938
2.987
2.496
0.612
4.376
3.372
2.388
-0.011
4.687
4.395
5.251
3.640
-0.340
0.457
2.508
2.781
2.396
-1.540
3.695
3.068
2.613
-0.665
4.880
3.804
5.187
3.694
-4.054
1.231
4.342
3.480
2.395
3.513
-0.708
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Life Cycle Cost Analysis

Many studies have assessed the performance of pawvenarkings using cost], 12,

14, 22, 23 However, all of the studies considered a fixatlie for the service life of the
pavement markings and did not take into accounttioertainty involved in the expected
service life of the respective marking materialse Kansas DOT adopts the Brightness
Benefit Factor (BBF) for assessing the benefit/casb for pavement markings used on
Kansas highways. The BBF represents the combirfedigfof a material’s useful
retroreflectivity over a period of expected senliée and installed costip1].
Nevertheless, a fixed value is assumed for thacehe of the pavement marking.
Salem et al., adopted a methodology to considegrtaiaties involved in the service life
of pavements using Monte Carlo simulation applaraifor pavement rehabilitation and
construction alternatives evaluatidiilf]. A similar method is proposed in this study for
assessing the net present value under uncertilatyever, it is to be noted that the
major assumption in this analysis is that the déafran observed in NTPEP test deck is
similar to the degradation of actual longitudinaék. Since NTPEP testing procedures
are performed in actual field conditions, for thegose of this analysis, this research
recognizes that the NTPEP test deck degradatiamepresentative of actual longitudinal

line degradation.

The primary objective of this life cycle cost arat/(LCCA) is to develop a
methodology that takes into account the uncertamiglved in determining the service

life of pavement markings. The uncertainty is addegl by using the median survival
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time obtained from the Cox regression (see Tdlhe This way the service life of the
markings is based on the empirical evidence rdttar being heuristic. The present
worth (PW) method which is used widely for the emminc analysis of highway project
alternatives was adopted for the purpose of thiEACThe PW method involves
discounting all future costs to the present by mgkise of a specific discount rate. A
discount rate of 4 percent and 10 years horizasssimed for this LCCA. In addition to
its simplicity, the PW method can be used to asaksmative pavement markings with
different service life, and has the practical appéaresenting future costs in present-day

terms. Eq4.1 presents the LCCA model used for the purposeigsfetonomic analysis.

N
NPV = C:initial + Z Creplacemen* (PWF)
n=1

1
i =discountrate4%
t = mediansurvivaltime(years) 4.1
C =Incurredcost= 0.06 US$/linea foot
Ciiar =C
PWF = Present Wdh Factor

PWF =

replacemen

N =totalnumberof replacemets= [W}

t

Table4-9 presents the summary of the life cycle cost amaty@nducted based on the
estimated median survival time for the state ofrfRglvania. The results suggest that the
cost per mile of pavement markings range approxmdtetween $ 1475 and $ 4000,
and between $ 3360 and $ 4955 for white and yett@askings respectively. This is

assuming that the replacement plan is based ogstimmated median survival time. The
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lower and upper limit corresponds to the respectiv@mum and maximum net present

values observed for white and yellow markings (Ealele4-9).

On the other hand, for a fixed cycle replacemeter afvery year an estimated amount of
$ 3365 is required for maintaining a mile of whiteyellow pavement marking for a
period of 10 years (see Figuter). It is to be noted that the cost values will irase if

the actual cross section of the roadway is accduktewever, before that the NTPEP
degradation pattern should be associated withahumblongitudinal lines. For the
purposes of this analysis heuristic assumptionsnade to relate the NTPEP degradation
pattern to the actual longitudinal lines. Skiplinesd to be run over by vehicles often and
are considered to approximate the wheelpath amgadation, while the edgelines are
considered to approximate the skipline area detjaadd able4-10 presents the
association and the corresponding net presentvakeiemile of the longitudinal

markings.

As an illustration, consider a typical pavementkimay configuration on an asphalt road
segment as presented in Figdr8 taken from the MUTCD8]. Let us assume that the
road segment presented in Figdr8is 5 miles long. According to MUTCI3] the 10

feet skiplines are spaced every 30 feet gaps,theusoverage of skiplines over 5 miles is
1.26 miles. According to Tabke-10and the LCCA analysis previously presented, tlie ne
present value over the 5 mile section for a 10 heaizon period is close to $ 45,940.

The net present value over the same 5 miles secticase of annual replacement over

the 10 year horizon period is close to $ 58,926 Sgure4-8).
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$6,000.00

$5,000.00

$4,000.00

$3,000.00

$2,000.00

Net Present Value per mile (Horizon 10 years)

$1,000.00

5

Pennsylvania (Water Based Paints)

+
Asphalt Yellow Wheelpath area
$4,952.87 *
Asphalt White Wheelpath area Concrete Yellow Wheelpath
$4,000 area 54,627 80

Concrete White Wheelpath

¢ Asphatt Yetiow skiptine srea area $3,679.92

$3,680.28

& * Concrete Yellow Skipline area
Blanket replacement every year $ 3363.04 5336271

*
Asphalt White Skipline area
$1,785.86 *
Concrete White Skipline area

$1,476.20

Figure4-7: Net present value per mile (10 years horizon)

Line configuration
Yellow Centerline
White Edgeline
yellow Skipline
White Skipline
Yellow Edgeline

Figure4-8. Net present value for a 5 miles section of adgpB-lane, 2vay with

Total marking coverage over 5 mile section Total lines Net PV (median survival time) Net PV {annual replacement)
5 1 5 18,401.40 3 16,815.20
5 2 g 17,858.60 $ 33,630.40
1.26 1 5 4,637.15 35 4,237.43
1.26 1 ] 5,040.58 3 4,237.43
5 0 $ - |8 =
13 45,037.73 § 58,020.46

passing in one direction
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Table4-9: Summary of Life cycle cost analysis (Pennsylvania)

Pennsylvania Service life of Water based Paints Horizon (10 years)
Pavement type Marking Color Readinglocation Days  Years Installation cost per LF Total replacements total costincurred  PWFE NPV per LF NPV per mile
White Skipline area 702 192§ 0.06 5.00 50.30 0.9274 & 0.34 5 1,785.86
Asphalt Wheelpath area 254 0.80 S 0.06 12.00 50.72 0.9690 S 0.76 S 4,000.46
vellow Skipline area 330 090 S 0.06 11.00 50.66 0.9652 5 0.70 5 3,680.28
Wheelpath area 230 0.63 S 0.06 15.00 50.90 0.9756 & 0.94 5 4,952.87
White Skipline area 828 227§ 0.06 4.00 50.24 0.9149 5 0.28 S 1,476.20
Concrete Wheelpath area 331 091 5 0.06 11.00 50.66 0.9651 5 0.70 5 3,679.92
Yellow Skipline area 366 100 S 0.06 10.00 50.60 0.9615 & 0.64 5 3,362.71
Wheelpatharea 265 0.72 5 0.06 14.00 50.84 0.9720 5 0.88 S 4,627.80

Table4-10 Net present values per mile for actual longitatlimes on Asphalt pavemebased on median survival times for
state of Pennsylvania

Line configuration NTPEP Degradation pattern assumption  Met present value per mile

Yellow Centerline  Yellow skipline area 5 3,680.28
White Edgeline White skipline area 3 1,785.86
Yellow Skipline Yellow skipline area 5 3,680.28
White Skipline White wheelpath area 3 4,000.46
Yellow Edgeline Yellow skipline area 5 3,680.28




Chapter 5

Conclusions and Future Research

A congressional mandate requires that minimum statsdfor highway pavement
marking visibility be established by the Unitedt8taFederal Highway Administration.
Various research efforts that address this issuweultiple levels are currently in progress.
The core motivation behind this research is to moward an empirical based quality
approachn highway pavement marking management decisionmggkocess. To assist
in the process of effective decision making, imperative to be able to reasonably
predict the service life of the pavement markindany research efforts have been
previously undertaken to answer this research iggtiowever, the current status on
effective pavement marking management is far frppiyang and updating empirical
evidences in decision making as the industry isvevg. Often the management
decisions are heuristic and inconsistent, and mgrgicross states in the U.S. This status-
quo is primarily because of extensive the alteweat{manufacturers, marking materials
etc...) that are available for providing pavementkimays with varying costs and

performance levels.

There is a need to better understand the empeigdénces associated with pavement
marking visibility degradation over time. This raseh analyzed pavement marking
retroreflectivity inspection data as a time tode#l duration data. The National

Transportation Product Evaluation Program datgsstsining to water based paints
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from a total of nine testing locations in the staitélabama, Pennsylvania, Mississippi,

Minnesota, Texas and Wisconsin were used for gsearch.

The dissertation began with an explicit objectiwe pgrovide a consistent analytical
framework for the assessment of lifecycle effeetatng to the degradation of pavement
markings in the United States. To this end, sob@sgwere formulated, i.e., relating to
the nature of the degradation process, the typmedsurement that would serve as a
reasonable proxy for interval data on marking fady and implications for the
assessment of cost effectiveness of marking replece timelines. The dissertation
presents semi-parametric foundations for the aicalyframework including Cox-type
models accounting for heterogeneity and event dbpere. While interval data are
typical representations of marking failures, these in the development and assessment
of marking survival curves is fraught with limitatis. Methods to incorporate interval
data for the estimation of survival curves are secamn the sense that they are fully
representative of the effects associated with betterogeneity and event recurrence.
Furthermore, the properties of estimators are nelt wnderstood to the level where
robust estimates of parameter variances can beblisked to assess covariate

significance and related impacts on shifts in thgdtine hazards or survival.

Given the above-mentioned methodological limitagiothis dissertation attempted to
address two major issues relating to the degradationarking survival curves, namely
heterogeneity and event dependence by exploring whald be termed as reasonable

approximations. The first approximation relatedirtgoutation of failure interval data.
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Imputation was conducted in order to take advantddbe vast body of methodological
work in the area of exact failure data in the adseterogeneity and event dependence.
The second approximation relates to the sepangbiliheterogeneity and dependence, a

well-known phenomenon in event history data.

To the above-mentioned ends, a framework was adopltereby early benchmarking
was conducted in terms of relating imputation-basedvival curves to those from
interval measurements. The empirical evidence fexperimental Pennsylvania decks
suggested that mid-point imputation was most closelated to interval estimates of
survival curves of marking failures. Based on tlmspirical support, semi-parametric
frameworks were developed whereby the impact ofagates representing pavement,
marking and location characteristics can be exglevithout placing undue assumptions
on the baseline hazard function. The classic Codehwas used as the basic structure in
this exploration. Extending the Cox framework tetdrogeneity and dependence
required an approach that leveraged unique embidiaracteristics of a pavement
marking dataset. It turned out that accountingni@nufacturer effects, and interactions
between pavement marking color, location on thekdpavement type and geographic
location was sufficient in terms of explicitly mmizing unobserved heterogeneity. The
usual assumption about gamma heterogeneity was imatleis explorative process.
Using the fully-interactive model as a surrogate domodel of heterogeneity, the Cox
framework was then extended to account for evepénigence effects using established
procedures such as the Prentice-Williams-Petersotels based on gap- and elapsed-

time assumptions, The elapsed time model seemexpit the empirical pattern of
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event dependence among multiple marking samplemnogxperimental deck better than
the gap-time model. This appears to suggest thpbsexe to failure is more likely
simultaneous than sequential. That is, the fadrene marking type is not succeeded or
preceded strictly by the failure of another; ratttl@s could be simultaneous since the
markings are closely located in a finite physiqeae. While this may not be a realistic
representation of what occurs in day-to-day drivemgironments, the suggestive insight
is that simultaneity in exposure causes an undeyltype of dependence that may affect
both skipline stripes as well as shoulder-lingpstsi Hence, it may be sensible to account
for simultaneous failure of markings along the &lad way rather than treat skipline
failures independently from shoulder-line failuréBhe implication of this finding is that
timelines for re-striping may involve skipline amsthoulder-line areas simultaneously.
This implication may especially be applicable whae@or-specific survival curve

patterns do not vary significantly as a functiorpaf’fement type and geographic location.

The global findings discussed above relate to ttuense the semi-parametric models
hold modeling the duration of degradation in paveimmarking visibility. Some

methodological issues remain for exploration. tFithe impact of distributional

assumptions on the parameter estimates. Initiploeatory work on Pennsylvania
datasets suggested that the Weibull distributiomdel. The distributional assumption
problem is one that is influenced by a variety aftbrs. While the Weibull may be a
good starting point, solid theoretical support does exist in favor of the Weibull over
other distributions. Significant work in this areaeds to occur prior to determining

which distribution is more plausible for pavemendrking datasets. While empirical
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work can guide this type of research, the naturéhefphysical construct of pavement
markings and their interaction with pavement typgesexpected to influence their
performance significantly. In this sense, physicabdels of pavement marking
reflectivity would serve as useful long-term sugpdor a prior theory on distributional
properties. This dissertation has shown with solaety the impact of heterogeneity and
dependence in a context where distributional astongare expected to not have much

impact on a robust framework such as the Cox tyjpetsire.

It is evident from the Cox models that degradatsodifferent in terms of color and how
color interacts with pavement type; degradationdiferent geographically, and as
expected degradation is faster on wheelpath afeas $kipline areas. To construct
economic models of cost effectiveness of markingaeement, one must take these
results and run a variety of sensitivity analysethe least to explore the changes in cost
profiles associated with the various assumptionsrafiectivity thresholds. This
dissertation is based on one threshold, which isn€8/sg.m/lux. A sensitivity analysis
that explores the shift in survival curves based0® mcd/sg.m/lux or 90 mcd/sqg.m/lux
would provide a sense of the portion of the suivtvave above the median survival line.
It must be noted then that different survival cerwell arise as a result of the color-
pavement-type-state combination. For examplend were to evaluate the economic
cost of Pennsylvania markings, a series of surwuales would need to be generated to
assess median survival times. Follow-up on thienas¢s of survival curves however is
tricky. Quantifying the benefit of pavement markireplacement is an area replete with

great uncertainties. For example, it is not wellablished that there is a physical or
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statistical relationship between pavement markimgsholds and vehicular travel safety.
Quantification of benefits also includes the assesg of environmental effects
associated with replacements. Hence, thorough wenkains in the area of proper
identification of direct benefits of pavement maiki replacements as opposed to
secondary and indirect benefits. The benefit-titetature is replete with analyses that
have purported to assume indirect and secondargfiberas main benefits, thereby
inflating the estimated cost-effectiveness of appsed infrastructure improvement. In
the context of pavement marking replacements, ifsge needs to be preceded by a
thorough evaluation of cost profiles associatechwarious replacement timelines first.
The issues raised above are significant and suistasues that are outside the scope of
this dissertation. It is the recommendation of thuthor that methodological issues
related to censoring effects and measurement sffalso be considered prior to
development of more experimental decks for pavenmrenking reflectivity assessment.
Furthermore, the impact of pavement marking instialh is not well understood. While
there are procedures suggestive of installatiorwqmores, much remains to be seen in
terms of whether alternative methods of installatmight provide consistent yields in

terms of glass bead uniformity and marking durapili

A common criticism of using the NTPEP data is tihaloes not necessarily represent
longitudinal pavement markings applied to a roadwaig to be noted however, that the
inspection data by the NTPEP are collected in ard fashion making the data
consistent for analysis purposes and thereforevadlp valuable insights on pavement

marking degradation. Moreover, the data collectgethb NTPEP are not analyzed by the
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program and no conclusions as to the effectiveaefise markings are made. It is left to
the participating transportation agencies to makeirt own interpretations and
conclusions. Furthermore, evaluating longitudinevgment markings over vast areas in
time and space will incur huge cost and is a momiah¢ask. Therefore, it is the intent
of the author that while efforts can be pursuedet@luate longitudinal pavement
markings over a larger area across time and spaldeEP data should be put to use for
obtaining valuable information on the performanégavement markings as a starting
point. This way the state agencies can base thaiagement decisions from an empirical
stand point to start with, rather than making h&tigidecisions. As an illustration to
extent the practical use of the models derived ftboenaNTPEP data, the life cycle cost
analysis (LCCA) was performed comparing the fixgdle annual re-striping and re-
striping based on the median survival times. Th€ AGuggested that making decisions
based on the likely end of the service life of paeat markings is highly likely to be a

cost effective approach than having an annual agglcement scheduling.

Overall, this study presented an alternative metiboahalyze typical pavement marking

retroreflectivity inspection data using durationdats. The method also emphasized that
interesting pavement marking maintenance relatestopns such as replacement times,
re-striping strategies, comparison of pavement mgrknaterials, inspection scheduling,

and cost effectiveness can be answered. Answengggtquestions to the fullest extent
however, requires data that encompasses both ae spal time domains. Nevertheless,
the idea is, there exits method to analyze dath ¢ha help state agencies maintain

minimum retroreflectivity levels of pavement marggbased on objective evidence once
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when the Congress mandate on minimum levels ofrpaxe marking retroreflectivity is

established. It is realized that there exists hargeunt of variability in modeling service
life of pavement markings based on retroreflegtimteasurements. Therefore, it should
be kept in mind that consistent data be collece@fally over time and space to make

use of the analytical methods available to extrestful information that can promote

cost efficient decision making.
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Appendix

Pavement Marking Selection Matrices

Table5-1: Pavement Marking Selection Guidelines (ColoradITp

Pavement
Type

Asphalt

Concrete

Pavement
Condition

New

Good/Fair
Poor

New

Good/Fair
Poor

ADT = 25000
Center/Skip/
Channelizer Edge/Gore
Tape, Thermo,
Epoxy Thermo. Epoxy
Thermo, MMA., MMA. Epoxy.
Epoxy. Paint Paint
Paint Pamt
Tape, Epoxy Epoxy
MMA, Epoxy. MMA. Epoxy.
Paint Paint
Paint Paint

ADT 6000 - 25000

Center/Skip/
Channelizer

Tape, Thermo,

Epoxy

Thermo MMA,

Epoxy.Pant
Paint

Tape. Epoxy

MMA. Epoxy.

Paint
Paint

Edge/Gore

Thermo. Epoxy
MMA Epoxy.
Paint
Pamnt

Epoxy
MMA. Epoxy,
Paint
Paint

ADT < 6000
Center/Skip/
Channelizer  Edge/Gore

Epoxy, Epoxy.
Paint Paint
Epoxy.

Epoxy. Paint Paint
Paint Pamt
Epoxy,

Epoxy. Paint Pamt
Epoxy.

Epoxy. Paint Paint
Paint Paint
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Table5-22 Pavement Marking Selection Guidelines (Texas POT

Pavement Marking Materials for SURFACE TREATMENTS!
{The highest-reconunended material is emphasized.)

Pavement Remaining Service Life
Traffic Characteristic 0-2 years 12— years = 4 vears
. Therme™*, Epoxy ™.
34 Therma™*, Epoxy™ " . PR
AADT? < 1.000 %’H_&vma . Water-Bazed Modified Urethane®, I»Ic-djﬂedsl,fi?rhane .
aint s m . Polyurea®, Water-Based
Water-Based Paint Pai
aint
34 e Thermo™, Epoxy™®, Therme™, Epoxy™*,
1,000 < AADT < 10,000 %}’?’E"E : “:::‘.“E“'B“"‘Ed Modified Urethane®, | Polyurea®, Modified
AU, PO Polyurea® Urethane®
Therme™*, Epoxy™® Thermo™’, Epoxy™ ", Thermo™*, Epoxy™*,
AADT = 10,000 Modified i:rrgrﬁﬁ 3 Polyurea®, Modified Polyurea®, Modified
Urethane® Urethane®
14 3.6 : E X
Heavy Weaving or Therme™*, Epoxy™®, Thermo g Epoxy ™, Thermo g Epoxy™”.
Tuming Modified Urethane® P_u:ul}wweas. Modified P-::-l:mreaf. Moeodified
= Usethane Urethane
Footnotes:
1. Materials may be used for shorthines or longlines — with the exception of two-component materials,

[

which should only be used for longlines. Other materials may be used on an experimental basis with
approval of TRF or CST-MAT. Contrast markings may be used to improve visibility and safety as
needed.

AADT = Average Annual Daily Traffic.

If bleeding or aggregate loss on a new swface treatment is common, consider the use of a temporary
pavement marking (for examgple, paint or thin therme) prios to standard thermoplastic application until the
pavement surface has stabilized.

Fer surface treatments with Grade 3 aggregates or larger, thermoplastic thicknesses greater than 100 ol
may be necessary to achieve proper durability.

Epoxies specially formmlated for nee as high-quality, lugh-durability pavement markings.

. Experimental material.
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Table5-3: Pavement Marking Selection Guidelines (Texas POT

Pavement Marking Materials forr HOT-MIX ASPHALT CONCRETE PAVEMENTS!
(The highest-recommended matenal is emphaszized.)

Pavement Bemaining Service Life

Traffic Characteristic 0-2 years 24 vears = 4 vears

Thermo, Water-Bazed
Thermo, Water-Bazed | Theymo, Water-Based Paint, Epaxy™ ¥, Modified
Paint Paint Urethane®, Pnl}-m"ea":
MMAY

AADT? < 1,000

3.4 Thermo, Preformed Tape,
Theymo, Epoxy™ ", Ep':”qr’l * P-::-lj.-‘m’eaq,

Thermeo, Water-Bazed Modified U g

1.000 = AADT < 10,000 . E 4
i ; Paint r nd Modified Urethane”,
Polyurea®. MMA MMA*
Theymo, Preformed Tape, | Preformed Tape, Thermo,
- Thermo, Epoxy”™*, Epoxy”*, Polyurea®, Epoxy™ *, Polyurea®,
AADT > 10,000 Modified Urethane® | Modified Urethane®, Modified Urethane”,
MMA® MMAt
eFrH i 3.4 Thermo, Epoxf':. Thermo, Epc-x}'s' !
,Prlf“"?' L Iﬁm&‘;ﬁ%m >, | Polyurea®, Modified Polyurea®, Modifisd
N ° rehiate” | rethane’, MMA® Urethane’, MMA®
Footnotes:

1. Materials may be used for shortlines or longlines — wath the exception of two-component materials,
which sheuld only be used for longhnes. Other materials may be used on an experimental basis with
approval of TEF or CST-MAT. Contrast markings may be used to improve visibility and safety as
needed.

2. AADT = Average Annual Daily Traffic.

. Epoxies specially fornmulated as lugh-guality, high-durability permanent markings.

4. Experimental material.

[F¥)
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Table5-4: Pavement Marking Guidelines (Ohio DOT)

Femaining

p Annual Daily Traffic
avernent
SE@’;Z;;)&E ADT < 5000 ADT > 5000 ADT < 5000 ADT > 5000
Folyester Paolyester
Polyester Spray Polyester Spray
0-2 Water hased Thermoplastics Water hased Thermoplastics
paints Water hased paints Water hased
paints paitits
Folyester Folyester Fuolyester
Spray Spray Spray Eposxy
34 Thermoplastics Thermoplastics Thermoplastice Spray
Water hased Water hased Water hased thermoplastics
paints paints paints
Thermoplastics
Folyester Epoxy e
=4 Spray Thermoplastics Spray Epoxy
LT T S Polyester Thermoplastics
Water horne ¥ P
painits
Mew Surface
< 40 F* Alleyd Paint Alleyd Paint Alleyd Paint Alleyd Paint
Water based Water based Water based Water based
40 to 50 F@ : . . .
pamts pamnts pamts pamts
=50 F° Thermoplastics Thermoplastics Epozy Epoxy
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Table5-5. Pavement Marking Guidelines (Ohio DOT)

Remaining Multi-lanes or Priority System
Pavement
Service life Asphalt Concrete
{(years)
ADT = 5000 ADT = 5000 ADT = 5000 ADT = 5000
Puolyester Polyester
Palyester Spray Puolyester Spray
0-2 Water hased Thermoplastics Water hased Thermoplastics
paints Water hased paints Water hased
paitits paints
Polyester Polyester Folyester
Spray Spray Spray Epozy
34 Thermoplastics Thermoplastics Thermoplastics Spray
Water hased Water hased Water hased thermoplastics
paints paints paints
Thermoplastics
Poslg:as;er Epory e
=4 h lasti Thermoplastics Spray Epoxy
CHICP aSHES Puolyester Thermoplastics
Water borne
paints
Wew Surface
< 40 F? Alloyd Pant Alleyd Pant Alloyd Pamt Alloyd Pant
A0l to 50 F® Water hased Water hased Water hased Water hased
paitits paitits patnts paitits
= 50 F® Thermoplastics Thermoplastics Epoxy Epoxy
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Table5-6: Pavement Marking Guidelines (Ohio DOT)

Remaining 2-lane highways
Pavement
Service life Asphalt Concrete
(years)
ADT = 5000 ADT = 5000 ADT = 5000 ADT = 5000
Polyester
0-2 Water based Paint Thermoplastics Water based P ’
. Water based
WWater based Paints :
. paints
paints
Polyester Polyester Spray Epoxy
Spray Spray . Spray
. . thermoplastics .
3-4 thermoplastics thermoplastics Water based thermoplastics
Water based Water based 2 earinti.se Water based
paints paints P paints
Epoxy Epouy
. Th lazti Ry
Thermoplastics SR -
=4 Polvester Polyester thermoplastics Epozy
4 Spray Water based
thermoplastics paints
MNew Surface
< 40 F° Alkyd Paint Alleyd Paint Alleyd Paint Alleyd Paint
40 to 50 F° ‘Water based WWater based ‘Water based Water based
paints paints paints paints
> 50 F* Thermoplastics Thermoplastics Thermoplastics Thermoplastics
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Table5-7: Pavement marking guideline (North Dakota DOT)

Average Daily Traftic

Materials

< 1500 1500 — 4000 = 4000
Paint +-1 yr 1 wvr < lvr
Epoxy =5 yr 4-5vr 3-4 yr
Tapes =5 yr =5 \'1 =5 \'1
Grooved Tape =8 yr =8 \'1 > 8?}-'1‘

Multi-lane divided and undivided

Remainine Average Daily Traffic

Pavement

Swtace
life (years)

= 1500 1500 — 4000 = 4000

Edgeline  Centerline = Edgeline = Centerline  Edgeline  Centerline

0-2 Paint Paint Paint Pant Paint Paint
2-4 Paint Paint Paint Epoxy Epoxy Epoxy
4-6 Epoxy Tape Epoxy Tape Epoxy Tape
: Grooved Grooved = Grooved Grooved
6+ Epoxy T Epoxy
i ape - tape tape tape

2-lane two way

Average Daily Traffic

Remaining
Pavement
Surface life
(years) < 1500 1500 —4000 = 4000
Bdgeline Centerlinge | Edgeline Centerfine FEdgeline Centerline

-2 FPaint Faint FPaint Paint FPaint Paint
2-4 Paint Paint Paint Epoxy Epoxy Epoxy
4-6 Paint Paint Epoxy Epoxy Epoxy Tape
o Paint Paint Eposy Grooved Grooved | Grooved

tape tape tape
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