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ABSTRACT 

The core objective of this research is to provide a methodology for obtaining guidance 

based on empirical evidences on pavement marking replacement times. This dissertation 

investigates the degradation process of pavement marking visibility over time in the 

United States using semi-parametric family of duration models. Specifically, a 

methodological framework to analyze typical pavement making visibility inspection data 

was formulated. The National Transportation Product Evaluation Program datasets 

pertaining to water based paints from a total of nine testing locations in the states of 

Alabama, Pennsylvania, Mississippi, Minnesota, Texas, and Wisconsin were used for the 

purpose of this investigation. From a methodological standpoint this research suggests 

that mid-point imputation is reasonable to approximate interval level failure data. 

Furthermore, the elapsed time model seemed to exploit the empirical pattern of event 

dependence among multiple marking samples on an experimental deck better than the 

gap-time model. This suggests that event dependence exists and degradation of the 

pavement marking visibility is more simultaneous than sequential.  
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Chapter 1 
 

Introduction 

Motivation for this research 

Quality management pioneers, such as Deming, Juran, Crosby, Feigenbaum and Ishika 

have emphasized various quality management principles [1]. After undergoing many 

conceptualizations of quality principles, the Balridge criteria for excellent quality 

performance provided by the National Institute of Standards and Technology (NIST) 

resulted in seven categories in which the core values and quality concepts are embodied 

[1, 2]. They are: leadership, strategic planning, customer and market focus, measurement 

analysis-knowledge management, workforce focus, process management, and business 

results. Though quality-based approaches and methodologies are well embraced by the 

private sector, quality management continues to progress in the public sector, particularly 

in transportation agencies [1, 3-7]. The transportation sector has implemented a 

continuous improvement strategy, where the philosophy is that there is always room for 

organizational improvement [1]. In addition, key strategic priorities are set for different 

dimensions of quality, such as learning and growth, business processes, customer service 

and financial progression. As the transportation sector is moving towards a quality 

approach in various facets of administration, design, construction, and maintenance, this 

research attempts to contribute to that movement through a data-driven focus on quality 

approaches in infrastructure maintenance and asset management of highway facilities. 
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This research falls under the measurement-analysis-knowledge management category and 

fact-based decisions, which address one of the seven Balridge-NIST criteria. Specifically, 

the research contributes to the development of a data-driven information system for cost-

effective and efficient decision-making processes in roadway pavement marking 

management. 

Roadway Pavement Markings in the United States—A Status Quo 

The Manual on Uniform Traffic Control Devices (MUTCD) for Streets and Highways 

[8], developed under the auspices of the Federal Highway Administration (FHWA), 

provides guidance on the use of pavement markings in the United States. It states that 

roadway delineation through pavement markings is one of the important ways to provide 

positive driver guidance, particularly for nighttime driving. This assumes the provision of 

a consistent and reliable standard for pavement marking visibility. Visibility is measured 

by retroreflectivity which is the material property that redirects light back in the direction 

of its source. More precisely, according to current pavement marking visibility standards, 

retroreflectivity is defined as the amount of light traveling in the direction of the source 

when viewed from 30 meters at an entrance angle of 88.76° and an observation angle of 

1.05° [9] (Figure 1-1). In an effort to provide consistent visibility, the U.S. Congress has 

mandated that the FHWA establish minimum levels for pavement marking 

retroreflectivity [10]. While research efforts are being pursed to address this issue, state 

transportation agencies are incurring millions of dollars of expenses installing and 

maintaining road markings. In 1993, the annual expenditure for maintaining pavement 
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marking programs for nearly 795,000 miles of U.S. roadways was estimated to be 

approximately $ 353 million [16]. In 2000, the annual expenditure in 50 states in the 

United States and 13 Canadian provinces and territories was estimated to be about $1.5 

billion for maintaining a total of 3.8 million centerline miles of roadway [11]. 

 

Currently, there are many types of pavement marking materials used for roadway 

delineation by various highway agencies across the United States, ranging from $0.05 to 

$ 4 per linear foot [11, 12, 14, 16]. A literature review and survey of various state 

practices across the United States suggests that pavement marking practices is 

inconsistent [100]. It is, however, evident that some state agencies have made an effort to 

develop a structured pavement marking management process (Figure 1-2) [100]. 

 

 

Figure 1-1: Current standard parameters for measuring pavement marking visibility [9] 
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Typically, commercially available products are tested using standard material laboratory 

tests, and a qualified product list is developed (step 1 in Figure 1-2). Next, markings are 

selected from the products available in the qualified product list for installation purposes 

(step 2 in Figure 1-2). Then, the selected product is installed on the roadway by private 

contractors or state agency maintenance forces according to the specifications provided 

by the agency (step 3 in Figure 1-2). Subsequently, the installation is examined for 

quality purposes and specification correctness by state agencies during the installation 

and quality assurance period (step 4 in Figure 1-2). Steps 1-4 are repeated at every 

occasion when the pavement marking is re-striped. However, the justification when the 

 

 

Figure 1-2: General Pavement Marking Practice in the United States. 
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re-striping should be done is not clear in the current practice (step 5 in Figure 1-2). The 

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

based on empirical evidences could be provided.   

 

The replacement schedule for pavement markings is often a function of traffic, climatic 

conditions, remaining useful life of the pavement, available funds, blanket replacement, 

subjective visual inspection, subjective durability ratings, or manufacturers’ durability 

recommendations. Some states do use quantitative measures such as benefit-cost ratios, 

traffic accidents, and/or visibility in their decision making process for pavement marking 

maintenance [27 , 101]. Appendix presents a sample of pavement marking selection 

matrices that are currently used by various state agencies. Although some maintenance 

strategies are identified, the maintenance practice adopted by state agencies is not 

integrated and consistent and often consists of heuristics [13, 27]. An integrated and 

consistent decision making process could provide cost-effective improvement in 

pavement marking management. To strike a balance between available resources, system 

performance, cost, and the promotion of consistent practice, a management system that 

can integrate all of the aforementioned information is required. While efforts are 

currently underway to create such a management system [13], this research is essential to 

build a management system.  

 

Since the main component of an effective pavement marking management system is 

service life prediction, it is imperative that accurate models of pavement marking 

degradation be developed. Further, such models should be portable across states from the 
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standpoint of simplicity in data collection, model updating, and implementation. 

Combined, the two characteristics of this research approach enhance the development of 

a “belief” system among state agencies that quantitative methods such as the one 

proposed herein, may be beneficial both in the short and long term. 

 

The core idea of this research is to focus on making decisions to replace pavement 

markings based on the likely end of their useful lives. This motivation steers to address 

the following two main factors: 

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

2. not replacing the markings when there is remaining useful life. 

Since pavement markings are associated with lane guidance for drivers, the first scenario 

could create traffic safety concerns because of exposing drivers to roadway environments 

where pavement markings are no longer visible. The second scenario might result in 

inefficient use of transportation agency resources, unnecessary exposure of the work crew 

in the traffic environment, and undue increases in traffic delay due to constraints imposed 

on normal traffic flow for installation purposes. Either way, the replacement decision of 

the pavement marking not based on likely end of its useful life would incur unnecessary 

expenses and might result in inefficient management for the agencies. 

 

Several researchers have attempted to understand and model the degradation of pavement 

marking visibility over time [15-31] (see Table 1-1). Many have studied the degradation 

of actual longitudinal lines; however, relatively few have used the National 

Transportation Product Evaluation Program (NTPEP) data. No explicit criticism of the 



7 

 

data is available. On the contrary, the data provide for geographically diverse site 

locations, pavement types, material types, and varying geo-climatic zones. Furthermore, 

due to the recent changes in the visibility measurement standards [9], the results of some 

previous studies are no longer reliable because past retroreflectivity measurements were 

not recorded to the standard specifications of the current retroreflectometers.  

 

From a methodological standpoint, nearly all previous pavement marking degradation 

evaluations have used the ordinary least squares (OLS) regression model (Table 1-1) to 

estimate the time when the marking would reach a given threshold retroreflectivity or 

visibility value [15-25, 27, 28]. Some have used trend analysis [29, 30]. Various studies 

have considered the effects of traffic, marking material type, initial retroreflectivity value, 

and line configuration (centerline, edgeline, skipline) as a part of the model. Zhang and 

Wu [26] explained the need for adopting more rigorous modeling techniques and 

illustrated the use of time series models to understand the service life of pavement 

markings. Chapter 2 presents details on these studies.  

 

Overall, many studies have addressed the objective of modeling pavement marking 

visibility degradation. However, their results vary widely. This could be attributed to a 

multitude of reasons including updates in visibility measuring instrument standards, 

evolution of marking material chemistry, inconsistent state practices, limited 

consideration of explanatory variables in the modeling, modeling methodology used, and 

time and space effects. 
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Research Inquiry 

Based on the aforementioned gaps identified in the current pavement marking 

management research, there is a need to better understand the degradation process of 

pavement markings. This research proposes to understand the degradation of pavement 

markings using duration models and to motivate pavement marking maintenance 

decisions on the basis of quantitative reasoning. As such, this research aims to contribute 

to the existing state of the knowledge in pavement marking management by providing: 

1. an empirical basis for making pavement marking maintenance decisions such as 

inspection and replacement timing, as opposed to subjective judgments and fixed 

cycle replacement and other heuristic approaches, 

Table 1-1: Previous studies in pavement marking service life modeling 
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2. a methodology for comparing durability performance of different pavement 

marking materials, 

3. a method to utilize typical pavement marking visibility data collected by state 

transportation agencies, 

4. an exposition of duration models using pavement marking visibility inspection 

data, and 

5. a motivation to use duration models, which have been under utilized in the field 

of transportation engineering, where infrastructure degradation, failure, and 

rehabilitation are emerging as significant issues in the overall infrastructure asset 

management area. 

 



 

 

Chapter 2 
 

Literature Review 

Introduction 

The Manual on Uniform Control Devices (MUTCD) for Streets and Highways presents 

guidance on the use of pavement markings on U.S. highways [8]. However, there is 

currently no guidance on the minimum visibility threshold to be maintained for 

longitudinal pavement markings. Nevertheless, it is recognized that roadway delineation 

through pavement markings is one of the important ways for providing positive driver 

guidance [8]. Presently, there are many types of pavement markings that are used for 

roadway delineation by various highway agencies across the U.S. The material chemistry 

of pavement marking materials has undergone a remarkable development since its 

conception, and is improving as we proceed in advancing the efficiency and the safety of 

our transportation systems. Because of this evolution, it is not unusual to see diversity in 

practice and usage of different pavement marking materials across states. The main 

objective of this literature review is to synthesize previous studies that focused on 

determining the service life and cost effectiveness of pavement markings in the U.S. 

Cost of Pavement Markings 

As noted previously, pavement marking installation and maintenance efforts produces 

more than a billion dollars in monetary expenses annually [11]. There are many marking 
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materials available for the same purpose of providing longitudinal delineation on 

roadways. Among various available pavement marking materials, water borne paints, 

thermoplastics, epoxies and tapes are used most commonly [11]. In general, pavement 

markings are classified in-terms of durable and non-durable materials. Though the 

classification of marking materials is not formalized, paints are classified as non-durable 

markings while others that last more than a year or two are called durable materials (e.g. 

methyl meta acrylate, tapes, thermoplastics). Markings can also be categorized into four 

different styles based on their application techniques. They are: flat, inlaid, profiled, and 

patterned markings installed by melt, excursion or spray procedures (see Table 2-1). Not 

all styles and application techniques are used with all materials. Nevertheless, a variety of 

marking materials and application options are currently available for providing pavement 

markings for different costs. Therefore, the overall cost associated with different 

pavement marking materials are very likely to fluctuate depending on the preferred 

materials and the chosen application techniques by transportation agencies. Moreover, the 

evolution of material chemistry of the markings and their resultant product performance 

further compounds cost inconsistency. This is because the recommended product 

installation procedures, usage, and performance might be different based on the nature of 

the material used. Consequently, the cost per linear foot of marking installation, and 

material cost could vary accordingly. Furthermore, the uncertainty involved in 

determining the service life of the markings produces difficulties in assessing life-cycle 

costs. Therefore, finding a cost effective pavement marking material can be challenging. 
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According to Cuelho et al [103], pavement marking costs are determined by the cost of 

materials, equipment, time required for installation, the volume of markings, and whether 

or not the markings are installed by a private firm or public agency. In general, the 

overall cost effectiveness of a pavement marking material is associated with the material 

Table 2-1: Typical Type of Pavement Markings 
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cost, installation and mobilization cost, maintenance cost, road user cost, and life cycle 

cost. 

  

Material, installation and mobilization costs are usually merged and expressed in dollars 

per linear foot ($/Lft). Road user cost is a measure of delay incurred (in vehicle-hours) as 

a result of pavement marking installation. Converting vehicle-hours into appropriate cost 

figures will provide an estimate of road user cost. Nevertheless, obtaining accurate 

estimates of road user cost is difficult. Maintenance cost includes discrete costs 

associated with pavement marking maintenance similar to patch work in the case of 

pavement maintenance. Usually, a small contract job where the cost is spread over 

limited miles involves more expenses than marking longer sections of roadway. This is 

because small contracts are likely to have substantial amounts of equipment and crew idle 

time [12]. 

 

Table 2-2 presents the descriptive statistics on the cost information of some common 

pavement markings that are currently used for longitudinal delineation purposes in the 

U.S. [100]. From the cost details gathered, it appears that the average cost for installing 

one foot of solvent borne paint is the cheapest (US$ 0.05) followed by water borne paints 

(US$ 0.06) (see Table 2-2). However, solvent borne paints are seldom considered 

because of Environmental Protection Agency (EPA) stipulations on toxic materials of the 

solvent used [16]. Inlayed methyl-meta acrylate (MMA) is the costliest material among 

the others with an average cost of US$ 4.00 per linear foot of installation. 
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This high cost could be attributed to the installation process. For inlayed installations, the 

pavement is required to be recessed before the application of the marking materials. In 

general, the installation procedures for inlayed and profiled markings are quite involved 

and consequently a higher installation cost is incurred compared to other installation 

methods. White cementasious material (WCM), profiled tapes, and cold plastic markings 

are other expensive materials with an average cost of US$ 3.51, 2.23, and 2.21 per foot of 

installation, respectively. 
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Table 2-2: Summary of Pavement Marking Material Cost U.S.$ per Linear Foot1 
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Determinants of Pavement Marking Service Life  

According to the FHWA Roadway Delineation Handbook, the service life of pavement 

markings is defined as “the time required for a pavement marking to become ineffective 

due to its having lost its luster, lost its retroreflectivity, or having been worn completely 

from the pavement” [14]. Based on this definition, the components that are involved in 

identifying the useful lifetime are marking material presence, color, and visibility. 

Theoretically, anything that affects these three components (color, visibility and material 

presence) could directly influence the useful lifetime of the pavement marking material. 

Visibility (or retroreflectivity) is considered as a primary component in assessing the 

useful life of pavement markings in this research. Thus, the useful lifetime1 of pavement 

markings in this research is defined as the time until the visibility level of the marking 

falls below a threshold value. 

 

Various studies [34-43] have suggested a threshold level for pavement marking visibility 

based on driver judgment, preference, and cost and longevity of the markings. The 

suggested values fall between 70-180 mcd/m2/lux. Some state agencies adopt thresholds 

values of 100, 120, 125, and 150 [44, 100, 101] to justify replacement of pavement 

markings. However, most of the studies used retroreflectometers that are not up to the 

current standard for pavement marking visibility measurements in determining the 

threshold value. A more recent study conducted by Debaillon et al recommended 

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

                                                 

1 Service life and useful lifetime has the same definition and are used interchangeably in this document. 
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Target Visibility Predictor (TARVIP) [112]. The TARVIP provides estimates of 

minimum visibility values based on Computer Aided Pavement Making visibility 

Evaluator (CARVE) originally developed by Schnell and Zwahlen [113]. Table 2-3  

presents the recommended visibility levels for pavement marking with and without raised 

retroreflective pavement markers.  

 

Weather and climatic conditions dictate the mobility of the traffic stream, and also affect 

the useful life of pavement markings [22, 44, 45]. Cottrell [45] assessed the impact of 

snow-removal activities on the durability of paint, thermoplastics, and waffle tapes. The 

study recommended the use of inlaid markings ascertaining the importance of the 

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

more abrasion by snowplow blades. 

 

Traffic volume and composition are considered important variables to assess the useful 

life of pavement markings [14, 19]. This is because higher traffic volumes can increase 

the rate of pavement marking degradation by increased vehicle-tire abrasion if vehicles 

pass over the markings. The type of pavement (concrete versus asphalt) is an influencing 

factor when determining pavement marking service life. Associated with the type of 

Table 2-3: Recommended minimum pavement marking visibility levels [112] 

Without raised retroreflective pavement 
markers (RRPM)  Pavement Marking 

specification ≤ 50 mph 55-65 mph ≥ 70 mph 
with 

RRPM 
With Edgeline  
(Both White and Yellow) 

40 60 90 40 

Yellow centerline only  90 250 570 50  
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pavement, variations in surface roughness, heat sensitivity and surface porosity are 

known to affect the service life of pavement markings [44].  

 

No-track time is defined as the time required for the pavement marking material to dry so 

that a passenger car driven at a speed of 15 ±2 mph would not produce a track. This time 

varies with the material chemistry of the markings and the installation characteristics 

associated with it. Thus, no-track time may be considered as a surrogate measure that 

represents material chemistry of the pavement marking.  

 

Empirical studies have indicated that pavement marking retroreflectivity readings 

increase after the initial installation due to the late exposure of the embedded glass beads 

as the top surface wears due to snowplow and traffic activities [22, 23, 46]. This suggests 

that variation in glass bead characteristics may influence the overall service life of 

pavement markings -- the reason being that the presence of glass beads essentially 

contributes to the retroreflectivity level of a pavement marking. Thus, quantifying glass 

bead retention capability of marking types over time could provide a better understanding 

of the service life of pavement markings [47]. Glass beads used for the purpose of 

pavement marking retroreflectivity can be classified based on bead application and 

manufacturing properties [44]. Application properties include quantity of beads and 

dispersion of exposed beads, and embedment depth. These are dependent on the 

applicator truck speed, bead drop rate, and viscosity of the binder material. Bead types 

are classified based on particle size gradation, refractive index, clarity and roundness. 

Typically, smaller grade beads are mixed with the pavement marking material prior to 
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installation, while larger grade beads are dropped on the markings during the application 

process. Bead coatings can influence embedment depth and hence the measured 

retroreflectivity [44]. Moisture proof and adhesive coatings are the two bead coatings that 

currently used. However, the extent to which these beads would affect the visibility is not 

known.  

 

As detailed above, many factors can influence the useful lifetime or the service life of 

pavement markings after installation on the roadway. In addition to the challenge of 

developing empirical prediction of service life of pavement markings, inclusion of all the 

aforementioned variables in the model requires an enormous data collection effort over 

time and space. 

Previous Research on Pavement Marking Service Life Modeling 

Most research efforts to model pavement marking service life have been to establish 

pavement marking service life as a function of its retroreflectivity. Table 2-4 at the end of 

this chapter presents the highlights of various studies that attempted to model pavement 

marking service life.   Lu [15] conducted a study to evaluate pavement making materials 

that are typically used in states with heavy snowfall and snow plowing activities, 

including Alaska, Oregon, Washington and Idaho. Durable pavement marking materials 

are commonly used to provide roadway delineation in snow-belt regions. The types of 

pavement marking materials included in the study were thermoplastics, preformed tapes, 

traffic paints (unknown whether it is water or solvent based paints), and MMA. The study 
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included a four-year assessment to judge the performance of the pavement marking 

material based on retroreflectivity measures using a 12 meter geometry 

retroreflectometer. The retroreflectivity performance evaluation of traffic markings used 

an exponential decay functional form to model the degradation of retroreflectivity (see 

Figure 2-1). The objective evaluation concluded the following: 

• Service life of all marking analyzed ranged between 4 and 12 months with traffic 

paints on the lower end of the estimated service life range. 

• MMA is more suitable for Alaskan climatic conditions as it can be installed in the 

field at a temperature as low as –1 °C (30 °F) while others require more moderate 

temperatures. Therefore, MMA when compared to others studied was concluded 

as a suitable pavement marking material in cold regions. 

 

The Alaska Department of Transportation and Public Facilities placed two test decks on a 

four lane divided asphalt paved highway using the guidelines prescribed in ASTM D-713 

to evaluate the longevity of several durable pavement marking materials [33]. Preformed 

thermoplastics, preformed tapes, MMA, and traffic paint (unknown solvent) as a control 

were included in the testing. The test stripes were 4-inch transverse lines running across 

the traveled way. Retroreflectivity measurements were observed by using a LTL 2000 

retroreflectometer (30 meter geometry) positioned parallel to the stripe including wheel 

path and non-wheel path locations. Though no modeling was done, the study established 

empirical recommendations and concluded that the MMA, thermoplastics and preformed 

pavement-markings are superior to paints in terms of durability. Paints were 
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recommended on concrete pavements in rural and urban areas when the annual average 

daily traffic (AADT) is less than 2000, and mostly MMA markings were recommended 

beyond AADT levels 2000. For asphalt and other pavements that require frequent 

patching work, paints were recommended for all traffic levels. 

 

Andrady [16] analyzed retroreflectivity data measured using a 12 meter geometry 

retroreflectometer from the Southeastern and Northeastern Association of State Highway 

and Transportation Officials Regional Testing Program. An empirical equation between 

retroreflectivity and log of months fit the data well (R2
 > 0.82) (see Table 2-4 for model 

 

 

Figure 2-1:  Pavement marking visibility degradation curves (redrawn using model 
equations developed by Lu [15] 
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equation). However, the study showed that the deterioration of transverse stripes at test 

deck locations in Alabama and Pennsylvania was accelerated and may not necessarily 

represent the actual deterioration of the longitudinal markings. 

 

Perrin et al., [18] evaluated the performance of solvent-based paint, epoxy, and 

preformed tape on Portland cement concrete (PCC) and asphalt concrete (AC) freeways 

and arterials in Salt Lake, UT. Except for preformed tape on PCC the results compared 

favorably to those obtained by Dale [32]. Data regarding marking types, location and date 

of application, initial and observed retroreflectivity, pavement type, highway lane 

geometry, and AADT levels were collected and corroborated to form an equation to 

determine the useful lifetime of the pavement marking material (see Table 2-3 for model 

equation). The study generally concluded that: 

• epoxy paints had an improved useful life of between 18 percent and 45 percent 

over paint on PCC pavement types. 

• paints and epoxy produced similar useful life ranges on AC pavements, 

• preformed tape on AC pavement had a maximum useful life ranging from six to 

ten years, which is about 150 to 350 percent longer useful life on AC pavement 

than both paint and epoxy for a given AADT, 

• in terms of material type longevity on pavement types, epoxy lasts 100 to 120 

percent longer on PCC than on AC pavements; paints last about 40 to 80 percent 

longer on PCC than on AC, and, 
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• Though the goodness-of-fit measure was low, the study supports that a hyperbolic 

relationship between AADT and the useful life is a better representation than a 

linear fit. 

 

 

Scheuer et al., [17] developed retroreflectivity degradation curves over time by 

evaluating the performance of longitudinal lines in Michigan (see Table 2-4 for model 

equation). However, their study indicated no statistically significant relationship between 

retroreflectivity levels, and the independent variables (material and pavement types) 

considered. Snow plowing and sanding were suspected to have adverse effects on the 

decay of retroreflectivity. 

 

Lee et al., [19] conducted a four-year evaluation of longitudinal pavement markings at 50 

sites in Michigan that were comprised of Interstates and state truck routes. The objective 

of the study was intended to develop guidelines for the most cost-effective pavement 

marking material, and to investigate the relationship between retroreflectivity and 

nighttime crashes. The AADT ranged from 1400 to 45000 vehicle per day, percentage 

commercial vehicles ranged from 1 to 14 percent of the daily traffic; speed limits were 

between 35 and 70 mph; and, the annual average snowfall ranged from 50 to more than 

100 inches. The evaluation included the following four types of pavement marking 

materials: water borne paints, polyester paints, thermoplastic materials, and performed 

tapes. Retroreflectivity measures obtained from a Mirolux 15 meter geometry 

retroreflectometer and a subjective durability rating were used as the performance 
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measures to judge the effectiveness among the various material types included in the 

study. The analysis indicated that the retroreflectivity and traffic variables (AADT, speed 

limit, and commercial traffic percentage) were not correlated. Though the comparisons 

were not statistically significant, the study concluded that water-based paints are most 

cost-effective because they retain good retroreflectivity, have reasonable durability 

(80%), have a longer average time to failure and are less costly (0.05 US$/foot). The 

study also concluded that the percentage loss in retroreflectivity per day was 0.14% for 

all materials studied. Linear regression models were developed to depict the 

retroreflectivity degradation over time (see Table 2-3 for model equation). The study, 

however, highlighted that snowplowing and deicing activity appears to be a major 

contributing factor for retroreflectivity decay similar to Scheuer et al.,[17]. Figure 2-2 

represents the retroreflectivity degradation models for water borne paints developed by 

Lee et al., [19], Perrin et al., [18], and Scheuer et al.,[17]. The x-axis represents the age 

(in months) and the left hand side y-axis represents retroreflectivity values for Lee, et al 

and Scheuer, et al study, and the right-hand side y-axis is for the Perrin, et al. study. If 

100 mcd/sq.m/lux were assumed as a minimum threshold for re-stripe then the service 

life of water borne paints from the models (Lee, et al and Scheuer, et al) would range 

from 12-15 months. For Perrin, et al., the exponential decay model becomes asymptotic 

at approximately 112 mcd/sq.m/lux. Figure 2-3 presents the exponential degradation 

curves for tapes using the model equations developed by Perrin, et al. and Lu. 
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The FHWA conducted a research study to quantify the service life of all weather 

pavement markings in terms of cumulative traffic passages [20, 21]. The evaluation 

included 85 study sites in 19 states that had longitudinal pavement marking lines 

including edgelines, centerlines and skiplines. The pavement marking materials used in 

the study were epoxy, MMA, flat and profiled polyester, flat and profiled thermoplastics, 

profiled performed tape, conventional paints, water-based paints and pavement markers 

including standard and snow-plowable raised retroreflective pavement markers (RPMs). 

The factors that were considered in the evaluation were type of pavement marking 

material, traffic volume, color, roadway type, and exposure to ambient weather 

 

 

Figure 2-2:  Retroreflectivity degradation models for water based paints (drawn using 
model equations developed by the authors) 
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conditions and snowplow operations. Measurement of retroreflectivity was observed at 

six-month intervals over a period of four years with a Laserlux 30m mobile 

retroreflectometer. The evaluation developed more than 100 regression models for 

determining the expected service life of pavement markings as a function of cumulative 

traffic passages (CTP) for each site. From the individual models expected service life in 

CTP was calculated and averaged for all sites with similar characteristics. From the 

expected service life in CTP (as an average of all the sites SLCTP) an expected service life 

expressed in elapsed months since the marking installation to the minimum threshold 

retroreflectivity value was calculated (see Table 2-4 for model equation). The study 

exhibited large variations across sites from different states, emphasizing the variability in 

pavement marking performance across space. 

 

Abboud and Bowman [22] established cost- and longevity-based criteria for scheduling 

re-stripe time in the state of Alabama. The criteria contained primarily the application 

cost, service life and the user cost relative to crashes during the striping lifetime. The 

pavement marking materials considered in the study were thermoplastics and water based 

paints. Part of the study focused on corroborated retroreflectivity values (measured using 

15 meter geometry retroreflectometer) to traffic exposure, and developed logarithmic 

models for retroreflectivity degradation as a function of vehicle exposure (see Table 2-3 

for model equation). Figure 2-4 presents the relationship between estimated useful 

lifetime of pavement markings to reach 150 mcd/sq.m/lux with increased traffic 

exposure. 
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Lindly and Wijesundera [23] evaluated thermoplastics and profiled thermoplastics on 

Alabama highways [20, 21]. As a part of the evaluation, service life modeling based on 

retroreflectivity was considered. Retroreflectivity data (using 30 meter geometry 

retroreflectometer) were gathered from different sites within the state of Alabama with 

similar pavement markings at approximately six-month intervals over a period of one 

year. Subsequently, a decay model representing an aggregate degradation for that 

pavement marking type was developed (see Table 2-4). 

 

Figure 2-3:  Retroreflectivity degradation models for tapes (drawn using model equations 
developed by the respective authors) 
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The independent variable (cumulative traffic passage) considered was similar to the 

FHWA study [20, 21]; however, the modeling approach and the scope were different. 

FHWA developed site specific models and arrived at an aggregate estimate of the service 

life, while the Alabama study [23] developed an aggregate model based on data across all 

sites in the state. This implicitly assumes homogenous degradation across space. The 

scope of the FHWA study was across 19 different states with a variety of pavement 

marking materials and types of roadways and delineation treatments, while the Alabama 

study focused on edge lines where the ADT did not exceed 20,000 vehicles per day. 

Nevertheless, both the models estimated similar service life estimates for profiled 

thermoplastics markings. 

 

 

 

Figure 2-4:  Service life estimates of pavement markings for 150 mcd/sq.m/lux [22] 
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Sarasua et al., [24] developed a methodology to estimate the lifecycle of pavement 

markings located on Interstate highways in South Carolina. The research included epoxy, 

thermoplastics and tapes on asphalt and Portland cement concrete pavements for the 

evaluation and modeling. A total of 149 sites were studied for retroreflectivity 

degradation modeling. The study considered the use of difference and percentage 

difference from the initial value as the dependent variable in modeling. However, the 

study implicitly assumed that degradation was essentially homogenous across sites. 

Sarasua et al., [24] included both linear and non-linear modeling techniques based on 

typical patterns observed in the data set. The non-linear model was used to model the 

number of days required for the marking to reach a stage of steady (i.e. linear) 

degradation. This is because the pavement markings exhibited an initial increase in the 

retroreflectivity measure before waning. This phenomenon was explained by the delayed 

bead exposure after installation, causing the retroreflectivity to increase initially. The 

linear model was used for those sites that surpassed the initial waxing and waning trend. 

Time was selected as the final independent variable for the model after considering traffic 

volume, temperature, and humidity as independent variables (see Table 2-4 for model 

equations). In order to determine the service life of the markings, first, the non-linear 

model was used to find the number of days for the initial increase in retroreflectivity and 

subsequently, the linear model was used to find the number of days required to reach a 

retroreflectivity threshold. The overall service life was calculated by summing the days 

predicted by the non-linear and linear models. The goodness of fit measures (R2
 values) 

for the models developed was between 20 and 80 percent. Sarasua et al., [24] concluded 

the following: 
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• Pavement surface type, marking material, and maintenance activities are the most 

significant factors influencing the performance of the markings,  

• Both thermoplastics and epoxy markings showed a substantial initial increase in 

retroreflectivity readings when newly applied, 

• Retroreflectivity degradation exhibits an initial rise and then a steady decreasing 

trend, and 

• AADT was not a statistically influential factor in retroreflectivity degradation. 

 

Kopf [25] conducted an evaluation in the state of Washington to model service life and 

determine degradation curves for water borne and solvent paint markings. The study used 

linear regression to model the marking visibility degradation. However, it was indicated 

that high variability in the retroreflectivity measures at similar traffic and environmental 

sites rendered the study to be statistically inconclusive. 

 

Bahar et al., [27] conducted a study to find an association between pavement marking 

visibility and traffic accidents. In the process, retroreflectivity degradation modeling was 

attempted to associate a retroreflectivity value to the time when the accident occurred. 

The study utilized the National Transportation Product Evaluation Program’s (NTPEP) 

pavement marking degradation data from various states that measured visibility values 

using 30 meter geometry retroreflectometers. An inverse polynomial relationship was 

determined to be a reasonable fit for the marking visibility degradation data (see Table 2-

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

analysis.  
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Liu [28] studied the effects of traffic volume on longitudinal water based pavement 

marking visibility over time in Utah. The study used ordinary least squares regression to 

estimate the model. It was determined that paints would survive 8-17 months prior to 

completely wearing out. Lagergren et al [29] and Long et al.,[30] used trend or graphical 

analysis to assess pavement marking visibility degradations in Washington and Michigan 

respectively. Vasudevan and Kaseko [31] conducted a local experimentation similar to 

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

Lessons Learned 

In summary, there are three important components related to the service life of pavement 

markings. They are: color, material presence, and visibility. Visibility is considered the 

most important measure to evaluate the performance of pavement markings. 

Retroreflectivity is the visibility measure measured using a 30 meter geometry 

retroreflectometer. It is understood that many factors can influence the degradation of 

visibility of pavement markings. While there is a general understanding about the key 

factors such as installation practice, traffic, weather, pavement and color influencing the 

service life of pavement markings, the combined effects and the degree of influence of 

each is still not clear. Several studies have attempted to establish a relationship between 

retroreflectivity and service life through ordinary least squares regression methods. 

However, the results of those studies appear to vary widely. It appears that the 

retroreflectivity of pavement marking materials degrade after an initial rise. A non-linear 

functional form could be used to model the initial rise, and a linear degradation model 
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used thereafter to approximate the degradation of pavement marking visibility. The use of 

a non-linear functional form for the initial rise and a subsequent linear degradation needs 

further investigation. Recently, the retroreflectivity degradation of pavement marking 

was illustrated using auto regressive integrated moving average time series methods.  

 

Currently, many state agencies adopt a minimum visibility threshold value ranging from 

100-150 mcd/sq.m/lux. A recent study suggests that a value between 40 and 90 

mcd/sq.m/lux for white markings and a value between 40 and 570 mcd/sq.m/lux for 

yellow markings as the recommended minimum values. While research studies are being 

conducted for establishing minimum levels of pavement marking visibility, many 

agencies have developed selection matrices to justify re-stripe times as presented in 

Appendix. Due to the lack of a proper degradation model for pavement markings, the 

selection matrices currently adopted by different states agencies are general, inconsistent, 

and are heuristic in nature. Given the state of knowledge, it is understandable why 

pavement marking management practices across states is inconsistent. However, it is 

believed that a uniform management process will be developed in the future as more 

progressive research that promotes quantitative judgments is conducted. Overall, there 

exists a need to understand the degradation of pavement marking visibility and to develop 

accurate service life estimates of pavement markings, which is the major focus of this 

research.  This study used duration modeling techniques to understand the service life of 

pavement markings. The following chapter presents details on the methodology adopted 

for conducting this research.  
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Table 2-4:  Previous Service life modeling efforts 
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Table 2-5:  Previous Service life modeling efforts (continued…) 
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Table 2-6: Previous Service life modeling efforts (continued…) 
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Table 2-7: Previous Service life modeling efforts (continued…) 

 
 

 

 
 
 



 

 

Chapter 3 
 

Research Plan 

Introduction 

The primary objective of this research is to better understand the degradation process of 

pavement marking visibility over time using duration models, and present a methodology 

to provide data driven maintenance decisions. In addressing 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 involved in the first two phases of this 

research. Phase 3 involved an economic analysis using the net present value method that 

is explained along with the analysis results in Chapter 4.   

Phase 1: Database Development 

As described in Chapter 2, many factors can affect the duration of the useful life of 

pavement markings which in this study is defined in terms of retroreflectivity. The 

present study will be constrained within the scope of available data from the National 

Transportation Product Evaluation Program (NTPEP), administered by the American 

Association of State Highways and Officials (AASHTO). The NTPEP program is 
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designed to conduct performance evaluations of transportation products. Pavement 

markings are one of the products tested across various geo-climatic regions as designated 

by the program. The marking materials include waterbased paints, thermoplastics, 

epoxies, preformed tapes, Polyurea, methyl-meta acrylate (MMA), cold plastics, poly 

cement, and polyester. The evaluations are conducted by using accelerated wear test 

guidelines provided by the ASTM D713 “Standard Practice for Conducting Road Service 

Tests on Fluid Traffic Marking Materials” [50]. As such, different marking materials 

from participating manufacturers are laid in a transverse pattern in a roadway travel lane 

(see Figure 3-1) for testing [48, 49]. Specific site requirements for the purpose of NTPEP 

testing include the following:  

• Flat grade, 

• No curves or access points or intersections, 

• 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 for at least one year. 

 
 

 

Figure 3-1: NTPEP Testing setup 
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As a part of the field evaluation plan, visibility data measures are recorded periodically in 

a consistent fashion [48]. The visibility data are measured near the skipline area and in 

one of the wheel paths (see Figure 3-1) by trained personnel using a 30-meter geometry 

retroreflectometer, which is the current standard for measuring pavement marking 

visibility. The current 30-m geometry retroreflectometer measures the visibility of the 

pavement marking according to the configuration details presented in Figure 1.1. 

 

The inspection is planned to begin seven days after installation and at approximately 30 

day intervals thereafter during the first year and at approximately 120 day intervals for 

subsequent years. Typically, the data are not collected if the visibility reading is below 

100 mcd/m2/lux or worn out. In addition, a portion of the sample used in the field test is 

used to perform laboratory examinations and testing. A common criticism of using the 

NTPEP data is that it does not necessarily represent longitudinal pavement markings 

applied to a roadway. It is to be noted however, that the inspection data are collected in a 

planned fashion making the data consistent for analysis and therefore allowing valuable 

insights on pavement marking degradation. Moreover, the data collected by the NTPEP 

are not analyzed by the program and no conclusions as to the effectiveness of the 

markings are made. It is left to the participating transportation agencies to make their 

own interpretations and conclusions.  

 

Some of the data are available via the AASHTO-NTPEP DataMine website [51] in 

electronic form, while other NTPEP data must be obtained from hard copy reports. 

Figure 3-2 represents the plan of action for building the database. Electronic data will be 
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usable directly while hardcopy reports were digitized into a spreadsheet form using 

ScanSoft OmniPage® optical character reader software. The digitized image was checked 

manually by visual inspection for any abnormal data entry. After quality assurance 

checking, the data were stored in Microsoft Excel.  

 

Subsequently, the failure times (defined in Phase II) will be computed and all necessary 

coding will be done for modeling purposes. For the purpose of this research, available 

historical NTPEP data from various states that satisfies the current ASTM standards on 

visibility measurement will be gathered and used for modeling. Visibility data obtained 

near the skipline area and the wheel path area (see Figure 3-1) over time will be used as 

the quantitative measure to define useful life time of pavement markings. The wheel path 

area is expected to produce rapid degradation and may be considered as the lower bound 

for pavement marking degradation. In addition, various available installation measures 

including pavement type, color of the marking, thickness of the markings, glass bead 

types, glass bead coatings, amount of glass beads, no track time, road temperature, air 

 

 

Figure 3-2: Phase I: Data development 



41 

 

temperature, wind speed, due point, barometer reading, and humidity at the time of 

marking application, lagged visibility readings, and other plausible influencing factors 

will be given consideration for inclusion in model development. Based on a preliminary 

investigation of data availability and sample size restrictions, this research proposes to 

analyze water-based paints from Alabama, Minnesota, Pennsylvania, Texas, Mississippi, 

and Wisconsin. Chapter 4 presents the descriptive statistics of the data collected in Phase 

1. 

Phase II: Service Life Modeling 

As in many fields that involve duration data, the idea is to develop an understanding of 

the factors that determine the time until a specific event occurs, in this case a formally 

defined “failure time” for the pavement markings based on a visibility threshold. Such an 

analysis dealing with duration data or time until failure is called duration modeling. An 

alternate term used to describe the same method is survival analysis. Though the concept 

of duration modeling has been prevalent for a long time in the fields of medicine, social 

and political sciences, industrial and manufacturing engineering, epidemiology, 

economics, marketing, and psychology, transportation engineering has begun to apply 

such methods only recently. Despite the opportunity to apply duration modeling in many 

aspects of transportation engineering [55, 56], researchers have applied duration 

modeling techniques to some issues. Table 3-1 presents a survey of duration model 

applications in transportation engineering [57-99]. Many of the applications have been 

related to activity-based modeling (16-studies), traffic and truck safety (6- studies), 
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automobile ownership (4-studies), traffic operations (3-studies), travel behavior (2-

studies), incident management (2-studies) and transit (1 study). Recently, duration 

modeling has been used to model infrastructure deterioration (6 studies), mainly 

addressing structural pavement deterioration.  

Table 3-1: Application of duration models in Transportation Engineering field 
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Characteristics of Duration Data  

Typically, in duration modeling applications, the subject or sample is followed over a 

period of time for the event of interest. If the event occurs within the time frame of the 

study, then the sample is considered failed and the corresponding time (t) is recorded. 

Such duration data are called uncensored or exact duration data (see Figure 3-3). If the 

event of interest has occurred before the beginning of the follow-up (-∞, b], the sample is 

then said to be left censored at b. If the event of interest did not occur [0, ∞), then the 

sample is said to be right-censored at the end of the study time or fallen out of the 

experiment for some reason after a period of follow-up. Finally, if the failure is known to 

have occurred during an interval [a, b], then the sample is said to be interval censored 

duration data.  

 

 

 

Figure 3-3: Duration data types 
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Figure 3-4 presents the duration data types that were present in the NTPEP dataset. 

Pavement marking visibility values were measured on an interval basis. Therefore, we 

know the interval in which the material failed for the chosen threshold value. Such 

samples are called interval censored data or interval level data. Samples 4-6 in figure 3-4 

represents interval level data, and samples 6 represents the one that has a skipped 

inspection. Furthermore, some materials did not fail till the end of the follow-up time thus 

causing right censoring (sample 3) in the dataset. Some markings (sample 1) had the 

chosen threshold visibility value on the day of the inspection. Such markings are 

considered as exact failed samples. Therefore, the dataset in hand is unequal spaced 

interval-level with exact and right-censored duration data. Left censored data (sample 2) 

are those that had a visibility reading lower than the threshold on the day of first 

inspection. Left censored data are usually not a concern in this application because state 

transportation agencies do adopt minimum visibility requirements for the markings that 

are well above the threshold value considered. Relevant statistical methods to address the 

censoring nature of the duration data are resorted for the modeling.  

 

Another focus of this research is to make use of the well established methods to analyze 

exact duration data. For this purpose imputation methods will be used. Imputation 

methods essentially assume an exact failure time within the known failure interval. The 

plan is to test the sensitivity of the following imputation methods: quarter point, 

midpoint, three-quarter point and linear interpolation between the failed time intervals.  A 

sensitivity analysis on using the imputation methods in a parametric context revealed 

midpoint imputation performs better than others proposed when compared to the interval 
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nature of the data [110]. Therefore, midpoint imputation was used to analyze exact failure 

time duration data.  

 

Duration Modeling Framework 

Pavement marking visibility degradation can be thought of a process that begins from an 

installation date and ends at the next re-stripe date. However, the re-stripe time in practice 

is justified not solely because of pavement marking failures. This can be due to pavement 

restoration, resurfacing, and rehabilitation and/or other possible reasons including 

heuristic reasons. The interest in this research is directed toward understanding the 

 

 

Figure 3-4:  Duration data types present in the database  
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process of pavement marking visibility degradation within the service duration (i.e. from 

installation date to the end of study time or follow up or any intervention) so that better 

maintenance decisions could be made on the basis of pavement marking performance.  

  

In addition, our interest is to know the effect of some covariates on the risk of 

experiencing a failure event within the study time. The event of interest in the current 

context is the time interval when the pavement marking is known to have fallen below a 

chosen threshold visibility level.  

 

Pavement marking failure events can be expected to happen at discrete locations. In other 

words, within a particular geographic area multiple failure times are possible. This 

suggests that pavement marking failure events within regions may be correlated. Thus 

pavement marking failure events can be thought of as a “repeated events” problem. 

Duration modeling of repeated events contains three major issues:  

1. Event dependency     

2. Unobserved heterogeneity  

3. Both event dependency and unobserved heterogeneity  

 

The issue of event dependency arises because the failure events are considered to be 

correlated within a geographic region, and failing to take care of this issue would create 

inefficiency and bias in the estimated parameters [108].  
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When modeling duration data, it is implicitly assumed that the distribution is 

homogeneous across observations. In other words, all variations in durations are assumed 

to be captured by the included covariates. In reality, expecting such homogeneity across 

observations amidst variation is likely unjustified. As noted previously, many factors 

contribute to the degradation of pavement marking visibility and some samples may be 

more or less prone to failure because of the intrinsic properties associated with the 

markings. Presence of unobserved heterogeneity in the model indicates specification 

error and can lead to erroneous inferences in the shape of the hazard function, parameter 

estimates, and standard error estimates [55, 56]. Therefore, the scope of this research 

considers pavement marking failure events as a state dependent repeated events process 

with effects of possible unobserved heterogeneity.  

 

Typically duration modeling is accomplished using non-parametric, semi-parametric or 

parametric formulations. The non-parametric formulation assumes no underlying 

distributional assumption and works with the philosophy that “the data speak for 

themselves”. On the other hand, the semi-parametric formulation assumes less stringent 

distributional assumptions, while the parametric formulation assumes a specific 

distribution for the failure times. Past studies have considered all three formulations 

(parametric, non-parametric and semi-parametric) in different contexts of modeling 

duration data in the field of transportation engineering (see Table 3-1). The choice to use 

a particular formulation is however, unclear. This could be mainly due to the non 

existence of a-priori information to support the applied setting. Since there is no a-priori 

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

framework is chosen.  The Cox framework is described below.  

Cox Regression 

The Cox regression estimates the hazard of the material to failure given it has survived 

until that time. The semi-parametric method developed by Sir David Cox [54] as an 

improvement to the non-parametric estimators in the sense that Cox regression can 

include the effects of explanatory variables to adjust the failure time characterizing 

functions. The Cox estimator considers the baseline hazard as a nuisance parameter and is 

left unspecified, although post-hoc baselines can be retrieved. In essence, the model 

serves as a tool to find out the relationship between the survival of the material from 

failure and its effects on the explanatory variables of interest. More formally, the Cox 

proportional hazards model estimates the hazard for a sample i at time t, as the product of 

two factors (see Eq. 3.1): 

1. A non-negative baseline hazard function λ0 (t) that is left unspecified (i.e. no 

distributional assumptions involved) and is dependent on time t. This is called the 

baseline hazard function for a sample when the covariates are zero. 

2. A linear function with a vector of X covariates and corresponding coefficients β 

that are exponentiated and is independent of time t that acts multiplicatively on 

the baseline hazard function. 

( ) ( )Xthi
'

0 exp* βλ=  3.1 
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The above equation is the basic Cox formulation where every event is considered to be 

independent and no unobserved heterogeneity is included. In order to account for event 

dependency variance correction models are used while unobserved heterogeneity is taken 

care by using a random effects model. The variance correction models will correct the 

standard errors after parameter estimation using robust standard errors, while the random 

effects will include a stochastic variation attributed to the unobserved effects [109].  

 

Three modeling formulations developed in the class of variance correction models are 

considered in this research. Anderson and Gill (AG model) assumes that the risk of an 

event for a given sample is unaffected by the earlier events following non-homogenous 

Poisson arrival events. This is very similar to the basic Cox model. The difference 

however, is the correction for standard errors for the dependence assumption is done 

robustly. The Prentice, Williams and Peterson (PWP model) assumes that the sample is 

not at risk for a later event until all the prior events have already occurred. The PWP 

model is also called as conditional model where every event is conditioned on the 

previous events. The dependency issue in the PWP model is taken care of by allowing the 

baseline hazard to vary over the risk sequence k (see Eq. 3.2). Furthermore, the PWP 

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

 

( ) ( )Xth ki
'

0 exp* βλ=  3.2 
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Now, if we consider unobserved heterogeneity in the specification, Eq 3.2 becomes 

Eq. 3.3  

 

The eij in Eq. 3.2 indicates unobserved heterogeneity of sample i shared within cluster j, 

which takes into account other unobserved factors that are not included as a part of the 

specification. In other words, this assumes that some samples are intrinsically more or 

less prone to failure and are characterized by gamma heterogeneity with mean one and 

some unknown variance.  

 

The Cox model uses the method of partial likelihoods to estimate the model parameters. 

First, the partial likelihood function is constructed and iterative methods (e.g., Newton 

Raphson) are used to solve for the parameters. The estimator for the coefficient variance 

is then the inverse of the negative Hessian of the log likelihood function. Generally, the 

likelihood function is the product of the likelihoods for all the samples while the partial 

likelihood is the product of the likelihoods for the sample present in the risk set at time t. 

A risk set is defined as the number of samples exposed to the risk of failure at any instant 

including those that are censored. Thus, if K is the number of failure events observed 

among i samples excluding the censored samples, we can write the partial likelihood (PL) 

as the product of all K likelihoods (L) (see Eq. 3.4)   

( ) ( )ijki eXth += '
0 exp* βλ  3.3 

∏
=

=
K

k
kLPL

1

 3.4 
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Consider n independent pavement marking samples (i = 1, 2,….,n) used for service life 

testing. For each sample, the data consists of three parts: time of the failure event or 

censoring (ti), censor status indicator variable (δi), and the vector of covariates (X).  To 

obtain the partial likelihood function for a dataset of size n with k distinct failure events 

and n-k right censored data, the data is first ordered such that t1<t2….<tk. Let us suppose 

that failure times ti are not tied. Then, the general expression for the partial likelihood for 

data with fixed covariates based on the Cox proportional hazards model is (see Eq. 3.5):   

where, Yij = 1 if tj ≥ ti and Yij = 0 if tj  < t i, and j is the time of failure event or censoring 

for the sample i. The indicator variable Yij is included in the expression to ensure that 

failed samples are removed from the risk set. When tied failure times are present, 

modifications in the PL are provided either by using Exact, Discrete, Breslow, or Efron 

methods. The logic of the Exact method supposes that tied failure times are continuous 

and it is merely the result of imprecise failure time measurements. It assumes that there is 

a true time ordering among the tied failure times. The discrete method assumes that the 

failure times are non-continuous and that the ties are true in reality. The Breslow and 

Efron methods were developed as numerical approximations after recognizing that the 

Exact and Discrete methods are cumbersome and involve significant computing time. 

The logic of the Breslow method assumes that the size of the risk set is the same 
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regardless of which event among the tied occurred first. The Breslow method was used in 

this study. 

Summary 

The objective of this study is to apply suitable methods that are within the Cox regression 

framework to explain the empirical question being enquired. The methods explained 

above are in no means exhaustive and only provides a brief summary of the concept. 

Readers are referred to other references that have an elaborate explanation of the methods 

used in this study [104-109].  

  

It is believed that pavement marking degradation is likely to be correlated within the 

geographic region with effects of possible unobserved heterogeneity. The following 

chapters present the summary of the data used in this research followed by the analysis 

results and conclusions.   



 

 

Chapter 4 
 

Data Analysis and Results 

General 

The methodology presented in chapter 3, Phase 1 detailed the steps involved in the data 

development process. Visibility inspection data collected over time on each pavement 

marking transverse line or ‘sample’ on the wheelpath and the skipline area were gathered. 

Some of the data were available from the NTPEP datamine website while others were 

obtained from hard copy reports. The method on how data was acquired from the hard 

copy report was explained in Chapter 3 Phase 1. Another key feature of this research is to 

develop suitable data structures so that the analysis could be done. This chapter presents 

the descriptive statistics of the data gathered in Phase 1 and also presents the format of 

the data required to run the models. Furthermore, the modeling results are also presented.  

Data Summary 

Pavement marking retroreflectivity data pertaining to water based paints from a total of 9 

test decks in 6 different states in the United States were gathered. The test decks were 

located in Alabama, Minnesota, Mississippi, Pennsylvania, Texas and Wisconsin. The 

time frame of the data gathered ranges from 1997 to 2005. Specific time frames for each 

site, their testing duration and other site specific details are presented in Table 4–1. All 

the sites satisfied the minimum site conditions required by ASTM D-713. Visibility data 
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for a total of 3,874 samples were assembled. This includes, 1,759 samples (45%) 

representing the skipline area, and 2,115 samples (55 %) representing the wheelpath area. 

The site located in Wisconsin did not collect skipline area data, and the site located in 

Texas collected data in the area in-between the wheel paths instead of the skipline area. 

Table 4–3 presents more details on the sample size for each site. A total of 18 

manufacturers represented their products for testing in the test decks and were considered 

as part of the explanatory variables in the model building. Table 4-2 presents a summary 

of the sample sizes grouped by manufacturers across the nine sites.  

Table 4–1:  NTPEP Site summary 

Geo-climatic 
zones 

Dataset 
ID  State  Testing duration Highway 

facility  ADT 

AL97_99 Alabama 
June 1997- June 
1999 

I-65 
8,000-
9,000 

MS99_01 Mississippi 
June 1999 - July 
2001 

U.S. 78 
15,000-
20,000 

MS02_04 Mississippi 
July 2002 - June 
2004 

U.S. 78 
22,000-
24,000 

Hot, humid, 
gulf state 

TX98_00 Texas 
Oct 1998 - Sep 
2000 

U.S. 287 
11,600 - 
13,100 

PA98_02 Pennsylvania 
July 1998 - April 
2002 

I-80 10,000 

PA00_01 Pennsylvania 
Aug 2000 - July 
2001 

I-80 12,000 
Cold, humid, 

altitude 

PA02_05 Pennsylvania 
July 2002 - July 
2005 

I-80  13,500 

MN97_00 Minnesota 
July 1997-July 
2000 

I-94 21,000 Cold, dry, 
altitude 

WI99_01 Wisconsin 
July 1999 - July 
2001 

U.S. 53 
5,200-
5,800  
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Subsequent to gathering the retroreflectivity inspection data over time for each sample, 

the left and right end points of the failure interval, and the respective censoring status, 

were identified for each sample with an assumed visibility threshold level2 of 75 

mcd/sq.m/lux. Figure 4-1 presents the censoring distribution in the data set. Majority of 

the samples failed within an interval (68%), while some failed exactly on the day of the 

inspection (2%). Right censored samples constituted about 29 %, while a small percent of 

the sample was left censored (0.15%).  

 

 

                                                 

2 Since there is no minimum visibility standard currently available, a threshold value of 75 mcd/sq.m/lux 
was assumed for this research. Certainly other threshold values can be used and this is identified as a future 
research exercise. 

 

   

Figure 4-1: Censoring distribution (failure threshold 75 mcd/sq.m/lux) 
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Table 4-2: Summary of sample size 

Sample size Dataset 
ID  

Pavement 
types 

White Yellow Total 
Skipline 

area  
Wheelpath 

area 
Asphalt  34 42 76 

AL97_99 
Concrete 34 41 75 

151 151 151 

Asphalt  17 16 33 
MS99_01 

Concrete 17 16 33 
66 66 66 

Asphalt  28 24 52 
MS02_04 

Concrete 28 24 52 
104 104 104 

Asphalt  23 14 37 
TX98_00* 

Concrete 23 14 37 
74 0 74 

Asphalt  43 47 90 
PA98_02 

Concrete 45 47 92 
182 182 182 

Asphalt  127 116 243 
PA00_01 

Concrete 127 115 242 
485 485 485 

Asphalt  172 156 328 
PA02_05 

Concrete 172 155 327 
655 655 655 

Asphalt  31 27 58 
MN97_00 

Concrete 31 27 58 
116 116 116 

Asphalt  86 56 142 
WI99_01* 

Concrete 84 56 140 
282 0 282 

* Only wheelpath area data   1759 2115 
      3874  



57 
 

 

 

Table 4-4 presents a snap shot of the data format. The first column is the sample 

identification while the second identifies the site with the year. It can be seen that there 

are two rows for each of the samples. In all the samples the first row is right censored, 

and the second row is either right censored or failed. Models 1 and 2 are estimated using 

the midpoint data but without the first row for all samples.   Model 3 uses the gap time 

represented by ‘gapLeft75’ and ‘gapRight75’, while Models 4 and 5 uses the elapsed 

time represented by ‘elapsedLeft75’ and ‘elapsedRight75’ as the end points. The 

difference in gap time from elapsed time is that the interval gets reset for gap times after 

the end of the first interval. The ‘cenStatus75’ indicates whether or not the sample failed 

in the interval with ‘zero’ representing right censored data. The ‘riskSequence’ column 

Table 4–3: Sample size summary grouped by manufacturers 

  
Asphalt 

  
Asphalt 
Total 

Concrete 
  

Concrete 
Total 

Grand 
Total 

Manufacturer  White Yellow   White Yellow     
AexcelCoorporation 10 10 20 10 10 20 40 
CataphoteInc 2 2 4 2 2 4 8 
CenterlineIndustries  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 
NCDOCCorrections 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  
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denotes the stratification variable which is ordered by the right end of the failure interval 

within a site.   

 

Table 4-4:  Snap shot of the data structure used in the modeling 
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Modeling Results 

This section discusses the semi-parametric foundation for the analysis of degradation of 

pavement marking visibility over time.  One may argue that a non-parametric approach 

may serve as a more appropriate foundation due to the fact that no distributional 

assumptions are made about the nature of the hazard function.  The hazard function 

represents the instantaneous probability of a pavement marking degrading below a 

threshold given that it has not until that time.  The non-parametric foundation is in fact 

part of the foundation of the thesis through exploratory research on the treatment of 

interval data on a visibility index [110].  While the non-parametric results from the 

exploratory research indicated the plausibility of interval mid-point imputations as 

reasonable approximations of interval measures, the approach cannot explicitly account 

for the impact of pavement configuration (and potentially manufacturer) characteristics 

on the nature of degradation of pavement marking visibility.  It is the goal of this chapter 

to explore the nature of the above-mentioned characteristics and the manner in which 

they can be incorporated into the hazard function formulation.  Specifically, this research 

attempts to model the pavement marking service life as a hazard function taking into 

account possible effects of pavement marking color, the type of pavement, location of 

visibility reading (wheelpath vs skipline area), possible effects due to manufacturer 

differences, site effects, unobserved heterogeneity, and state dependency issue within the 

Cox regression framework.  The failure time is defined as the time when the pavement 

markings reached a retroreflectivity value of 75 mcd/sq/lux.  As left censored samples 

were negligible and for the reasons stated earlier they were removed from the sample.  
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All the models developed are based on a total of 3,868 NTPEP test samples over 9 

different test sites in the U.S.  

 

Figure 4-2 presents the flow diagram of the modeling work conducted in this study. The 

first objective was to identify an appropriate imputation method. A sensitivity analysis 

was conducted to identify whether midpoint, ¼ point, ¾ point, or a linearly interpolated 

point in the failed interval was comparable with the interval level estimates in a 

parametric duration context [110]. The results indicated that midpoint imputation closely 

approximates the interval level estimates. Based on this sensitivity analysis midpoint 

imputation was considered to run models that incorporate exact failures.    

  

Subsequently, the classic Cox regression framework assuming the midpoint imputation 

for the failure times with gamma heterogeneity was developed.  A number of 

specifications were tried and a final specification that allowed unobserved heterogeneity 

parameter theta to be insignificant was used in all the models.  As discussed earlier, the 

heterogeneity effect presumed apriori in the model structure is reasonable.  This mainly 

arises from the fact that unobserved effects due to variations in manufacturer installation 

practices, weather effects, pavement location effects and associated interactions with the 

environment may be at play.  A typical assumption for the nature of heterogeneity is 

gamma heterogeneity.  The inverse Gaussian form is an alternative approach, but is 

suspect to convergence problems and associated estimability problems.  The upshot of a 

Cox-based approach is that it is semi-parametric and involves no assumptions about the 
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Figure 4-2: Modeling flow diagram 



 

 

  

nature of the baseline hazard.  Furthermore, the Cox approach is reasonably robust to 

distributional variations.     

 

To be sure that the heterogeneity effect was fully captured in the Cox framework, a fully 

interactive model was specified in order to incorporate as explicitly as possible through 

observed covariates.  Any residual effect would be accounted for by the gamma 

heterogeneity term.  If the gamma heterogeneity term was found to be insignificant, then 

one may conclude that the fully interactive model is reasonably robust to unobserved 

effects arising in pavement marking degradation contexts.  Thus the final specification 

included the effects of manufacturers and four-way interactions between color (white,  

yellow), pavement type (asphalt, concrete), measurement location (skipline, wheelpath), 

and test states (Alabama, Pennsylvania, Mississipi, Minnesota, Texas, and Wisconsin). 

All these variables were coded as dummy indicators. There were a total of eighteen 

manufacturers (coded as dummies) and forty four-way interaction variables.  In theory, a 

total of forty-eight interactions are possible; however, no data was available for seven 

interactions due to unavailable visibility measurements.  The four-way interactions were 

labeled in a consistent sequence of letters starting with the color of marking, followed by 

pavement type, followed by measurement location on pavement and followed by state.  

For example, the label for the interaction variable “WCSPA” represents a white marking 

on a concrete pavement in the skipline area in Pennsylvania.  The manufacturer variable 

“Vogel”  and the interaction variable “WCWMS (white marking on concrete pavement in 

the wheelpath area in Mississippi)” were considered as baselines to avoid the dummy 
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variable trap problem in estimation.  Interactions with zero observations were WASWI, 

WCSWI, YASWI, YCSWI, WASTX, WCSTX, YASTX, and YCSTX.  Finally, in order to 

account for possible dependence among events, Cox models were stratified using gap-

time and elapsed-time structures as shown in Table 4-4.  In sum, Table 4-4 represents the 

logical sequence of modeling efforts to accommodate both heterogeneity and dependence 

effects.  The uniqueness of this sequence is it circumvents the usual inseperaability 

between heterogeneity and dependence by utilizing a fully-interactive specification as a 

surrogate for heterogeneity.  This may be an artifact of the pavement marking dataset; 

nevertheless it proves to be advantageous in our ability to treat heterogeneity and 

dependence sequentially.  By accounting for a fully-interactive structure as a substitute 

for distributional heterogeneity, dependence is modeled exclusively through a Cox 

procedure stratified at the site level.  

 

Table 4-5 presents the parameter estimates of the Cox-model with unobserved 

heterogeneity along with parameter standard errors and confidence intervals.  The 

unobserved heterogeneity parameter theta clustered over the manufacturers was 

insignificant (p-value of 0.5) suggesting that the four-way interactive specification 

captures heterogeneity at the manufacturer level.  In addition, among the fifty-eight 

variables used, thirty-seven variables were found to be significant at the ninety-five 

percent confidence level.  The sign of the estimated parameter for each independent 

variable indicates the direction of the contribution to the overall hazard function.  A 

positive sign increases the hazard and decreases the survival, while a negative sign 

decreases the hazard and increases the survival of the pavement marking. Figure 4-3 
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presents the baseline survival function along with the non-parametric Kaplan Meier 

estimate.  Depending on the variable of interest, survival curves can be constructed. In 

effect the baseline survival (or hazard) will be increased or decreased proportionally 

which is the basic assumption of the Cox structure.  One may argue that statistically 

insignificant effects if omitted may contribute to increased heterogeneity; however, it is 

premature to assume that the observed variables that were insignificant would continue to 

be insignificant if more observations were available.  The model structure as such should 

be viewed as a broad-spectrum specification that accounts for all possible four-way 

interactions.  In this light, it should be mentioned that the seven four-way interactions 

with zero observations may indeed turn out to be potentially significant if observations 

became available from extended testing.  

 

Figure 4-4 presents survival plots for white markings on asphalt pavements across 

various states. It suggests that the degradation of white markings on asphalt is faster in 

Pennsylvania than compared to Texas while all the other states are in-between them. 

Figure 4-5 presents a similar plot across various states for yellow markings on asphalt 

pavement. In this case yellow markings in Alabama test deck degraded faster than all the 

other considered, with Texas having a slower degradation when compared to others. 

Figure 4-6 presents survival curves for white markings on asphalt and concrete for 

wheelpath and skipline areas in the state of Pennsylvania.  It suggests that degradation in 

the wheelpath area is rapid compared to the skipline area (an expected result); and white 

markings on asphalt pavements degrade faster compared to white markings on concrete 

pavements in Pennsylvania.  The solid line in all the plots is the median survival where 
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the probability of the marking to fail is 50 %. Table 4-6 presents the median survival 

times in days from the classic Cox model. In general, it was observed that yellow 

markings degraded faster than white markings; markings laid over asphalt pavement 

appear to degrade marginally faster than concrete, and wheelpath areas degrade faster 

than skipline areas. 
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Figure 4-3: Baseline survival curve 
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Figure 4-4:  Estimated survival plots for white asphalt wheelpath area across various 
states 

 

 

Figure 4-5:  Estimated survival plots for yellow asphalt wheelpath area across various 
states 
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Table 4-5:  Classic Cox with gamma unobserved heterogeneity 
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The above results suggest the impact of a fully interactive specification on the shift in the 

baseline hazard.  It should be noted that figures 4-4, 4-5 and 4-6 represent proportional 

hazard based survival plots when accounting for heterogeneity alone.  The issue of 

dependency in events still remains.  Dependency in events is fundamentally a recurrence 

phenomenon where an individual site can experience recurrent failures over time.  Since 

 

 

Figure 4-6:  Estimated survival plots for white markings on asphalt and concrete in the 
state of Pennsylvania 

Table 4-6: Estimated median survival times of pavement markings (days) 
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multiple marking samples over various configurations are tested site-by-site over various 

states, the problem of dependency may remain even though the actual marking samples 

are supposedly independent.  One can hypothesize that this dependency may arise due to 

the fact that the markings are at a localized pavement sample with finite physical 

dimensions to it, i.e., as a deck.  As a result, contributing factors common to a deck may 

generate an underlying dependency among event occurrence.  The importance of event 

occurrence lies in the fact that this is a phenomenon separable from heterogeneity effects.  

Heterogeneity effects within a sample deck based on sample-specific stratification may 

capture some dependency, but not to the extent to which an explicit framework 

accounting for time-related dependency effects is factored into the baseline hazard 

function.  This is in essence the function of a gap-time, or elapsed-time Cox model, as 

proposed by Prentice, Williams and Peterson [111].  The PWP model adjusts the baseline 

hazard function within a deck to represent event dependence.  In a classic Cox 

framework, the baseline hazard is not adjusted to account for event dependence.  

Tables 4-7 and 4-8 present model estimates from PWP gap time and elapsed time models 

respectively.  The gap-time model represents a likelihood at convergence of -3,901.26, 

while an elapsed time structure represents a convergence likelihood of 1,484.06.  The 

significant improvement in elapsed time likelihood suggests that marking degradation 

occurs in a form where dependence exists across risk sequences.  In a gap-time structure, 

time between events is measured continuously within a risk sequence, while in an elapsed 

time model, the measurement is continuous across risk sequences.  The key questions 

arise based on this observation are: a) what is the survival curve shift due to the impact of 

dependence, and b) what is the realistic implication of dependence in terms of marking 
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degradation. Clearly, in a realistic driving environment, marking samples are not likely to 

be juxtaposed as in the NTPEP testing deck, but it is reasonable to expect some 

longitudinal dependence along a paint stripe in the direction of travel. Answering this 

question will provide light on a strategic sampling method. More investigation on actual 

longitudinal lines should be pursued.   
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Table 4-7:  Prentice Willimans and Peterson (PWP) gap time model 

 
 



72 

 

 

Table 4-8:  Prentice Williams and Peterson (PWP) elapsed time model 
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Life Cycle Cost Analysis 

Many studies have assessed the performance of pavement markings using cost [11, 12, 

14, 22, 23]. However, all of the studies considered a fixed value for the service life of the 

pavement markings and did not take into account the uncertainty involved in the expected 

service life of the respective marking materials. The Kansas DOT adopts the Brightness 

Benefit Factor (BBF) for assessing the benefit/cost ratio for pavement markings used on 

Kansas highways. The BBF represents the combined effects of a material’s useful 

retroreflectivity over a period of expected service life and installed cost [101]. 

Nevertheless, a fixed value is assumed for the service life of the pavement marking. 

Salem et al., adopted a methodology to consider uncertainties involved in the service life 

of pavements using Monte Carlo simulation applications for pavement rehabilitation and 

construction alternatives evaluation [114]. A similar method is proposed in this study for 

assessing the net present value under uncertainty. However, it is to be noted that the 

major assumption in this analysis is that the degradation observed in NTPEP test deck is 

similar to the degradation of actual longitudinal lines. Since NTPEP testing procedures 

are performed in actual field conditions, for the purpose of this analysis, this research 

recognizes that the NTPEP test deck degradation is a representative of actual longitudinal 

line degradation.  

 

The primary objective of this life cycle cost analysis (LCCA) is to develop a 

methodology that takes into account the uncertainty involved in determining the service 

life of pavement markings. The uncertainty is addressed by using the median survival 
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time obtained from the Cox regression (see Table 4-6). This way the service life of the 

markings is based on the empirical evidence rather than being heuristic. The present 

worth (PW) method which is used widely for the economic analysis of highway project 

alternatives was adopted for the purpose of this LCCA. The PW method involves 

discounting all future costs to the present by making use of a specific discount rate. A 

discount rate of 4 percent and 10 years horizon is assumed for this LCCA. In addition to 

its simplicity, the PW method can be used to assess alternative pavement markings with 

different service life, and has the practical appeal of presenting future costs in present-day 

terms. Eq. 4.1 presents the LCCA model used for the purpose of this economic analysis. 

 Table 4-9 presents the summary of the life cycle cost analysis conducted based on the 

estimated median survival time for the state of Pennsylvania. The results suggest that the 

cost per mile of pavement markings range approximately between $ 1475 and $ 4000, 

and between $ 3360 and $ 4955 for white and yellow markings respectively. This is 

assuming that the replacement plan is based on the estimated median survival time. The 
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lower and upper limit corresponds to the respective minimum and maximum net present 

values observed for white and yellow markings (see Table 4-9).  

 

On the other hand, for a fixed cycle replacement after every year an estimated amount of 

$ 3365 is required for maintaining a mile of white or yellow pavement marking for a 

period of 10 years (see Figure 4-7). It is to be noted that the cost values will increase if 

the actual cross section of the roadway is accounted. However, before that the NTPEP 

degradation pattern should be associated with the actual longitudinal lines. For the 

purposes of this analysis heuristic assumptions are made to relate the NTPEP degradation 

pattern to the actual longitudinal lines. Skiplines tend to be run over by vehicles often and 

are considered to approximate the wheelpath area degradation, while the edgelines are 

considered to approximate the skipline area degradation. Table 4-10 presents the 

association and the corresponding net present values per mile of the longitudinal 

markings.  

 

As an illustration, consider a typical pavement marking configuration on an asphalt road 

segment as presented in Figure 4-8 taken from the MUTCD [8]. Let us assume that the 

road segment presented in Figure 4-8 is 5 miles long. According to MUTCD [8] the 10 

feet skiplines are spaced every 30 feet gaps, thus the coverage of skiplines over 5 miles is 

1.26 miles. According to Table 4-10 and the LCCA analysis previously presented, the net 

present value over the 5 mile section for a 10 year horizon period is close to $ 45,940. 

The net present value over the same 5 miles section in case of annual replacement over 

the 10 year horizon period is close to $ 58,920 (see Figure 4-8).   
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Figure 4-7: Net present value per mile (10 years horizon) 

 

 
 

   

Figure 4-8: Net present value for a 5 miles section of a typical 3-lane, 2-way with 
passing in one direction 
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Table 4-9: Summary of Life cycle cost analysis (Pennsylvania) 

 
 

Table 4-10: Net present values per mile for actual longitudinal lines on Asphalt pavement based on median survival times for the 
state of Pennsylvania 

 
 



 

 

Chapter 5 
 

Conclusions and Future Research 

A congressional mandate requires that minimum standards for highway pavement 

marking visibility be established by the United States Federal Highway Administration. 

Various research efforts that address this issue in multiple levels are currently in progress. 

The core motivation behind this research is to move toward an empirical based quality 

approach in highway pavement marking management decision making process. To assist 

in the process of effective decision making, it is imperative to be able to reasonably 

predict the service life of the pavement markings. Many research efforts have been 

previously undertaken to answer this research inquiry. However, the current status on 

effective pavement marking management is far from applying and updating empirical 

evidences in decision making as the industry is evolving. Often the management 

decisions are heuristic and inconsistent, and varying across states in the U.S. This status-

quo is primarily because of extensive the alternatives (manufacturers, marking materials 

etc…) that are available for providing pavement markings with varying costs and 

performance levels. 

 

There is a need to better understand the empirical evidences associated with pavement 

marking visibility degradation over time. This research analyzed pavement marking 

retroreflectivity inspection data as a time to failure duration data. The National 

Transportation Product Evaluation Program datasets pertaining to water based paints 
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from a total of nine testing locations in the state of Alabama, Pennsylvania, Mississippi, 

Minnesota, Texas and Wisconsin were used for this research. 

 

The dissertation began with an explicit objective to provide a consistent analytical 

framework for the assessment of lifecycle effects relating to the degradation of pavement 

markings in the United States.  To this end, some goals were formulated, i.e., relating to 

the nature of the degradation process, the type of measurement that would serve as a 

reasonable proxy for interval data on marking failures, and implications for the 

assessment of cost effectiveness of marking replacement timelines.  The dissertation 

presents semi-parametric foundations for the analytical framework including Cox-type 

models accounting for heterogeneity and event dependence. While interval data are 

typical representations of marking failures, their use in the development and assessment 

of marking survival curves is fraught with limitations.  Methods to incorporate interval 

data for the estimation of survival curves are scant – in the sense that they are fully 

representative of the effects associated with both heterogeneity and event recurrence.  

Furthermore, the properties of estimators are not well understood to the level where 

robust estimates of parameter variances can be established to assess covariate 

significance and related impacts on shifts in the baseline hazards or survival.   

 

Given the above-mentioned methodological limitations, this dissertation attempted to 

address two major issues relating to the degradation of marking survival curves, namely 

heterogeneity and event dependence by exploring what would be termed as reasonable 

approximations.  The first approximation related to imputation of failure interval data.  
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Imputation was conducted in order to take advantage of the vast body of methodological 

work in the area of exact failure data in the areas of heterogeneity and event dependence.  

The second approximation relates to the separability of heterogeneity and dependence, a 

well-known phenomenon in event history data.   

 

To the above-mentioned ends, a framework was adopted whereby early benchmarking 

was conducted in terms of relating imputation-based survival curves to those from 

interval measurements.  The empirical evidence from experimental Pennsylvania decks 

suggested that mid-point imputation was most closely related to interval estimates of 

survival curves of marking failures.  Based on this empirical support, semi-parametric 

frameworks were developed whereby the impact of covariates representing pavement, 

marking and location characteristics can be explored without placing undue assumptions 

on the baseline hazard function.  The classic Cox model was used as the basic structure in 

this exploration.  Extending the Cox framework to heterogeneity and dependence 

required an approach that leveraged unique empirical characteristics of a pavement 

marking dataset.  It turned out that accounting for manufacturer effects, and interactions 

between pavement marking color, location on the deck, pavement type and geographic 

location was sufficient in terms of explicitly minimizing unobserved heterogeneity.  The 

usual assumption about gamma heterogeneity was made in this explorative process.  

Using the fully-interactive model as a surrogate for a model of heterogeneity, the Cox 

framework was then extended to account for event dependence effects using established 

procedures such as the Prentice-Williams-Peterson models based on gap- and elapsed-

time assumptions, The elapsed time model seemed to exploit the empirical pattern of 
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event dependence among multiple marking samples on an experimental deck better than 

the gap-time model. This appears to suggest that exposure to failure is more likely 

simultaneous than sequential. That is, the failure of one marking type is not succeeded or 

preceded strictly by the failure of another; rather this could be simultaneous since the 

markings are closely located in a finite physical space.  While this may not be a realistic 

representation of what occurs in day-to-day driving environments, the suggestive insight 

is that simultaneity in exposure causes an underlying type of dependence that may affect 

both skipline stripes as well as shoulder-line stripes.  Hence, it may be sensible to account 

for simultaneous failure of markings along the traveled way rather than treat skipline 

failures independently from shoulder-line failures.  The implication of this finding is that 

timelines for re-striping may involve skipline and shoulder-line areas simultaneously.  

This implication may especially be applicable where color-specific survival curve 

patterns do not vary significantly as a function of pavement type and geographic location.   

 

The global findings discussed above relate to the promise the semi-parametric models 

hold modeling the duration of degradation in pavement marking visibility.  Some 

methodological issues remain for exploration.  First, the impact of distributional 

assumptions on the parameter estimates.  Initial exploratory work on Pennsylvania 

datasets suggested that the Weibull distribution be used.  The distributional assumption 

problem is one that is influenced by a variety of factors.  While the Weibull may be a 

good starting point, solid theoretical support does not exist in favor of the Weibull over 

other distributions.  Significant work in this area needs to occur prior to determining 

which distribution is more plausible for pavement marking datasets.  While empirical 
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work can guide this type of research, the nature of the physical construct of pavement 

markings and their interaction with pavement types is expected to influence their 

performance significantly.  In this sense, physical models of pavement marking 

reflectivity would serve as useful long-term supports for a prior theory on distributional 

properties.  This dissertation has shown with some clarity the impact of heterogeneity and 

dependence in a context where distributional assumptions are expected to not have much 

impact on a robust framework such as the Cox type structure.   

 

It is evident from the Cox models that degradation is different in terms of color and how 

color interacts with pavement type; degradation is different geographically, and as 

expected degradation is faster on wheelpath areas than skipline areas.  To construct 

economic models of cost effectiveness of marking replacement, one must take these 

results and run a variety of sensitivity analyses at the least to explore the changes in cost 

profiles associated with the various assumptions in reflectivity thresholds.  This 

dissertation is based on one threshold, which is 75 mcd/sq.m/lux.  A sensitivity analysis 

that explores the shift in survival curves based on 100 mcd/sq.m/lux or 90 mcd/sq.m/lux 

would provide a sense of the portion of the survival curve above the median survival line.  

It must be noted then that different survival curves will arise as a result of the color-

pavement-type-state combination.  For example, if one were to evaluate the economic 

cost of Pennsylvania markings, a series of survival curves would need to be generated to 

assess median survival times.  Follow-up on the estimates of survival curves however is 

tricky.  Quantifying the benefit of pavement marking replacement is an area replete with 

great uncertainties.  For example, it is not well established that there is a physical or 
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statistical relationship between pavement marking thresholds and vehicular travel safety.  

Quantification of benefits also includes the assessment of environmental effects 

associated with replacements.  Hence, thorough work remains in the area of proper 

identification of direct benefits of pavement marking replacements as opposed to 

secondary and indirect benefits.  The benefit-cost literature is replete with analyses that 

have purported to assume indirect and secondary benefits as main benefits, thereby 

inflating the estimated cost-effectiveness of a proposed infrastructure improvement.  In 

the context of pavement marking replacements, this issue needs to be preceded by a 

thorough evaluation of cost profiles associated with various replacement timelines first.  

The issues raised above are significant and substantial issues that are outside the scope of 

this dissertation.  It is the recommendation of this author that methodological issues 

related to censoring effects and measurement effects also be considered prior to 

development of more experimental decks for pavement marking reflectivity assessment.  

Furthermore, the impact of pavement marking installation is not well understood.  While 

there are procedures suggestive of installation procedures, much remains to be seen in 

terms of whether alternative methods of installation might provide consistent yields in 

terms of glass bead uniformity and marking durability.   

 

A common criticism of using the NTPEP data is that it does not necessarily represent 

longitudinal pavement markings applied to a roadway. It is to be noted however, that the 

inspection data by the NTPEP are collected in a planned fashion making the data 

consistent for analysis purposes and therefore allowing valuable insights on pavement 

marking degradation. Moreover, the data collected by the NTPEP are not analyzed by the 
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program and no conclusions as to the effectiveness of the markings are made. It is left to 

the participating transportation agencies to make their own interpretations and 

conclusions. Furthermore, evaluating longitudinal pavement markings over vast areas in 

time and space will incur huge cost and is a monumental task. Therefore, it is the intent 

of the author that while efforts can be pursued to evaluate longitudinal pavement 

markings over a larger area across time and space, NTPEP data should be put to use for 

obtaining valuable information on the performance of pavement markings as a starting 

point. This way the state agencies can base their management decisions from an empirical 

stand point to start with, rather than making heuristic decisions. As an illustration to 

extent the practical use of the models derived from the NTPEP data, the life cycle cost 

analysis (LCCA) was performed comparing the fixed cycle annual re-striping and re-

striping based on the median survival times. The LCCA suggested that making decisions 

based on the likely end of the service life of pavement markings is highly likely to be a 

cost effective approach than having an annual cycle replacement scheduling.  

 

Overall, this study presented an alternative method to analyze typical pavement marking 

retroreflectivity inspection data using duration models. The method also emphasized that 

interesting pavement marking maintenance related questions such as replacement times, 

re-striping strategies, comparison of pavement marking materials, inspection scheduling, 

and cost effectiveness can be answered. Answering these questions to the fullest extent 

however, requires data that encompasses both in space and time domains. Nevertheless, 

the idea is, there exits method to analyze data that can help state agencies maintain 

minimum retroreflectivity levels of pavement markings based on objective evidence once 
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when the Congress mandate on minimum levels of pavement marking retroreflectivity is 

established. It is realized that there exists huge amount of variability in modeling service 

life of pavement markings based on retroreflectivity measurements. Therefore, it should 

be kept in mind that consistent data be collected carefully over time and space to make 

use of the analytical methods available to extract useful information that can promote 

cost efficient decision making.  
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95 

 

 

Table 5-2:  Pavement Marking Selection Guidelines (Texas DOT) 
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Table 5-3:  Pavement Marking Selection Guidelines (Texas DOT) 
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Table 5-4: Pavement Marking Guidelines (Ohio DOT) 
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Table 5-5:  Pavement Marking Guidelines (Ohio DOT) 
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Table 5-6:  Pavement Marking Guidelines (Ohio DOT) 
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Table 5-7: Pavement marking guideline (North Dakota DOT) 

 
Multi-lane divided and undivided 

 
2-lane two way 
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