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ABSTRACT 

Pavement markings with retroreflective properties provide delineation and safety benefits 

for drivers during nighttime conditions. The New Brunswick Department of 

Transportation and Infrastructure (NBDTI) do not have a history of retroreflectivity 

performance for pavement markings throughout their life-cycles. This makes it difficult 

to assess the impacts of a potential minimum retroreflectivity standard such as that 

proposed by the Federal Highway Administration (FHWA) or to adopt performance-

based specifications.  

A year-long study of pavement markings on 24 sampled road sections was performed to 

understand the state of pavement markings in New Brunswick and the causes/rates of 

their deterioration. Analyses found the factors that have a statistically significant effect 

on pavement marking retroreflectivity include age, traffic volume, road class, season in 

which the marking was applied, and paint colour. Graphical analyses of the sampled 

retroreflectivity values over time found that they generally deteriorate over time, and that 

white markings consistently produce higher readings than yellow markings through their 

life-cycle even though white markings deteriorate more quickly. Overall only 27% of the 

markings sampled complied with the FHWA-proposed retroreflectivity standard at the 

time of their replacement; nearly half failed between six months and one year. The 

analysis suggested that the current pavement marking maintenance schedule would be 

inadequate if FHWA’s minimum retroreflectivity standards were to be adopted in New 

Brunswick. It is recommended that NBDTI govern a pavement marking policy that will 

improve compliance with any proposed minimum standards. 
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1 Introduction 

Longitudinal pavement markings are solid and/or broken lines on a roadway that 

delineate the direction of travel and include centrelines, lane lines, and edge lines. They 

are widely considered to be among the most important traffic control devices in creating a 

safe and efficient roadway by continuously communicating to users intended travel paths, 

roadway delineation and other important information that regulates traffic flow (Carlson 

et al. 2009). They can provide significant safety benefits by reducing the number of run-

off-the-road and cross-centreline collisions. 

Pavement markings are more beneficial during low visibility conditions because they 

delineate roadways when the road edges and lanes may not be visible otherwise. In order 

for pavement markings to be visible to drivers during nighttime and inclement weather 

conditions, they must be installed with retroreflective properties. A retroreflective 

pavement marking reflects light from vehicles’ headlights back toward the driver, which 

is usually achieved by applying glass retroreflective beads onto the marking material’s 

surface. Decreasing retroreflectivity levels have been shown to produce a statistically 

significant increase in collision occurrence, especially at lower retroreflectivity levels 

(Smadi et al. 2008).  

1.1    Problem Statement 

The United States Manual on Uniform Traffic Control Devices (US-MUTCD) requires 

that pavement markings be retroreflective, but there are no required minimum 

retroreflectivity standards currently in place. In reaction to this, the Federal Highway 

Administration (FHWA) in the United States has proposed a new Section 3A.03 standard 
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to be published in the US-MUTCD that requires longitudinal pavement markings to meet 

minimum retroreflectivity levels (FHWA 2014). The adoption of these standards by U.S. 

jurisdictions may lead to similar standards or guidelines in Canada.  

The New Brunswick Department of Transportation and Infrastructure’s (NBDTI) 

standard specifications require that pavement markings be embedded with retroreflective 

glass beads that follow size, roundness and material specifications (New Brunswick 

Department of Transportation 2011). They also require that new markings exceed a 

minimum retroreflectivity level as a quality control measure; however, there is no 

requirement for pavement markings to be maintained at a certain minimum 

retroreflectivity. Without information on the deterioration of retroreflectivity over time, it 

would be difficult for them to adopt any minimum standards, and with a potential for 

pavement marking application to be outsourced in the near-to-mid-term, it is important to 

be able to provide contractors with performance specifications. 

Proper maintenance is also an issue from a budgetary and road safety perspective. If 

pavement markings were replaced too quickly, maintenance costs would be higher than 

necessary for NBDTI; however, if they were replaced too late, road safety would be 

compromised. An effective pavement marking management plan could save resources 

and improve driver safety. If a minimum standard were implemented in the province, 

NBDTI would need to understand the service life of pavement markings above the 

minimum retroreflectivity standards given different conditions so that they can be 

repainted at optimal intervals. 
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1.2    Research Goals 

With the potential implementation of minimum retroreflectivity standards for pavement 

markings, NBDTI would benefit from understanding the causes and rates of deterioration 

of pavement marking retroreflectivity in New Brunswick and how often different types of 

roadways need to be maintained in order to reach this standard. The goal of this study is 

to provide NBDTI with a better understanding of the state of the pavement marking 

retroreflectivity on New Brunswick roads, their compliance with FHWA-proposed 

minimum standards, and rates of deterioration given different factors. In order to achieve 

this goal, the following objectives will be undertaken:  

1. To collect longitudinal pavement marking retroreflectivity data on a sample of 

New Brunswick roads and compare them to the FHWA-proposed minimum 

standards over a one-to-two-year cycle. 

2. To evaluate the effects of road type, traffic volume, road surface material, paint 

type, age, and season on the deterioration of pavement marking retroreflectivity 

on NBDTI’s roads. 

3. To compare retroreflectivity on NBDTI’s pavement markings to those on 

Maritime Road Development Corporation (MRDC) and City of Fredericton roads. 

4. To provide NBDTI with a maintenance plan for restriping their pavement 

markings to maintain compliance with FHWA-proposed minimum standards. 
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1.3    Research Hypothesis 

It is the hypothesis of this research that the retroreflectivity of pavement markings on 

many of NBDTI’s roads will deteriorate below FHWA-proposed minimum standards 

within a typical one-year reapplication cycle. 

1.4    Expected Outcomes 

This study will be largely beneficial to NBDTI in understanding the state of pavement 

marking retroreflectivity on their different types of roads and what causes them to 

deteriorate over time. It will prepare NBDTI for the possibility of minimum 

retroreflectivity standards by providing them with a pavement marking maintenance plan 

on how to meet FHWA-proposed standards on their roads. A maintenance plan has the 

potential to improve road safety in the province by suggesting how to make pavement 

markings sufficiently visible at all times, and it could maximize the pavement marking 

restriping budget for NBDTI.   
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2 Background 

2.1    Principles of Retroreflectivity 

Retroreflectivity is “a measure of an object’s ability to reflect light back towards a light 

source along the same axis from which it strikes the object” (FHWA 2007). It differs 

from reflectivity, which either reflects light in a manner similar to a mirror or scatters it 

through matte or diffuse reflection, as depicted in Figure 2.1. Retroreflectivity is vital to 

pavement markings in their contribution to highway safety by making them visible to 

nighttime drivers and providing roadway delineation. 

 

Figure 2.1 Reflection versus retroreflection (Austin & Schultz 2009) 

Pavement markings are embedded with glass beads in order to produce retroreflective 

properties. They can be applied by being dropped onto wet paint, premixed in the 
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pavement marking material, or a combination of both (Migletz et al. 1994). NBDTI drops 

the beads onto wet paint by using a paint truck equipped with two nozzles, one for 

applying the paint and the other for the beads. The bead nozzle is located directly behind 

the paint nozzle so that the beads are dropped into the wet paint almost immediately. 

Once the beads become embedded in the paint, light from oncoming vehicles’ headlights 

is refracted downward in the beads to a point where it is embedded in the paint, as shown 

in Figure 2.2. This point is a diffuse reflecting surface that reflects a fraction of the light 

back toward the vehicle’s headlights in the same colour as the paint (Austin & Schultz 

2009). Sufficient retroreflective properties allow pavement markings to be clearly visible 

to drivers during the night and inclement weather conditions.  

 
Figure 2.2 Retroreflective properties of a glass bead embedded in a paint pavement 

marking (Kosto & Schall 2008) 

 

The glass beads must be transparent so that light from the headlights can enter the bead, 

and must be round in order to refract the light downward into the thickness of the paint. 

The refractive index (RI) defines the retroreflective properties of the beads through its 
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material composition, where a higher RI value provides higher retroreflective properties. 

NBDTI’s standard specifications require that the RI of glass beads used for pavement 

markings is no less than 1.50, which is typical for paint pavement markings (Migletz et 

al. 1994). They also require that glass beads used with waterborne paints are coated with 

a silicone-based material in order to prevent bead clumping from moisture absorption in 

humid conditions (New Brunswick Department of Transportation 2011). 

Retroreflectivity of pavement markings is most commonly measured using the 

Coefficient of Retroreflected Luminance (RL). It is the ratio of luminance (the total 

amount of light reflected back to the driver) and normal illuminance (the illuminance of 

the headlights on the marking) and is measured in millicandelas per lux square metre 

(mcd/m2/lx) (Austin & Schultz 2009). Figure 2.3 demonstrates the function of a 

pavement marking at an instant in time. Light is emitted from a vehicle’s headlights at 

Point A and a fraction of the light illuminates Point B, creating an entrance angle between 

an axis normal to the retroreflective surface and the axis of light emitted, line AB. Point 

B is defined as having an area of one square metre since the units of lux, or the 

denominator of the RL ratio, is measured on a per unit basis. The light is then reflected 

back in a cone shape in approximately the direction of the source, which will have a 

certain intensity seen by the driver at Point C at an observation angle between lines AB 

and AC. 
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Figure 2.3 The light path of vehicle headlights on a retroreflective pavement marking 

(Migletz et al. 1994) 

 

Pavement marking retroreflectivity measurements are made using standard geometry, 

which represents what an average driver would see during nighttime and inclement 

weather conditions (FHWA 2007). ASTM Standard E1710-11 requires that the 

measurement of retroreflective pavement marking materials is based on a viewing 

distance of 30 metres (ASTM 2011). A 30-metre retroreflectometer is calibrated to 

simulate the illumination of a pavement marking the driver would see 30 metres away 

and 1.2 metres above the marking if the headlights are 0.65 metres above the pavement 

(Austin & Schultz 2009). This provides an entrance angle of 88.76° at which the 

retroreflectometer emits light at the pavement marking and measures the light returned at 

an observation angle of 1.05° (Craig et al. 2007). The 30-metre geometry of a headlight 

beam emitted through a retroreflective glass bead is shown in Figure 2.4. 
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Figure 2.4 Standard geometry of a headlight retroreflecting through a glass bead 

simulated by 30-m retroreflectometers (Craig et al. 2007) 

 

2.2    Visibility Needs of Drivers 

Pavement marking performance is generally assessed based on durability and visibility. 

Durability is the amount of marking material remaining on the pavement surface over 

time and visibility is the brightness of the material (Migletz et al. 1994). The nighttime 

visibility of a pavement marking is usually determined by retroreflectivity as well as the 

colour and luminance contrast between the marking itself and the pavement surface.  

Both colour and luminance contrast are usually rated subjectively, though luminance 

contrast can be determined through a ratio of the increase in retroreflectivity from the 

pavement to the marking and colour contrast can be determined using a colorimeter 

(Bahar et al. 2006).  
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Reduced nighttime visibility is often the first sign of failure for pavement markings 

(Migletz & Graham 2002).  Nighttime visibility is closely related to daytime visibility 

(durability) because loss of retroreflective beads often precedes or accompanies wearing 

and chipping of the paint itself. Retroreflectivity is therefore a quantifiable method for 

agencies to monitor their pavement markings’ performance. 

Many studies have been performed to determine the relationship between retroreflectivity 

and user-rated visibility in order to develop minimum standards based on the needs of 

drivers. A strong correlation between user-rated night visibility and retroreflectivity has 

been found by several studies, the general consensus being that markings with user-rated 

RL values of approximately 100 mcd/m2/lux and above are adequate for nighttime 

visibility (Graham & King 1991; Loetterle et al. 2000). Through the depiction of the 

visibility of markings at various retroreflectivity levels in Figure 2.5, it can be seen that 

retroreflectivity levels below 100 mcd/m2/lux are not adequately visible to the driver.  

 
Figure 2.5 Pavement markings at various retroreflectivity levels (Opiela 2004) 

 

The development of minimum pavement marking levels for adequate driver visibility has 

become more sophisticated since user-rated levels with the development of software 

specifically designed to simulate nighttime marking visibility. A Windows-based 
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software called CARVE (Computer-Aided Road-Marking Visibility Evaluator) was 

developed at Ohio University to simulate nighttime pavement marking visibility needs of 

drivers. The program models features essential to pavement marking visibility such as 

headlight characteristics, pavement marking configuration and driver characteristics in 

order to determine the minimum retroreflectivity that is required given a selected 

minimum preview time (Schnell & Zwahlen 2000). Preview time is the amount of time 

required for the driver to detect a change, understand it, decide the appropriate reaction 

and initiate the complete maneuver (Gates et al. 2003). A set of minimum 

retroreflectivity levels recommended by Zwahlen & Schnell (2000) used a minimum 

preview time of 3.65 seconds for fully marked roads without raised reflective pavement 

markings (RRPMs) as input into their CARVE model. An update to the CARVE model 

called TarVIP (Target Visibility Predictor) was created by the University of Iowa to 

accommodate updates in marking materials, headlamps and roadway surfaces. New 

standards were created using the recommended TarVIP models at preview time of 2.2 

seconds and updates to roadway, vehicle and driver features (FHWA 2007). 

2.3    Minimum Retroreflectivity Levels 

In 1992, the United States Congress ordered the Secretary of Transportation to revise the 

US-MUTCD to include a new standard of minimum retroreflectivity levels that must be 

maintained for traffic signs and pavement markings. Sign retroreflectivity standards were 

added to the MUTCD in 2007, but pavement marking standards have yet to be published. 

The FHWA has supported extensive research on the subject, providing several 

amendments to recommended minimum retroreflectivity levels based on user ratings, 

TarVIP models and workshops. In April of 2010 a Notice of Proposed Amendments was 
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sent to the Federal Register that offered a proposal to revise the 2009 MUTCD Section 

3A.03 to include standards, guidance, options and support on the set of proposed 

minimum standards shown in Table 2.1 (FHWA 2014). Subject to the proposed standards 

are white and yellow centreline, lane line and edge line markings without supplemental 

raised reflective pavement markings or continuous roadway lighting. The FHWA has yet 

to come to a final rule on the proposed standards, but the most recent edition of the 2009 

MUTCD including Revisions 1 and 2 has Section 3A.03 reserved for the standards.   

Table 2.1 Recommended MUTCD standards for minimum retroreflectivity levels of 
longitudinal pavement markings measured at 30-m geometry in units of mcd/m2/lux 

(FHWA 2014) 

 Posted Speed (mph) 
≤ 30 35 – 50 ≥ 55 

Two-lane roads with centreline markings 
only n/a 100 250 

All other roads n/a 50 100 

 

Workshops with state, county and local agencies determined that illumination from 

vehicle headlights provides adequate contrast with the pavement surface at posted speeds 

below 30 mph, negating the need for minimum retroreflecitivity levels (Migletz & 

Graham 2002). Minimum levels increase with increased posted speeds because the 

distance required for a driver to process a marking at an established preview time 

increases with increasing speeds. For example, at a preview time of 2.2 seconds as used 

in the TarVIP models, a preview distance of 34 metres is required at 35 mph (56.3 km/h) 

speeds, while a preview distance of 54 metres is required at 55 mph (88.5 km/h). A 

marking must therefore have higher retroreflectivity levels at higher posted speeds so that 

they can be seen by the driver from further away. Similar principles apply to fully marked 
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roads (marked with edge lines, centrelines, and/or lane lines) compared to roads with 

centreline(s) only. A fully marked road has more markings that, when combined, are 

more likely to be seen by the driver from a further distance, while a centreline is relied 

upon solely to provide the visibility needed by the driver on centreline-only roads. 
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3 Literature Review 

A literature review was performed in order to best design a pavement marking 

retroreflectivity study in New Brunswick. Study methodology, errors and lessons from 

related past studies can help maximize the effectiveness of the study. It was also 

important to look to factors affecting pavement marking retroreflectivity that have been 

found to be significant to ensure that all potential variables were considered. 

3.1    Factors affecting the deterioration of pavement marking retroreflectivity 

Thamizharasan et al. (2002) identified the factors that affect the rate of pavement 

marking retroreflectivity degradation as: traffic volume, heavy vehicle percentage, 

weather/climate, quality control in applying the marking material, and the type of 

pavement surface. The effects of these factors as well as marking material and colour, 

lateral line location and directionality are synthesized to understand their significance and 

their applicability to a New Brunswick study.   

3.1.1 Marking material 

Pavement marking materials are generally grouped in either a durable or non-durable 

category. Non-durable materials include traffic paints that have shorter service lives than 

more durable materials such as epoxy paint, methyl methacrylate (MMA), 

thermoplastics, and preformed tape. The process of pavement marking material selection 

is continuously being developed and expanded. Materials can be chosen based on factors 

such as cost, durability, climate, drying time and environmental regulation, though cost is 

usually the most heavily weighted factor. 
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Paints cost significantly less than any other marking material, but they are far less durable 

(Montebello & Schroeder 2000). Epoxy paints offer more durability, but have longer 

drying times and low resistance to snow plows, making them unfeasible in New 

Brunswick’s climate. MMA pavement markings offer better performance in low 

temperatures and resistance to snow plows, but they are more expensive than epoxies and 

require special equipment to install. Thermoplastics are similar to paint but contain no 

solvent and are installed at a molten state rather than spray installation. They have high 

retroreflectivity levels even without glass beads and bond better to asphalt surfaces, but 

are sensitive to snow plowing and are more often used for symbols rather than 

longitudinal pavement markings. Preformed tapes are pre-fabricated material that is glued 

to the pavement surface. They offer higher initial retroreflectivity readings and a longer 

service life, but are also not suitable for snow plows or old, damaged roads (Zayed et al. 

2008). 

Paints are the most widely used material for pavement markings. They consist of three 

main components: binder as the base material; pigment for colour, opacity and 

retroreflectivity; and a solvent to maintain a liquid form. The solvent evaporates after the 

paint is applied to the pavement until the binder and pigment remain as the pavement 

marking with retroreflective beads embedded into it (Migletz et al. 1994). 

Paints are characterized by their base material, the two primary paints used for markings 

being oil-based (also referred to as solvent-based, alkyd, or conventional) and water-

based (waterborne) latex paints. NBDTI uses waterborne paints from the beginning of 

May to mid-October and oil-based paints the remainder of the year. Oil-based paints were 
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the primary marking material until the U.S. Environmental Protection Agency released 

National Volatile Organic Compound (VOC) Emission Standards for Architectural 

Coatings in 1998 requiring that all pavement markings have a maximum VOC content of 

150 g/L (EPA 1998). The equivalent Canadian standard was put into effect in 2009, 

prohibiting the use of traffic markings with VOC contents above 150 g/L between May 1 

and October 15 (Canadian Department of Justice 2009). The average VOC content in oil-

based paints is 383 g/L, eliminating the use of most oil-based paints, other than modified 

formulas with lower VOC contents, year-round in the U.S. and between May and October 

in Canada. Water-based paints with average VOC contents of 84 g/L subsequently 

became the dominant material for paint pavement markings (Andrady 1997). 

Waterborne and oil-based paints have comparable service lives and exhibit similar 

retroreflectivity levels throughout their lifecycle, though some studies show that 

waterborne paints can have slightly higher retroreflectivity levels than oil-based (Migletz 

et al. 1999; Kosto & Schall 2008). Both paints have similar application costs that are 

much lower than those for more durable materials, but they have significantly lower 

service lives than all other materials, especially on high-volume roads. Waterborne 

paints’ main disadvantage is that they must be applied in ambient temperatures of 10°C 

or above while oil-based can be applied in lower temperatures (Kosto & Schall 2008). 

This issue is avoided in Canada where the low-VOC standard does not apply between 

mid-October and May when temperatures are lower and oil-based paints can be used. 
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3.1.2 Marking colour 

White pavement markings have been shown to produce significantly higher RL readings 

than yellow markings. Migletz et al. (1999) found average RL values of 203.1 and 133.3 

mcd/m2/lux for white and yellow markings, respectively, over a fall season in 32 states. 

Many other studies have developed similar findings (Scheuer et al. 1997; Bahar et al. 

2006). White markings have been shown to degrade more rapidly than yellow markings 

(Lu & Barter 1998; Sasidharan et al. 2009), but white markings’ higher initial values 

usually offset their faster degradation rate and yellow markings remain at lower RL values 

throughout their lifecycle (Bahar et al. 2006). 

The primary reason for higher levels of retroreflectivity in white paints is related to 

pigmentation and the different scattering efficiencies of different pigments. White 

pigments have the ability to scatter incident light at all wavelengths, while yellow 

pigments absorb rather than scatter light at all wavelengths except those corresponding to 

yellow. The result is a brighter white marking due to lower levels of incident light 

absorption compared to yellow markings (Bowman & Abboud 2001).  

3.1.3 Traffic volume and heavy vehicle percentage 

It is generally accepted that traffic volume and composition affect the deterioration of 

pavement marking retroreflectivity (Migletz et al. 1994). This is because tires passing 

over the lines lift and scatter the retroreflective beads or abrade them enough for them to 

eventually lose their retroreflective properties. High proportions of heavy vehicles such 

as trucks and buses can also cause faster degradation of marking retroreflectivity due to 
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an acceleration of this effect from heavier loads on their tires (Migletz et al. 1994). A 

study of waterborne markings on Pennsylvanian highways found that directional ADT is 

negatively correlated with retroreflectivity (Sasidharan et al. 2009). Other studies have 

found that traffic volume has no statistically significant effect on retroreflectivity 

(Thamizharasan et al. 2003; Hawkins et al. 2006). Elwakil et al. (2014) found AADT and 

AADT of trucks to be directly correlated to the subjective condition of oil-based paints in 

Ottawa, though retroreflectivity was not studied. 

In order for the traffic to degrade the marking, a crossover of the vehicles’ tires over the 

marking must occur. A more effective method of correlating service life with traffic 

volume may be to use cumulative traffic passages (CTP) as the independent variable 

rather than ADT or AADT. CTP considers the potential number of crossovers on a 

marking because traffic volumes can be counted per lane. The potential number of 

crossovers of an edge line would be the CTP in the adjacent lane, and for centrelines and 

lane lines the CTP in the two adjacent lanes (Migletz & Graham 2002). The availability 

of this type of information is often an issue, and AADT or ADT must be used as a traffic 

variable instead. 

The marking location and road geometry are determining factors on how significant the 

effect of traffic volume is on retroreflectivity degradation. It has long been assumed that 

centreline and lane line retroreflectivity degrades more quickly than edge lines due to 

higher numbers of traffic crossovers at the centre of a road compared to the edge. A study 

by Craig et al. (2007) confirmed this by comparing retroreflectivity values of white edge 

lines to white centrelines (lane lines) and yellow centerlines to yellow edge lines 
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(centrelines on divided highways) on thermoplastic markings in North Carolina. The 

study found a statistically significant difference in the degradation rates of the edge lines 

and centrelines over a 5-year period and recommended more frequent replacement of 

centrelines and lane lines than edge lines as a potential for cost savings.  

Transverse markings also deteriorate more quickly due to traffic than longitudinal 

markings because they are likely to experience more crossovers. Roadway geometry 

characteristics such as lane width also affect the wear by traffic since a narrower lane 

increases the likelihood of a crossover (Migletz et al. 1994). Markings at horizontal 

curves and at intersections and driveways with turning traffic are also more affected 

(Bowman & Abboud 2001). Studies resulting in no significant effect found of traffic 

volume on retroreflectivity may be attributed to readings being taken on straight sections 

of highway where fewer crossovers take place. 

The level of degradation due to traffic volume is related to the durability of the marking 

and therefore the marking material. Since paints are non-durable materials, they wear off 

more quickly than durable materials and lose their retroreflective qualities when exposed 

to high traffic volumes (Benz et al. 2009). For this reason many agencies choose marking 

material based on AADT or ADT and do not use paints on high-volume roads.  Kansas 

DOT recommends that paint markings only be used on roads with volumes below 5000 

ADT (Crow & Testa 2002).  
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3.1.4 Lateral line location and directionality 

The presence of edge lines has been shown to considerably improve the visibility of 

pavement markings on a roadway. Test subjects in a study by Zwahlen and Schnell 

(1997) were able to detect the end of pavement markings from twice as far away when 

the configuration consisted of edge lines and centrelines compared to centrelines alone. 

Zwahlen and Schnell (1999) also found that drivers focus almost exclusively on the right 

edge line when asked to detect the end of a pavement marking on a fully marked road. 

Edge lines are therefore most critical when maintaining minimum retroreflectivity levels 

and should be primary in determining the useful life of pavement markings on a roadway.   

In the case of centrelines which are observed from drivers travelling in two directions, the 

paint truck’s direction during application has been shown to affect retroreflectivity 

readings. Rasdorf et al. (2009) studied yellow centrelines on low-volume, two lane roads 

in North Carolina and found that taking retroreflectivity readings by placing the 

retroreflectometer in two opposite directions produced a significant difference in readings 

of 20 to 30 mcd/m2/lux on average. This effect is even greater on chip seal surfaces with 

larger surface voids. It was hypothesized that the difference in directionality is due to the 

moving paint truck giving the beads a horizontal velocity, causing one side of the bead to 

be more deeply embedded in the paint and therefore less visible.    

3.1.5 Winter maintenance 

Snowfall, and therefore winter maintenance such as plow and sand and salt application, 

has been correlated with the degradation of pavement marking retroreflectivity (Scheuer 
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et al. 1997). Snowplowing in particular has been shown to degrade pavement markings to 

exceptionally low retroreflectivity levels. The scraping of a snowplow blade directly on 

the marking lifts and abrades the beads as well as the marking itself, causing a rapid 

decrease in retroreflectivity readings over a winter season in regions with significant 

snowfall. Similar effects can be found with studded tires, which are prevalent during 

winter seasons. Salts and other deicing agents can chemically disintegrate the marking 

material and loosen its bond with the pavement and sand can act as an abrasive that 

degrades the translucent quality of the retroreflective beads (Bowman & Abboud 2001). 

The effect of winter maintenance activities on pavement marking retroreflectivity has 

been shown to be more significant than the effect of traffic volumes, creating a 

substantial issue for jurisdictions with snowfall (Scheuer et al. 1997). A study of 

markings on Alaska’s major highway showed that yellow and white oil-based paint 

marking retroreflectivity deteriorated by 21% and 62%, respectively, between October 

and April (Lu & Barter 1998). Another study of traffic paints on Iowa and Minnesota 

state highways in regions with more severe winter climates found yellow and white 

markings’ retroreflectivity decreased by 21% and 34%, respectively, for waterborne 

paints, and 24% and 23%, respectively, for conventional paints over a winter season 

(Migletz et al. 1999). Mull (2011) found that paint pavement markings degrade by 3.2 

mcd/m2/lux during each snowplow event. Figure 3.1 depicts the degradation of a 

waterborne paint marking’s retroreflectivity levels on a highway in Virginia, where the 

first snowplow event occurred between the December and January readings. Virginia 

experiences significantly less snowfall than New Brunswick over a winter, yet the 

markings lost up to 39% of their retroreflectivity between January and March. It would 
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be expected that more snowplow events would lead to an even greater drop on a 

degradation curve in New Brunswick. 

 
Figure 3.1 Retroreflectivity degradation curves of waterborne pavement markings over a 

winter in Virginia (Cottrell 1995) 

 

A comparison of paint retroreflectivity in the fall and winter by Migletz et al. (1999) 

found that waterborne paint is more affected by winter conditions than oil-based paint, 

epoxy, polyester, thermoplastic and tape pavement markings. A study for the Québec 

Ministry of Transportation recommended that durable markings such as thermoplastics be 

used in cold regions rather than water-based paints based on worldwide a survey of 

agencies with climates considered to be similar to Québec’s (Brosseau et al. 2012). It 

appears to be the consensus that non-durable pavement markings do not exhibit adequate 

durability for use in regions with significant amounts of snowfall such as New 

Brunswick. 
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3.1.6 Road surface type and condition 

New Brunswick roads are either paved with hot-mix asphalt concrete (HMAC) or chip 

seal (also referred to as bituminous surface treatment or sealcoat) surfaces. Chip seal 

surfaces consist of a layer of aggregate sprayed on asphalt emulsion applied to existing 

asphalt pavements as a maintenance method of restoring some surface quality of the 

pavement without the cost of replacing it. They are considered to be lower quality than 

pre-mixed asphalt surfaces because of their lower structural capacity and rougher surface 

texture due to more surface voids from application in the field (Gates et al. 2003).  

The more texture a road surface has, the poorer the retroreflectivity of its pavement 

markings. This is because irregularities in the road surface may allow marking materials 

or retroreflective beads to sink into voids and aggregates cast a shadow on them, making 

them less visible to drivers. This applies to chip seal surfaces with their large proportion 

of surface voids and cracked or uneven asphalt surfaces. Other causes of reduced 

retroreflectivity on chip seal surfaces include asphalt emulsion bleeding on the surface 

and leaving tracks on the markings and aggregates popping out and removing the 

marking material (Gates et al. 2003). The daytime appearance of a newly applied 

thermoplastic marking over a chip seal surface is shown in Figure 3.2. A survey of Texas 

DOT representatives administered by Gates et al. (2003) on pavement marking 

performance found that markings do not last a full year on chip seal surfaces even with 

the fraction of winter maintenance required in Texas compared to New Brunswick.   

 3.10 
 



 
Figure 3.2 Thermoplastic pavement marking on a chip seal surface (Gates et al. 2003) 

Zhang et al. performed a study comparing chip seal to plant-mixed asphalt pavements in 

terms of international roughness index (IRI) and waterborne paint retroreflectivity. The 

study found that the IRI is almost always higher on chip seal surfaces (meaning a rougher 

surface) and that mean retroreflectivity values are significantly higher on plant-mixed 

asphalt surfaces. This confirms that rougher surfaces produce lower retroreflectivity 

values. A study by Gates et al. found that retroreflectivity readings were 23% and 38% 

lower for white and yellow thermoplastic markings, respectively, on chip seal compared 

to hot-mix asphalt surfaces. They also found that RL values measured consistently lower 

on chip seal surfaces over time, despite a traffic volume 30 times higher on the HMAC 

surfaces, and that RL readings using a retroreflectometer are more uniform on an HMAC 

surface. 
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3.1.7 Marking application 

The depth of bead embedment is fundamental in determining the retroreflectivity levels 

the marking will produce. Beads that are embedded too deeply in the marking will be 

concealed by paint and the surface texture, while beads not embedded enough will be 

easily removed from the marking (Montebello & Schroeder 2000). A bead embedment 

depth of 55 to 60 percent is recommended for optimum retroreflectivity (Migletz et al. 

1994). 

The durability of a marking is influenced by the paint thickness during application, 

particularly if high wear (traffic volume or winter maintenance) is causing the marking’s 

failure (Migletz et al. 1994). The thicker the paint application, the more wear the marking 

can withstand before failure. If the marking itself is intact, the beads are more likely to 

remain embedded in it; however, a thickness too large would cause the embedment to be 

too deep and reduce the retroreflective properties. Paint thickness is typically measured in 

units of mils, where 1 mil is equivalent to 0.001 inches or 250 micrometres, and paint 

pavement markings are usually 15 to 25 mils thick (Rasdorf et al. 2009). NBDTI requires 

that markings are at minimum 10 ± 1 mils thick and that yellow and white pavement 

markings produce minimum retroreflectivity readings of 200 and 250 mcd/m2/lux two to 

four weeks after installation (New Brunswick Department of Transportation 2011). 

3.2    Service life of pavement marking retroreflectivity 

The performance of pavement markings is usually described in terms of “service life” or 

“useful life” (Migletz et al. 1994). Service life is the amount of time it takes for a 
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pavement marking to reach a pre-determined minimum retroreflectivity level from the 

time it is applied. It is dependent on the relationship between retroreflectivity and age and 

is affected by the variables described in Section 3.1. 

The service life of different marking materials is well-studied but the results are variable. 

As Table 3.1 shows, service lives of waterborne markings appear to vary between six 

months and two years, but different studies rarely result in the same service life 

estimations. This is likely because service lives are so dependent on several variables that 

often vary by study location. 

Table 3.1 Service lives of waterborne pavement markings found in literature 

Author Location 
Minimum 

Retroreflectivity 
(mcd/m2/lux) 

Yellow marking 
service life 
(months) 

White marking 
service life 
(months) 

Scheuer et al. 
(1997) Michigan 100 15 

Lu & Barter 
(1998) 

United States and 
Canada 

N/A (survey 
question) 7 - 13 

Migletz et al. 
(2001) United States Variable - 10 

Kopf (2004) 
Cascade 

Mountains 
(Washington) 

100 11 23 

Sasidharan et 
al. (2009) Pennsylvania 100 12 (low-volume) 

6 (high-volme) 
16 (low-volume) 
12 (high-volme) 

Brosseau et al. 
(2012) International N/A (survey 

question) 12 

 

A typical pavement marking retroreflectivity degradation curve at the beginning of its 

service life is shown in Figure 3.3. 
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Figure 3.3 Typical retroreflectivity degradation curve of a newly placed pavement 
marking (Thamizharasan et al. 2002) 

 

 
Retroreflectivity increases after installation because initial vehicle wear exposes the 

beads from overlying paints and other debris. After retroreflectivity reaches its maximum 

it decreases over time, though no consensus has been reached on the form of this curve. 

Lee et al. (1999) and Thamizharasan et al. (2002) both found a linear relationship 

between retroreflectivity and time, while Andrady (1997) found a logarithmic 

relationship, and  Bahar et al. (2006) found no specific form. Thamizharasan et al. (2002) 

also found that after the marking reaches a RL value of 50 to 60 mcd/m2/lux, the 

retroreflectivity degradation becomes asymptotic in form. 

An example of service life estimation using graphical methods is shown in Scheuer et al. 

(1997)’s linear best-fit line from a sample of water-based pavement markings in 

Michigan. The study defined the minimum acceptable retroreflectivity level to be 100 

mcd/m2/lux. The trend line’s slope was approximately -0.4035 mcd/m2/lux per day, 

resulting in an estimated service life of 445 days. 
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Figure 3.4 Linear best-fit curve of retroreflectivity over time for water-based paint 

pavement markings sampled in Michigan (Sheuer et al. 1997) 

 

Attempts have also been made on creating degradation curves of pavement marking 

retroreflectivity in order to predict RL values after a certain period of time. These models 

would ideally predict an expected service life given different variables in order to 

maintain the markings above a minimum RL value. For example, Mull & Sitzabee (2012) 

created a linear least squares model using paint pavement marking retroreflectivity data 

collected over seven years in North Carolina with a mobile retroreflectometer. The 

resulting model including variables that were found to be significant is described in 

Equation 3.1. 

               RL = 65.5 +0.72RL,initial -2.55t- 3.22s- 0.0005AADT                  [Equation 3.1] 
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Where RL,initial is the pavement marking’s retroreflectivity reading upon initial 

installation, t is time in months, and s is the number of snowplow events. Increased 

values of time, snowplow events, and AADT were all found to have a negative effect on 

retroreflectivity readings. Rearranging Equation 3.1 for age and using minimum 

retroreflectivity levels for RL could provide estimations for the approximate service life 

of a paint pavement marking in North Carolina. 

Despite the development of these models, they do not appear to be used in practice. Most 

agencies have a scheduled restriping time and frequency, such as once a year in the 

spring, rather than performing maintenance once markings fall below a certain minimum 

retroreflectivity threshold. This may be because the models have been shown to be so 

variable and are not necessarily reliable. 

Many attempts have been made at quantifying the degradation of pavement marking 

retroreflectivity but a universal method of predicting it has yet to be created. If nothing 

else, the conclusion to be drawn is that the rate of retroreflectivity degradation varies so 

highly based on climatic and pavement conditions, application techniques, etc., that no 

single prediction model can be used universally. It would therefore be valuable for 

NBDTI to understand the degradation curves specific to their roadways. 

3.3    Variability in pavement marking retroreflectivity readings 

It has been widely noted that retroreflectivity readings using handheld retroreflectometers 

produce high levels of variability (Scheuer et al. 1997; Kopf 2004). Handheld 

retroreflectometers require a smooth, flat surface to get accurate readings. Any cracks, 
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holes or ridges in the pavement surface, or dirt, sand or salt covering the marking 

compromise the accuracy of the readings. They can obtain readings in wet and rainy 

conditions, but they produce significantly lower readings in wet conditions and even 

lower in rainy conditions compared to dry conditions. This is because when water floods 

the markings the incident light from the retroreflectometer is specularly reflected through 

the water rather than retroreflected (Aktan & Schnell 2004). They are also sensitive to 

background light and some studies have identified issues with calibrating them correctly 

(Migletz et al. 1994; Scheuer et al. 1997; Kopf 2004). They are advantageous in that the 

operator can choose an appropriate surface to take the readings on, but the operator’s 

subjectivity may limit the reliability of the data.  Even with environmental conditions 

being controlled, retroreflectometers have been shown to possess inherent variability 

(Kopf 2004).  

Issues in retroreflectometers’ repeatability are exemplary of the instruments’ variability. 

Repeatability is the ability of the instrument to obtain identical readings at the same 

location. The Texas Transportation Institute found that the repeatability of the Mirolux 

Plus 30-m handheld retroreflectometer is ± 15% (Migletz & Graham 2002), which may 

indicate that readings vary by that much. Different retroreflectometers also produce 

different readings at the same measurement geometry, especially at lower retroreflectivity 

levels (Bowman & Abboud 2001). Readings taken with a retroreflectometer may 

therefore be unreliable in comparing them to set values such as FHWA’s proposed 

minimum retroreflectivity standards and may produce some variability in comparing 

values over time using the same instrument. 
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3.4    Chapter Summary 

Pavement markings, their service lives and the causes of their retroreflectivity 

deterioration are well-studied subjects. It was important to review related studies and 

draw on them to develop the methodology for this study. The following is a summary of 

major findings from the literature review of pavement marking retroreflectivity.  

Age was universally found to have an effect on the level of pavement marking 

retroreflectivity because retroreflectivity values and visual appearance deteriorate as time 

passes after a marking’s application. Other factors that were found to have a significant 

effect on pavement marking retroreflectivity included: 

• marking material  

• marking colour  

• traffic volume  

• heavy vehicle percentage  

• lateral line location  

• directionality 

• winter maintenance  

• road surface type and condition  

• application techniques 

After reviewing the literature, age, marking material, traffic volume, season, road surface 

type, and application techniques were selected as the independent variables for this study.  

Heavy vehicle percentage was not included in the analysis because heavy vehicle data 
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were not available from NBDTI for many of the study sites. Directionality was not 

included because readings were taken in both directions on centrelines during the first 

data collection period but not found to produce different readings. Lateral line location 

and marking colour were also not included because the dataset was not wide enough to be 

able to differentiate the effects of line location and the effects of colour; since edge lines 

are white and centrelines are yellow, it would be difficult to tell whether the deterioration 

in retroreflectivity was caused by the line’s location or its colour.  

Many studies used retroreflectivity data to predict the service life of pavement markings 

in terms of the time expended between application and the point at which retroreflectivity 

readings indicate markings are below a pre-determined minimum level. Service lives can 

be used to determine how often pavement markings should be replaced. Literature 

indicates that service lives for paint pavement markings are highly variable and range 

from six months and two years. This suggests that service lives are unique given different 

locations and conditions, so it was important to be able to predict service life in New 

Brunswick in order to be able to provide a maintenance plan. Studies that predicted 

service lives usually used survey or statistical techniques that model the relationship 

between retroreflectivity and age. Statistical techniques are often preferred because they 

provide quantitative justification, so it was chosen for this study.

 3.19 
 



4 Methodology 

4.1   Data Collection 

The population for this study was chosen to include all local, collector and arterial 

highways owned by NBDTI, arterial highways maintained by MRDC Operations 

Corporation, and urban streets within the City of Fredericton. Since climate conditions, 

winter maintenance and pavement marking application methods are approximately the 

same throughout the province, all data collection took place approximately within a 30-

minute drive of the Fredericton area assuming that it was representative of the entire 

province. Sample sections were chosen based on the following variables: 

• Highway type (local, collector, or arterial) 

• Surface type (asphalt or chip seal) 

• Traffic volume (500 - 1000 Annual Average Daily Traffic (AADT) or over 

1000 AADT) 

The number of sample sites was set to approximate the proportions of local, collector and 

arterial road classes at the provincial level. Road life diagrams provided by NBDTI were 

used to determine surface type and volumes of all arterial and collector highways. The 

vast majority of arterial highways in New Brunswick are paved with asphalt and have 

volumes above 1000 AADT, so all sample locations were chosen based only on 

proximity to the Fredericton area. Collector highway sample locations were divided 

proportionally into chip seal and asphalt pavement surfaces. Locations within the two 

traffic volume groups (500 – 1000 AADT or >1000 AADT) were also sampled for each 
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of the pavement surface types. NBDTI pavement marking specifications stipulate that 

roads with volumes between 500 and 1000 AADT are only required to be re-striped every 

two years. This was accounted for by taking some samples of these roads in their first 

year and some in their second year after their last pavement marking application and 

piecing together a two-year cycle. Sample locations for local highways were chosen 

using the same volume criteria as collector highways. Since road life diagrams are not 

available for local highways, the pavement surface type was observed in the field. 

Retroreflectivity samples were also taken from an arterial highway maintained by MRDC 

Operations Corporation and urban streets in Fredericton in order to compare their 

pavement markings to NBDTI’s. The MRDC highway was selected based on proximity 

to Fredericton, and Fredericton sites were chosen randomly.  

Data from 24 sample locations (shown in Figure 4.1) were collected between December 

2014 and November 2015 over a three-day period each month. A Mirolux Plus 30-metre 

handheld retroreflectometer was used as per the requirements of ASTM E1710-11, 

‘Standard Test Method for Measurement of Retroreflective Pavement Marking Materials 

with CEN-Prescribed Geometry Using a Portable Retroreflectometer’. The sampling 

locations were separated geographically in a way that allowed them to be divided into 

three sections, one for each day between 8 AM and 5 PM. The total number of sample 

sites was chosen based on time constraints and the study period length was chosen to 

capture a full year-long pavement marking cycle. An exception to the monthly data 

collection occurred between January and March of 2015 when constant salt, sand and/or 

ice on the roads prevented the dry, clean surface required for accurate retroreflectivity 
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readings. The before-and-after winter conditions were therefore studied rather than 

continuously throughout the winter. 

 
Figure 4.1 Pavement marking retroreflectivity sample locations in New Brunswick 

 

At each sample location, three retroreflectivity readings were taken longitudinally at each 

of the edge lines, centrelines and/or lane lines, depending on the marking configuration at 

that location. Three readings were taken to provide an average value along a pavement 

marking, following the procedure used by both NBDTI and MRDC. At each test location, 

care was taken to ensure the readings were taken as consistently as possible. The selected 

sample sites were only as specific as a section of highway, so the first data collection in 

December 2014 also included detailed locational information on where the readings are 

taken. This information included important landmarks (e.g. civic number or across from a 
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speed limit sign) and was used to take readings from approximately the same locations in 

subsequent months. 

4.2    Data analysis 

The analysis of the pavement marking retroreflectivity data was completed in two parts:  

1. Sample Analysis 

2. Development of a pavement marking management plan 

The following sub-sections outline the methods used in completing the data analysis. 

4.2.1 Sample analysis 

The analysis for the sample of pavement markings on 24 NBDTI road sections first 

included an observation of the retroreflectivity’s deterioration over time and a 

comparison of the pavement marking retroreflectivity data to FHWA’s proposed 

minimum standards. A yearlong cycle between pavement marking applications was 

pieced together using restriping logs provided by NBDTI for roads with volumes above 

1000 AADT. A two-year cycle for roads between 500 and 1000 AADT was pieced 

together the same way but with some sections in their first year and others in their 

second. A graphical analysis was performed where scatter plots of retroreflectivity versus 

age were plotted, including readings over these cycles with a straight line representing the 

proposed minimum retroreflectivity levels. Data sets were fit with linear trend lines 

representing the deterioration curve over time. A linear trend line was chosen because of 

the prevalence of linearly fitted graphs in literature such as that in Figure 3.4. These 
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graphs indicated the proportion of points that were below the standard and a general 

relationship between retoreflectivity and age. Different plots were made according to 

marking configuration and speed limit to compare to different minimum values in the 

standards.  

The compliance of the pavement markings to FHWA’s standards was estimated 

numerically using the approximate service lives of individual markings that were 

sampled and categorizing them according to marking configuration and speed limit as per 

the standards. The service lives for individual markings were categorized as less than 

three months, three to six months, or six months to a year, and the percentage of 

markings passing in each marking configuration/speed limit category was recorded for 

each time period. 

The sample analysis then included a multiple linear regression analysis to test the effects 

of independent variables age, season, road class, surface material, traffic volume, and 

paint type on the dependent variable, retroreflectivity. The independent variables were 

selected based on the literature review in Section 3.1. A linear fit was chosen for the data 

based on common practice in past pavement marking retroreflectivity deterioration 

studies, such as in Mull & Sitzabee’s model described in Equation 3.1 (2012). 

Regression is “a method for building mathematical models of how a response variable is 

affected by changes in one or several predictor variables” (Andersson 2012). Multiple 

linear regression models the relationship between at least two predictor variables and a 

response variable by fitting a linear equation to the data. The general multiple linear 

regression model is shown in Equation 4. 
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                                                    Y = β0 +β1x1 +β2x2 +…+βkxk                               [Equation 4.1] 

Where Y is the response (dependent) variable, x1 … xk are predictor (independent) 

variables, β0 is an intercept, β1… βk are coefficients to the predictor variables. The model 

states that for a unit increase of an x variable, Y increases by the amount of the 

corresponding β value (e.g. x1 and β1) independent of the other x values (Devore 2011). 

The multiple linear regression analysis was carried out in IBM’s SPSS Statistics 

software. The output of the model was interpreted based on the R2 value and significance 

of the model overall as well as the regression coefficient and significance of each 

independent variable. The R2 value estimates the robustness of the model, or the 

proportion of variation in the dependent variable that can be explained through the linear 

model of the independent variables (Devore 2011). The significance of each of the 

variables and the model overall were analyzed according to the p-value at 95% 

significance, where any variables or model with p-values greater than 0.05 were 

considered insignificant. The regression coefficients (β) indicate the size of the effect the 

independent variable has on the dependent variable and the direction of the effect 

(positive or negative). Independent variables with negative coefficients were found to 

have a negative effect on retroreflectivity, and those with positive coefficients had a 

positive effect.   

The regression output also included a Durbin-Watson statistic, which determines whether 

autocorrelation exists in the residuals (Fahidy 2006). Autocorrelation is the correlation 

between adjacent observations, often in time series data, and autocorrelation within the 

residuals is significant because it may explain variability in the model. The Durbin-
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Watson statistics ranges from 0 to 4, where a value of 0 indicates positive autocorrelation 

and 4 negative autocorrelation; a value in the middle of this range suggests non-

autocorrelation (Chen et al. 2003). The test within the multiple linear regression models 

was used to determine whether there was autocorrelation due to the time series nature of 

the data, and how large in magnitude the autocorrelation was. 

A sample of retroreflectivity data from one MRDC-maintained section and four City of 

Fredericton sections were compared to the data on NBDTI sections as a method of 

understanding variations in pavement marking retroreflectivity performance between 

different road operating agencies. The analysis that could be performed on the data was 

limited due to small MRDC and Fredericton sample sizes compared to the NBDTI 

sample size. The agencies could not be compared statistically, so they were compared 

heuristically using graphical analyses with linear trend lines. 

4.2.2 Pavement marking management plan 

The FHWA recommends that jurisdictions develop a method for maintaining the 

minimum pavement marking retroreflectivity standards, though they recognize that 

complete compliance may not be feasible at certain times such as winter seasons, or 

locations such as horizontal curves, driveways, etc. Provided that a maintenance plan is in 

place, jurisdictions’ pavement markings would be considered in compliance even if these 

conditions have caused non-compliance. The FHWA recommends the following methods 

for maintaining their minimum longitudinal pavement marking retroreflectivity standards 

(FHWA 2014):  
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• Calibrated visual nighttime inspection – a trained inspector calibrates his or her 

eyes to pavement markings in compliance with the minimum standards and does a 

visual inspection of markings on the roads. The markings that fail the visual 

inspection are replaced. 

• Consistent parameters visual nighttime inspection – a trained inspector over 

the age of 60 performs a visual inspection that aligns with older adults’ perception 

of retroreflectivity levels as a conservative method due to older adults’ declining 

vision. The inspector calibrates his or her eyes to the minimum standards and 

performs a visual inspection from a moving vehicle. The markings that fail the 

visual inspection are replaced. 

• Measured retroreflectivity – pavement markings are measured using a 

retroreflectometer. Markings below the minimum standard are replaced. 

• Service life based on monitored markings – markings are replaced based on the 

observed service lives of similar markings with similar placement characteristics. 

A control set of pavement markings in designated groups are monitored using the 

measured method, visual inspection, or both, and all markings within the 

corresponding group are replaced when the control group reaches minimum 

retroreflectivity levels. 

• Blanket replacement - all markings within designated groups are replaced at 

specific intervals based on historical retroreflectivity data or when the shortest-life 

material reaches the minimum retroreflectivity level. 

NBDTI currently replaces their pavement markings at specified intervals, but the criteria 

for replacement are based on traffic volume rather than historical retroreflectivity data.  
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NBDTI currently lacks the resources to have personnel perform visual inspections or to 

monitor in-service pavement markings, so a blanket replacement method would be best 

for New Brunswick at this time. This study provided the historical retroreflectivity data 

required to develop a blanket replacement maintenance method.  

An approximate service life for pavement markings can be estimated using the results of 

the data analysis portion of this study, which produced a regression equation that was 

used to estimate service life of a pavement marking given the independent variables that 

were found to be significant and a minimum retroreflectivity level. NBDTI could use this 

equation to initiate a blanket replacement method restriping schedule.
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5 Analysis and Results 

5.1    Graphical Analysis 

A graphical analysis was performed on the sampled data in order to evaluate the current 

state of NBDTI’s pavement marking retroreflectivity over a one- to two-year cycle and 

its compliance with FHWA-proposed minimum pavement marking retroreflectivity 

standards. This section includes several graphs that depict the degradation of 

retroreflectivity over time and compare the sample retroreflectivity data to the various 

minimum retroreflectivity levels in the proposed standards. Graphs of one test section’s 

retroreflectivity readings over time was also included to provide a general understanding 

of the shape of the pavement markings’ retroreflectivity deterioration over a full cycle. 

5.1.1 General degradation of retroreflectivity over time 

The deterioration of retroreflectivity over time for a single sample section over the 

sample period is plotted in Figure 5.1 with retroreflectivity as the y-axis in units of 

mcd/m2/lux and time in days since the marking was painted as the x-axis. The sample site 

(Site #31) is a high-volume (AADT of approximately 15,000) collector highway with two 

edge lines (in white on the graph) and one centreline (in yellow). These readings 

exemplify the variability in the handheld retroreflectometer’s readings; all three curves 

have a general downward trend, but some data points have higher retroreflectivity 

readings than those taken earlier in the marking’s life, when it would be expected that 

they would consistently decrease with time past the first month since re-striping. This 

anomaly may be due to inherent variability in using a handheld retroreflectometer, or 

because sampling variability due to its placement at slightly different locations along the 
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same line, over dirt or salt, over a void between aggregates, etc., despite best efforts to 

remain consistent, avoiding placement over areas that may affect readings, and taking 

average readings to alleviate such issues. 

 
Figure 5.1 Retroreflectivity deterioration of a single sample site over time 

 

Most sample sections exhibit variability similar to Figure 5.1 when plotted individually 

and as such, all data points were combined into one graph to develop an overall trend of 

retroreflectivity over time. All pavement markings sampled over the 24 test sections were 

plotted in Figure 5.2. In order to develop a general understanding of the relationship 

between retroreflectivity and marking age, a linear trend line was fit to the data. The 

trend line in Figure 5.2 indicates that pavement marking retroreflectivity deteriorates over 

time, as expected. 
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Figure 5.2 Retroreflectivity deterioration of all samples over time 

 

Figure 5.2 can be compared to Scheuer et al. (1997)’s linear best-fit curve to a sample of 

water-based pavement markings in Michigan, shown in Figure 3.4. This slope of the best-

fit curve in this study is very similar to the Scheuer et al.’s best-fit curve at -0.3994 

compared to -0.4035. The intercept of this study is approximately 50 mcd/m2/lux lower, 

meaning the initial readings are lower but pavement markings retroreflectivity degrades 

at approximately the same rate in both study locations.  

The data from all 24 test sections were again plotted as retroreflectivity versus time in 

Figure 5.3, this time separating white (edge line) markings and yellow (centreline) 

markings. Data points representing yellow pavement markings are marked as yellow 

squares in the plot, and white markings by white diamonds. A linear trend line was again 

fit to the data sets in order to understand similarities and differences between white and 
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yellow markings’ forms of deterioration. White pavement markings consistently have 

higher retroreflectivity readings than yellow markings, but white markings appear to 

deteriorate more quickly than yellow according to the trend lines’ slopes. White markings 

are high enough compared to yellow upon initial application that the higher deterioration 

rate still leads to the white markings being higher through most of the pavement 

markings’ lifecycle. All of these findings on pavement marking colour were what was 

expected based on the literature review. 

 
Figure 5.3 Retroreflectivity deterioration of all white and yellow marking over time 

 

5.1.2 Comparison of NBDTI data to FHWA’s proposed minimum 
retroreflectivity standards 

The data were then compared to FHWA’s proposed minimum retroreflectivity standards 

by grouping the sampled pavement markings by speed limit and configuration in 

correspondence with the standards and plotting them over time on scatter plots. The plots 

include a horizontal line representing the proposed minimum retroreflectivity level for 
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that given speed zone and marking configuration in order to compare the data to the 

FHWA standards.  

Retroreflectivity data from samples with centreline(s) only and a posted speed limit 

between 35 and 50 mph (56 to 80 km/h) are plotted against age in Figure 5.4. 

 
Figure 5.4 Compliance to FHWA’s minimum retroreflectivity standards of roads with 

centreline markings only and speed limits between 35 and 50 mph 

 

The red horizontal line in the graph represents the minimum standard of 100 mcd/m2/lux 

for pavement markings in this category. A linear trend line was fit to the graph, showing 

a negative slope that falls below the minimum standard just beyond 100 days since 

restriping. Most of the data points are below the standard by approximately 250 days, 

indicating that markings in this category rarely meet minimum standards through an 

entire year, and many do not within six months of application. There are samples within 

this set of data that are currently prescribed a two-year cycle by NBDTI even though 
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many points reached zero, meaning they had no retroreflective properties, within one 

year. It appears that pavement markings within this category are only meeting standards 

for a short period relative to their current life-cycle. 

Sampled roads with centreline(s) only and speed limits above 55 mph (88 km/h) are 

plotted in Figure 5.5 comparing their compliance with the minimum retroreflectivity 

standard of 250 mcd/m2/lux. There was only one sample section for this category because 

road sections with higher speed limits typically have edge lines in New Brunswick due to 

their safety and delineation benefits at higher speeds. Only one section meeting this 

category was found within the sample area, so a small sample size resulted. 

The sample plotted in Figure 5.5 is well below the minimum retroreflectivity standard of 

250 mcd/m2/lux throughout its entire life-cycle. Roads with centreline(s) only at higher 

speeds require higher retroreflectivity readings because a greater preview distance is 

required and the centreline(s) need to be more visible at night because there are no edge 

lines to accompany them in meeting visibility requirements. Field data on existing 

centreline markings may reveal issues that would accompany this requirement. Yellow 

paint has been shown to produce lower retroreflectivity values than white and NBDTI’s 

quality control standards require that yellow pavement markings are at a minimum of 

only 200 mcd/m2/lux two to four weeks after installation, making it unlikely that 

markings in this category will reach the FHWA standard of 250 mcd/m2/lux even at the 

beginning of their life-cycle, let alone throughout one- or two-year cycles. If this standard 

were put into place, a modification of retroreflectivity requirements at the time of 
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application or a change in marking configuration for sections in this category would need 

to be implemented by NBDTI. 

 
Figure 5.5 Compliance to FHWA’s minimum retroreflectivity standards of roads with 

centreline markings only and speed limits above 55 mph 

 

Sample sections categorized as “all other roads” by the FHWA or, in the case of this 

study,  roads with edge lines as well as centrelines, with speed limits between 35 and 50 

mph (56-80 km/h) are plotted and compared to their minimum standard of 50 mcd/m2/lux 

in Figure 5.6. The linear trend lines for both white and yellow lines resemble those in 

Figure 5.3, with consistently lower yellow readings compared to white and the white 

trend line deteriorating more quickly than yellow. The sample dataset complies well with 

the minimum retroreflectivity standard of 50 mcd/m2/lux, with the yellow trend line 

reaching below the minimum standard at approximately a year and the white at close to 

500 days. The compliance with the standard is likely because it is a low standard 
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compared to the initial retroreflectivity readings of 200 and 250 mcd/m2/lux required by 

NBDTI for yellow and white lines, respectively. 

 
Figure 5.6 Compliance to FHWA’s minimum retroreflectivity standards of roads with 

centreline and edge line markings and speed limits between 35 and 50 mph 

 

Yellow centrelines and white edgelines from sample sections in the all other roads with 

speed limits above 55 mph (88 km/h) category are plotted with their proposed minimum 

retroreflectivity level of 100 mcd/m2/lux in Figure 5.7. The linear trend lines are again 

similar in form to Figures 5.3 and 5.6. The yellow trend line reaches the minimum 

standard before 200 days and the white at approximately 350. Neither white nor yellow 

pavement markings appear to comply with the minimum standards based on this the trend 

lines, although most white data points are compliant within a year. 
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Figure 5.7 Compliance to FHWA’s minimum retroreflectivity standards of roads with 

centreline and edge line markings and speed limits above 55 mph 

 

Observing the retroreflectivity data over time on all graphs, it appears that it becomes 

asymptotic in form near the end of its life cycle. The linear fit to the data does not reflect 

this shape, but the priority for this study was to understand at what point it goes below the 

minimum standard. The data generally become asymptotic in form well past the time in 

which it deteriorates below the standard, so although a trend line that reflects this 

asymptotic shape may provide a better fit to the data, the linear trend line meets the needs 

of the study in understanding at which point in time the data fails to comply with the 

minimum standards.    

The percentage of all sample sections complying with FHWA’s proposed minimum 

retroreflectivity standards over time was estimated in order to develop an understanding 

of the overall compliance to the proposed standards and to find an approximate service 
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life of pavement markings in New Brunswick. Individual markings from the sample 

sections were categorized according to marking configuration/speed limit and paint 

colour, and the cumulative percentage complying to the standard over three- to six-month 

intervals up to a year was recorded in Table 5.1. 

Table 5.1 Percentage of sampled markings passing FHWA’s proposed minimum 
retroreflectivity standards over time 

Marking 
configuration 

and speed 
(mph) 

Paint 
colour Sample size % Passing at 

3 months 
% Passing at 

6 months 
% Passing at 

1 year 

Centreline only 
(35 -50) Yellow 7 71% 71% 0% 

Centreline only 
(≥ 55) Yellow 1 0% 0% 0% 

All other roads 
(35-50) 

White 20 100% 100% 65% 
Yellow 13 100% 77% 23% 

All other roads 
(> 55) 

White 7 100% 100% 43% 
Yellow 8 75% 50% 13% 

 

Observing the proportion of markings passing the minimum standards over a year, it 

appears that most pavement markings do not comply well within a yearlong cycle. 

Yellow lines appear to be less compliant than white, with only up to 23% passing after a 

year. Yellow markings on road sections with edge lines also last longer than roads with 

centreline(s) only. Most categories of samples appear to drop off quickly in compliance 

between six months and one year, often because the winter season occurs during this time 

period. 

Fifteen of the 56 samples (27%) did not fail before they were repainted as per NBDTI’s 

maintenance schedule, 13 of which being white lines. Twenty-five of the 56 samples 

(45%) failed between 6 months and one year, and the remaining 28% of samples failed at 
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some point in their life-cycle. With 73% of sampled markings decreasing below 

minimum standards at some point before they were re-striped, these findings suggest that 

the current pavement marking maintenance schedule would be inadequate if the FHWA 

minimum retroreflectivity standards were put into place in New Brunswick. 

The graphical analysis suggests that NBDTI’s maintenance schedule should be adjusted 

to the time periods categorized in Table 5.2 according to FHWA’s minimum standard. 

Table 5.2 Suggested re-striping intervals for NBDTI based on FHWA’s proposed 
minimum retroreflectivity standards 

 Posted Speed (mph) 
35 – 50 ≥ 55 

Two-lane roads with centreline markings only ≤ 6 months - 
All other roads 1 year 6 months – 1 year 

 

Centreline-only roads with posted speeds at or above 55 mph do not include a re-striping 

interval because pavement markings in this category are never above minimum standards 

through their lifecycle and installation adjustments would need to be made to meet the 

standards. These approximate service lives from graphical analysis are similar to the 

service life estimations from literature summarized in Table 3.1, though they cannot be 

directly compared because none of the studies used FHWA’s minimum retroreflectivity 

standards to determine the service life. Even so, many studies in the literature also found 

that waterborne pavement markings have a service life of less than a year, and none 

estimated a service life as long as two years. 
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5.2    Visual Inspection 

Retroreflectivity is the most common method of evaluating pavement markings’ 

performance, but visual ratings of pavement markings’ durability are also valuable. There 

are various causes of deterioration to markings that produce lower visibility, sometimes 

despite acceptable retroreflectivity readings. The following images show different 

examples of visually deteriorated pavement markings in New Brunswick over the study 

period. A basis of comparison is depicted in a new marking on a good surface shown in 

Figure 5.8. The paint looks bright, opaque and new and the pavement surface appears 

smooth with very few cracks or other deficiencies. This pavement marking at this point in 

time produced retroreflectivity readings upwards of 400 mcd/m2/lux. 
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Figure 5.8 Newly applied pavement marking on a good asphalt surface 

 

An image of an older marking on a good asphalt surface is shown in Figure 5.9. The 

marking is approximately 215 days old and the paint looks worn due to deterioration over 

time and the passing of a winter season. It can be assumed that a pavement marking with 

this little paint remaining would have little to no retroreflective beads on the surface, 

which was supported by a very low retroreflectivity reading at the time when the picture 

was taken. 
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Figure 5.9 Older pavement marking on a good asphalt surface 

 

Many locations had markings in poor condition due to factors other than worn paint. 

Figure 5.10 shows a pavement marking where portions of paint have been chipped or 

peeled off, likely from abrasion or poor adherence. Markings with missing areas of paint 

have reduced visibility compared to a solid line simply because pieces of the marking are 

not there. A marking in this condition may cause bias in retroreflectivity readings because 

the intact portions of the marking may have high retroreflectivity levels, but the marking 

may be less visible in the dark due to the chipped areas. 
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Figure 5.10 Chipped pavement marking 

 

A phenomenon that was observed in the field is depicted in Figure 5.11. Edge line 

pavement markings on some sections appeared in a longitudinal pattern where sections of 

paint were missing from the line. This may be caused by a snowplow scraping off the 

paint as the suspension of the vehicle caused the blade to lift and fall directly onto the 

marking, abrading the paint and beads periodically in a diagonal shape similar to the 

bottom of a snowplow blade. The visibility of this marking would be significantly 

reduced, but it also has the potential to create bias in the retroreflectivity readings due to 

the same issues faced in situations similar to Figure 5.10. To avoid this bias at these and 

other similar sample sections, the retroreflectometer was placed at points with varying 

levels of visibility to create a more accurate average reading. 
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Figure 5.11 Patterned deterioration of a pavement marking 

 
Visibility may also be affected by surface texture, as described in Section 3.1.6. A 268-

day-old marking on a chip seal surface is shown in Figure 5.12. 

 
Figure 5.12 Older marking on a chip seal surface 
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The line of paint remains, but it has completely worn off most of the aggregates. This 

would significantly reduce visibility during the daytime as well as during the night 

because the beads are hidden in the voids. The retroreflectometer reading at the time the 

photograph was taken was approaching zero, meaning that any beads that remained were 

almost completely concealed by the voids. 

 

5.3    Deterioration models 

A multiple linear regression analysis was performed on the data in order to evaluate 

which of the independent variables (age, volume, road class, striping season, and surface 

type) have a statistically significant effect on the dependent variable, retroreflectivity. 

Two models were created, one for yellow pavement marking samples, and one for white, 

in IBM’s SPSS statistics software. Several models within each colour category were 

created with the goal of creating a model that is as explanatory of the output 

retroreflectivity values as possible. 

The regression models included the qualitative/categorical independent variables: road 

class, surface material, paint type and season. For example, the independent variable 

surface type cannot be defined quantitatively, so sample sections were categorized as 

either asphalt or chip seal. Regression analysis must be performed with quantitative 

variables, so dummy variables, which assign binary notation to the variables, were used 

to make them meaningful in the statistical model. The surface type variable became 

asphalt where an input of ‘1’ designated it as an asphalt surface and an input of ‘0’ as not, 

or in this case, that it was a chip seal surface. Dummy variables are interpreted in the 
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output as a comparison to what is categorized as zero; in the case of surface type, the 

asphalt dummy variable was interpreted in comparison to chip seal readings.   

There were variables included in the model described by three categories. These variables 

were input in the model similarly to the two-category variables, except two dummy 

variables were created instead of one. For example, the season variable was split into 

summer (June and July) and fall (September to November) variables. Data points painted 

in the spring (May and June) category were used as the baseline category where the 

summer and fall variables can be read in the output relative to the spring variable. Spring 

data points were therefore defined in the input as having a ‘0’ value for both the summer 

and fall variables. The three-category road class variable was input similarly with 

collector roads as the baseline and local and arterial roads as the dummy variables.  

The output of the white model for white markings including all independent variables is 

summarized in Table 5.3. The paint type and surface type variables were excluded in the 

output because there were no readings in the sample which had oil-based paint or chip 

seal as paint type and surface type variables, respectively. 

Table 5.3 Regression model for white pavement markings 
Variables β T-Stat Sig. 
Constant 296.642 18.687 .000 
Age -.482 -9.943 .000 
Traffic volume -.005 -3.235 .001 
Arterial road class 51.153 3.374 .001 
Local road class 53.837 2.350 .020 
Painted in summer -18.849 -1.263 .208 
Painted in fall -9.190 -.318 .751 
Dependent variable: Retroreflectivity 
R2 = 0.477, Significance = .000 
Durbin-Watson = .878 
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The regression model for white markings produced an R2 value of 0.477, which as 

expected is not high due to the variability in the data, but still leaves room for 

improvement. The model and independent variables age, traffic volume, and arterial and 

local road class were found to be significant at 95% confidence while the seasons were 

found to be insignificant. The Durbin-Watson value for this model is 0.878, suggesting 

slight positive autocorrelation, which is expected of time-series data. 

The output of the yellow pavement marking model is summarized in Table 5.4. The paint 

type variable was also excluded from this model because none of the sections sampled 

had oil-based paint pavement markings. 

Table 5.4 Regression model for yellow pavement markings 
Variables β T-Stat Sig. 
Constant 153.771 8.594 .000 
Age -.266 -12.978 .000 
Traffic volume -.002 -2.137 .034 
Arterial road class 20.652 2.327 .021 
Local road class 11.992 1.202 .231 
Painted in summer -17.656 -2.120 .035 
Painted in fall -37.812 -2.806 .005 
Asphalt surface 18.746 1.224 0.222 
Dependent variable: Retroreflectivity 
R2 = 0.533, Significance = .000 
Durbin-Watson = .928 

 

This model produced an R2 value of 0.533, which is higher than the R2 value of the white 

model, but still leaves room for improvement. All variables in this model were 

considered significant at 95% confidence except local road class and asphalt surface type; 

re-striping season was considered significant unlike in the white model. Autocorrelation 

was again indicated in the Durbin-Watson Statistic. 
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The white and yellow models were combined, adding paint colour as a dummy variable, 

in an attempt to create a more robust model by including more data points. The resulting 

output is summarized is Table 5.5. 

Table 5.5 Regression model using all data points 
Variables β T-Stat Sig. 
Constant 169.905 8.580 .000 
Age -.347 -15.436 .000 
Traffic volume -.004 -4.407 .000 
Arterial road class 36.200 4.166 .000 
Local road class 32.022 2.937 .003 
Painted in summer -16.510 -2.026 .043 
Painted in fall -38.185 -2.657 .008 
White paint 84.326 11.284 .000 
Asphalt surface 19.791 1.098 .273 
Dependent variable: Retroreflectivity 
R2 = 0.557, Significance = .000 
Durbin-Watson = .852 

 

This model produced a R2 value of 0.557, which is higher than the white and yellow 

models’ R2 values. All variables were found to be significant except asphalt surfaces, and 

the significance of the variables are higher than in the white and yellow models. White 

paint was shown to produce considerably higher retroreflectivity values than yellow 

paint, which was reflective of the results in the graphical analysis section. It was 

determined that combining the two paint colours produced a better model, so a final 

model was created with the two colours but excluding the insignificant variable for 

asphalt surfaces. The final model’s output is summarized in Table 5.6.  
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Table 5.6 Final regression model 
Variables β T-Stat Sig. 
Constant 188.883 19.525 .000 
Age -.346 -15.408 .000 
Traffic volume -.004 -4.311 .000 
Arterial road class 35.665 4.110 .000 
Local road class 35.665 2.726 .007 
Painted in summer -16.628 -2.040 .042 
Painted in fall -47.127 -3.983 .000 
White paint 85.924 11.718 .000 
Dependent variable: Retroreflectivity 
R2 = 0.556, Significance = .000 
Durbin-Watson = .853 

 

The final regression model produced an R2 value of 0.556 and a Durbin-Watson value of 

.853. The R2 is as high as could be expected considering the variability in the data and the 

Durbin-Watson suggests positive auto-correlation, which was expected given the time-

series data.  

Age and traffic volume were found to have negative effects on retroreflectivity based on 

their coefficients, which was expected. White pavement markings were found to produce 

significantly higher readings than yellow pavement markings. Arterial and local road 

class both model higher effects on retroreflectivity than collector roads. It would be 

expected that the arterial coefficient would be positive since arterial roads are generally 

better-maintained roads that are re-striped more often, but local roads would be expected 

to have lower readings than collector roads since they are generally painted less often and 

have lower traffic volumes. It is suspected that correlation between traffic volume and 

road class led to this result. It was also expected that pavement surface would have a 

significant effect on retroreflectivity values, though it was not shown to in this model. It 
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is predicted that this is a result of the correlation between road class and pavement 

surface material, since most chip seal surfaces are found on local roads. 

The purpose of the season variable was to evaluate the effects of winter on pavement 

marking retroreflectivity. It has been shown that pavement markings deteriorate more 

quickly during the winter than the rest of the year, so it was hypothesized in this study 

that the earlier in the re-striping season (beginning in May) that a pavement marking is 

re-striped, the longer useful life it will have because fewer months of its life are affected 

by harsh winter conditions such as snow plows, sand, salt, etc. This was supported by the 

regression model, which indicates that markings that are re-striped in the spring produce 

higher retroreflectivity readings throughout their life-cycle compared to those re-striped 

in the summer, and those re-striped in the fall produce the lowest readings. 

The regression model developed in this study is difficult to compare to other models in 

the literature because few studies used regression analysis to model the degradation of 

retroreflectivity over time, especially for waterborne paint markings specifically. This is 

likely due to so many potential sources of variability in sampling retroreflectivity values, 

such as weather or repeatability of retroreflectometer readings, making it difficult to 

produce an accurate model. Many studies use graphical or survey questionnaire methods 

instead, which are useful but also do not provide precise estimations. One model found in 

the literature by Mull & Sitzabee (2012), described in Equation 3.1, produced similar 

findings to this study in that age and AADT have a negative effect on retroreflectivity, 

but the model was able to use variables such as number of snowplow events and initial 

retroreflectivity which were not available for this study. The model produced an R2 value 
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of 0.76 compared to 0.56 in this study. The data collection period was seven years 

compared to one year for this study, and a mobile retroreflectometer was used which is 

able to collect many more readings than a handheld retroreflectometer more quickly and 

the dataset was therefore more robust. These degradation models are very dependent on 

the accessibility of information for certain variables, access to instrumentation, the region 

of study, etc. Models are therefore difficult to compare, which is why it was important to 

develop a model specifically for New Brunswick.  

5.4    Pavement Marking Management Plan 

The results from Section 5.3 were used to create a regression equation that models the 

retroreflectivity values of pavement markings on New Brunswick roads given the 

variables that were found to be significant. The model is described in Equation 5.1. 

RL = 188.883 -0.346(Age) -0.004(Volume) +35.665(Arterial) +35.665(Local) 
-16.628(Summer) -47.127 (Fall) +85.924(White) 

        [Equation 5.1] 

Where: 

• RL = Minimum retroreflectivity for the pavement marking in question as per   
         FHWA’s proposed minimum retroreflectivity standards in units of   
         mcd/m2/lux 

• Age = Number of days since pavement marking was installed 
• Volume = Traffic volume in units of AADT 
• Arterial = 1 if it is an arterial road class, or 0 otherwise   
• Local = 1 if it is an local road class, or 0 otherwise 
• Summer = 1 if the pavement marking was re-striped during the summer season,  

                   or 0 otherwise 
• Fall = 1 if the pavement marking was re-striped during the fall season, or 0  

           otherwise 
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• White = 1 if white paint is sampled and 0 if it is yellow paint 

The regression model created was not intended as an accurate method of estimating 

retroreflectivity, but rather to provide an approximation of service life given different 

road and pavement marking characteristics. It was simplified in order to create an 

equation that provides estimations of service life but with fewer inputs for use by 

NBDTI. The modified regression model is summarized in Table 5.5. 

Table 5.5 Simplified regression model for estimating pavement marking service life 
Variables β T-Stat Sig. 
Constant 174.179 19.422 .000 
Age -.363 -16.542 .000 
Traffic volume -.003 -3.272 .001 
Arterial road class 40.547 4.753 .000 
Local road class 24.456 2.467 .014 
White paint 88.091 11.865 .000 
Dependent variable: Retroreflectivity 
R2 = 0.539, Significance = .000 
Durbin-Watson = .834 

The simplified regression model removed the re-striping season variables Fall and 

Summer because NBDTI cannot always predict when a particular road will be re-striped 

due to factors such as weather or issues with a paint truck. This model provided similar 

outputs to the final model in Table 5.4 without a significant change in the R2 value, so 

this model was used to estimate service life for NBDTI’s maintenance schedule. The 

model is described in Equation 5.2. 

RL = 174.179 -0.363(Age) -0.003(Volume) +40.547(Arterial) +24.456(Local)  
+88.091(White) 

          [Equation 5.2] 
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Equation 5.2 was rearranged to estimate service life given different road and pavement 

marking characteristics in Equation 5.3. 

SL = 
174.179 - RLmin -0.003(Volume) +40.547(Arterial) +24.456(Local) +88.091(White)

0.363
  

           [Equation 5.3] 

Where SL is the estimated service life of the pavement marking and RL,min is the FHWA 

minimum retroreflectivity standard for that road section given pavement marking 

configuration and speed limit. 

The service lives of pavement markings on several road sections with randomly 

generated characteristics are estimated in Table 5.6. The results appear to reflect what 

was found in Section 5.1; white markings generally have longer service lives than yellow, 

and roads with edge lines produce yellow marking service life estimations higher than 

yellow markings on centreline-only roads. The section with a minimum retroreflectivity 

standard of 250 mcd/m2/lux produced a negative estimated service life reading, meaning 

it is never above minimum standards, which was found in Section 5.1. 

Table 5.7 Estimated service life for hypothetical roads in New Brunswick 
 Road 

Class 

Speed 
Limit 

(km/h) 

Traffic 
Volume 
(AADT) 

Centreline 
only or 
other 

Marking 
Colour 

Minimum RL 
(mcd/m2/lux) 

Estimated 
Service Life 

(Days) 
1a Arterial 110 4,000 Other White 100 525 
1b Arterial 110 4,000 Other Yellow 100 283 
2a Arterial 80 10,000 Other White 50 614 
2b Arterial 80 10,000 Other Yellow 50 371 
3 Collector 90 9,000 Centreline Yellow 250 < 0 
4a Collector 90 2,000 Other White 100 430 
4b  Collector 90 2,000 Other Yellow 100 188 
5a Collector 70 500 Other White 50 581 
5b Collector 70 500 Other Yellow 50 338 
6 Local 80 6,000 Centreline Yellow 100 222 
7 Local 60 1,000 Centreline Yellow 100 263 
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The service life estimates for road sections with randomly chosen attributes appear to 

reflect what was found in the graphical analysis, so Equation 5.3 could be used to 

approximate the service life of pavement markings on New Brunswick roads. The 

equation produces service life estimations in days, but given that the model is not an 

exact fit to the data, the results should not be used to create a maintenance plan that is 

precise to the day. It should be used rather to determine a broader re-striping frequency 

such as to the nearest quarter, year, 18 months, etc. 

The service life estimations resulting from this study’s regression model appear to be 

comparable to service lives found in other studies, which were summarized in Table 3.1. 

Service life findings from the literature ranged from 6 months to 23 months, while those 

in this study ranged from less than zero months to approximately 20 months. It is difficult 

to compare these findings to service lives in the literature because there were no studies 

found that used FHWA’s proposed minimum retroreflectivity standards, so studies 

defined the end of a marking’s service life differently than it was done in this study. 

5.5    Comparison to other road agencies’ pavement markings 

The samples collected from a highway operated by MRDC and four City of Fredericton 

streets over the data collection period were compared to samples from NBDTI sections to 

identify any similarities or differences in retroreflectivity between different road 

operating agencies. The MRDC and City of Fredericton data points were plotted over 

their yearlong cycle on the same plot as the first 400 days as the NBDTI data in Figure 

5.13. 
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Figure 5.13 Comparison of NBDTI’s pavement marking retroreflectivity readings over 

time compared to MRDC’s and the City of Fredericton’s 

 

Comparing the three road agencies in Figure 5.13, there does not appear to be a large 

discrepancy between NBDTI readings and MRDC or City of Fredericton readings. The 

proposed FHWA standard excludes roads with continuous lighting and/or speed limits at 

or below 30 mph (50 km/h), which apply to most of the City of Fredericton sample 

sections, so the City’s trend line is consistently lower than the NBDTI’s but the markings 

are generally expected to produce lower retroreflectivity readings. The MRDC readings 

are higher than the NBDTI curve over the first 250 days since application, but the trend 

line’s slope is larger and it decreases below NBDTI’s curve past 250 days. Only one 

MRDC road section was included in the sample due to time constraints in the data 

collection phase. One sample is not representative of all of MRDC’s pavement markings, 

and the data is similar enough to the NBDTI data that no substantial differences can be 

concluded between the two road agencies’ pavement markings. 
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6 Conclusions and Recommendations 

A sample of longitudinal pavement marking retroreflectivity readings on 24 NBDTI road 

sections was collected in order to develop a better understanding of the state of pavement 

markings in the Province of New Brunswick and their compliance with minimum 

pavement marking retroreflectivity standards proposed by the FHWA. Other attributes 

were collected for the sampled road sections such as road class, traffic volume and 

surface type in an attempt to model the degradation of pavement marking retroreflectivity 

in the province. The objectives of the study were to understand New Brunswick’s 

existing pavement markings’ compliance with the proposed minimum standards, to 

understand the causes and rates of pavement marking retroreflectivity deterioration, and 

to generate service life estimations given the proposed minimum standards in order to 

develop the basis for a pavement marking maintenance schedule for NBDTI. 

The following sections outline the key conclusions and recommendations that were 

drawn from the study. 

6.1    Conclusions 

Plotting all data sampled throughout the one-year data collection period revealed that 

pavement marking retroreflectivity generally decreases over time in New Brunswick, as 

expected. Separating the data points by pavement marking colour it was found that white 

markings produce retroreflectivity readings over 120 mcd/m2/lux higher than yellow 

markings upon their initial installation and generally continue to produce higher readings 

through their life-cycle, though white markings deteriorate more quickly than yellow 

markings. 
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The data were then compared graphically to FHWA’s proposed minimum 

retroreflectivity standards to understand the existing pavement markings’ condition 

relative to the proposed standards. Roads in this study with centreline(s) only did not 

comply well with their minimum standards. The 35 to 50 mph category trend line 

indicated that markings fall below the minimum standard within four months of 

installation. The category of roads above 55 mph were never above the minimum 

standard of 250 mcd/m2/lux through their life-cycle, likely because the minimum 

standard is higher than the retroreflectivity level required by NBDTI upon initial 

installation. The two “all other roads” categories show better compliance, likely due to 

lower minimum standards and the presence of white edge lines. The linear trend line for 

the yellow markings in the 35 to 50 mph category reaches the minimum standard at 

approximately one year, and the white markings in approximately 16 months, both of 

which are acceptable for markings on a one-year maintenance schedule but not for those 

on a two-year schedule. The “all other roads” category with speed limits above 55 mph 

indicates that neither white nor yellow markings comply with the minimum standard 

within a year. 

The graphical analysis of the current conditions of New Brunswick’s pavement markings 

compared to the FHWA’s proposed minimum retroreflectivity standards found that only 

27% of the pavement markings sampled complied with their standard at the time of their 

replacement, and most of which were white lines. Most samples appear to have service 

lives between six months and one year, especially with the passing of a winter season, 

and none have a service life longer than one year. These findings suggest that NBDTI’s 
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maintenance schedule would not be adequate if these minimum standards were 

implemented.  

NBDTI’s current pavement marking retroreflectivity levels were not shown to be 

considerably different from those on MRDC or City of Fredericton roads, but the small 

MRDC sample size and urban setting of Fredericton sample sections prevented any 

meaningful conclusions from the comparison. Further study may include a larger sample 

that would lead to a more sophisticated graphical analysis or a statistical analysis to 

meaningfully compare the three agencies and possibly develop recommendations on 

improving NBDTI’s pavement marking installation processes.   

Factors that were found to have a statistically significant effect on the deterioration of 

pavement marking retroreflectivity in New Brunswick were age, traffic volume, road 

class, season of installation, and paint colour according to a multiple linear regression 

model. Age and traffic volume were found to have a negative effect on retroreflectivity 

readings, and white paint markings were found to produce higher readings than yellow 

ones. Pavement markings on collector roads produce higher retroreflectivity readings 

than arterial and local roads, and markings installed in May or June were found to show 

higher retroreflectivity values than those in July or August, which were higher than those 

painted in September and later. 

The regression model produced an equation that can be used to estimate the service life 

and therefore re-striping frequency of individual road sections. This may be used as a 

basis for a blanket replacement schedule for NBDTI’s pavement markings. NBDTI may 

also consider performing visual inspections on their pavement markings to improve 
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visibility both during the day and nighttime by avoiding chipped pavement markings or 

paints hidden by voids between aggregates. 

The data collected using a handheld retroreflectometer was shown to produce significant 

variability in the readings. The instrument requires specific dry, smooth, clear conditions 

on the roadway which are often difficult to locate, and even in perfect conditions studies 

have found inherent variability in the use of handheld retroreflectometers. The results of 

this study are therefore intended for a broad understanding of pavement marking 

retroreflectivity deterioration and not as a means of providing service life predictions that 

are precise to the day, for example. The use of a handheld retroreflectometer is also very 

time consuming and produces very little data relative to the number and length of 

pavement markings in New Brunswick. If minimum retroreflectivity standards are put 

into place, NBDTI may consider the cost-effectiveness of purchasing a mobile 

retroreflectometer, which can collect significantly more data points in a shorter period of 

time because they take readings while being mounted to a moving vehicle. Such an 

instrument could collect many more samples throughout the entire province and provide a 

basis for a more accurate pavement marking maintenance schedule that may save costs 

by preventing the re-striping markings that are not yet at the end of their useful life. 

6.2    Recommendations 

The findings in this study led to the following list of recommendations that may help to 

improve the state of the pavement markings in the Province of New Brunswick, 

especially in the event that minimum pavement marking retroreflectivity standards are 

implemented.  
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• Pavement markings in New Brunswick currently do not comply well with 

FHWA’s proposed minimum retroreflectivity standards with the maintenance 

schedule NBDTI currently has in place. It is recommended that a blanket 

replacement maintenance plan be developed for pavement markings in the 

Province of New Brunswick that accounts for traffic volume, road class, and paint 

colour on specific road sections according to Equation 5.3. Re-striping 

frequencies should be in broad intervals of six months to a year. Visual inspection 

may be incorporated into the maintenance plan in the future to avoid reductions in 

visibility by factors other than retroreflectivity. 

• Yellow pavement markings on roads with centreline(s) only and speed limits 

above 55 mph (90 km/h) are unlikely to meet the proposed FHWA minimum 

standard at any point within their life-cycle due to a currently low retroreflectivity 

requirement upon their installation. It is recommended that either the minimum 

installation requirements be raised and met using a different paint thickness, 

larger beads, etc., or that edge lines be added to these sections which results in a 

lower retroreflectivity requirement. 

• Road sections on a two-year pavement marking maintenance schedule should 

have their re-striping frequency reduced below 2 years since very few if any 

pavement markings were shown to meet minimum standards after two years. 

• NBDTI may consider re-striping pavement markings on road sections that are 

more prone to deterioration, such as high-traffic roads or those with centreline(s) 

only, as early in the season as possible. Since pavement markings that are painted 

in the spring produce higher retroreflectivity readings than those painted in the 
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summer or fall, their service lives may be maximized by postponing the adverse 

effects of the winter season.  

• Alternative pavement marking materials should be considered to increase service 

lives and potentially save costs. NBDTI may consider having an in-depth study 

and benefit-cost analysis performed to determine whether other materials would 

be beneficial for the Province. MMA markings in particular should be considered 

for their resistance to snow plows. 

• A sample of oil-based paint pavement marking retroreflectivity should be 

compared to a water-based paints sample in order to understand any differences in 

retroreflectivity readings oil-based paints may produce throughout their life-cycle. 

• Further research may include a more robust model that includes information on 

the number of snowplow events, retroreflectivity reading at the time of 

installation, etc. for better service life predictability. A model that accounts for the 

time-series nature of the data may reduce the positive autocorrelation found in this 

study’s model.  
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Appendix– Pavement Marking Retroreflectivity Data 
 

Legend 

Speed Limit (SL)  

Marking Type (MT) 
EL Edge line 
CL-S Centreline (Solid) 
CL-D Centreline (Dashed) 

Marking Colour (CLR) W White 
Y Yellow 

Road Class (RC) 
A Arterial 
C Collector 
L Local 

Surface Type (ST) AS Asphalt 
CS Chip seal 

 

 

Section Age SL MT CLR RC ST AADT RL 

1 192 100 EL-1 W A AS 4090 159 
1 323 100 EL-1 W A AS 4090 251 
1 2 100 EL-1 W A AS 4090 431 
1 35 100 EL-1 W A AS 4090 344 
1 64 100 EL-1 W A AS 4090 369 
1 29 100 EL-1 W A AS 4090 415 
1 63 100 EL-1 W A AS 4090 333 
1 117 100 EL-1 W A AS 4090 322 
1 207 100 CL-D Y A AS 4090 149 
1 338 100 CL-D Y A AS 4090 66 
1 2 100 CL-D Y A AS 4090 231 
1 35 100 CL-D Y A AS 4090 248 
1 64 100 CL-D Y A AS 4090 294 
1 104 100 CL-D Y A AS 4090 280 
1 140 100 CL-D Y A AS 4090 260 
1 194 100 CL-D Y A AS 4090 231 
1 207 100 CL-S Y A AS 4090 124 
1 338 100 CL-S Y A AS 4090 118 
1 2 100 CL-S Y A AS 4090 237 
1 35 100 CL-S Y A AS 4090 224 
1 64 100 CL-S Y A AS 4090 292 
1 104 100 CL-S Y A AS 4090 279 

A-1 
 



1 140 100 CL-S Y A AS 4090 252 
1 194 100 CL-S Y A AS 4090 238 
1 192 100 EL-2 W A AS 4090 210 
1 323 100 EL-2 W A AS 4090 138 
1 2 100 EL-2 W A AS 4090 408 
1 35 100 EL-2 W A AS 4090 459 
1 64 100 EL-2 W A AS 4090 416 
1 29 100 EL-2 W A AS 4090 461 
1 63 100 EL-2 W A AS 4090 324 
1 117 100 EL-2 W A AS 4090 346 
2 230 100 EL-1 W A AS 3072 198 
2 268 100 EL-1 W A AS 3072 1 
2 8 100 EL-1 W A AS 3072 248 
2 36 100 EL-1 W A AS 3072 370 
2 80 100 EL-1 W A AS 3072 371 
2 114 100 EL-1 W A AS 3072 364 
2 163 100 EL-1 W A AS 3072 263 
2 230 100 CL-S-1 Y A AS 3072 114 
2 268 100 CL-S-1 Y A AS 3072 65 
2 16 100 CL-S-1 Y A AS 3072 200 
2 44 100 CL-S-1 Y A AS 3072 208 
2 88 100 CL-S-1 Y A AS 3072 197 
2 122 100 CL-S-1 Y A AS 3072 182 
2 171 100 CL-S-1 Y A AS 3072 163 
2 230 100 CL-S-2 Y A AS 3072 95 
2 268 100 CL-S-2 Y A AS 3072 87 
2 16 100 CL-S-2 Y A AS 3072 233 
2 44 100 CL-S-2 Y A AS 3072 247 
2 88 100 CL-S-2 Y A AS 3072 205 
2 122 100 CL-S-2 Y A AS 3072 200 
2 171 100 CL-S-2 Y A AS 3072 195 
2 230 100 EL-2 W A AS 3072 225 
2 268 100 EL-2 W A AS 3072 85 
2 8 100 EL-2 W A AS 3072 505 
2 36 100 EL-2 W A AS 3072 528 
2 80 100 EL-2 W A AS 3072 470 
2 114 100 EL-2 W A AS 3072 423 
2 163 100 EL-2 W A AS 3072 365 
3 320 80 EL-1 W C AS 3325 39 
3 358 80 EL-1 W C AS 3325 132 
3 391 80 EL-1 W C AS 3325 190 
3 419 80 EL-1 W C AS 3325 160 
3 30 80 EL-1 W C AS 3325 251 
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3 64 80 EL-1 W C AS 3325 270 
3 113 80 EL-1 W C AS 3325 221 
3 336 80 CL-S-1 Y C AS 3325 36 
3 374 80 CL-S-1 Y C AS 3325 14 
3 407 80 CL-S-1 Y C AS 3325 45 
3 435 80 CL-S-1 Y C AS 3325 45 
3 35 80 CL-S-1 Y C AS 3325 131 
3 69 80 CL-S-1 Y C AS 3325 137 
3 118 80 CL-S-1 Y C AS 3325 131 
3 336 80 CL-S-2 Y C AS 3325 59 
3 374 80 CL-S-2 Y C AS 3325 38 
3 407 80 CL-S-2 Y C AS 3325 73 
3 435 80 CL-S-2 Y C AS 3325 61 
3 479 80 CL-S-2 Y C AS 3325 50 
3 513 80 CL-S-2 Y C AS 3325 76 
3 562 80 CL-S-2 Y C AS 3325 76 
3 320 80 EL-2 W C AS 3325 156 
3 358 80 EL-2 W C AS 3325 93 
3 391 80 EL-2 W C AS 3325 191 
3 419 80 EL-2 W C AS 3325 200 
3 30 80 EL-2 W C AS 3325 348 
3 64 80 EL-2 W C AS 3325 380 
3 113 80 EL-2 W C AS 3325 344 
4 320 80 EL-1 W C AS 1691 79 
4 358 80 EL-1 W C AS 1691 111 
4 391 80 EL-1 W C AS 1691 70 
4 419 80 EL-1 W C AS 1691 133 
4 463 80 EL-1 W C AS 1691 99 
4 497 80 EL-1 W C AS 1691 94 
4 546 80 EL-1 W C AS 1691 55 
4 336 80 CL-D Y C AS 1691 31 
4 374 80 CL-D Y C AS 1691 28 
4 407 80 CL-D Y C AS 1691 17 
4 435 80 CL-D Y C AS 1691 29 
4 30 80 CL-D Y C AS 1691 147 
4 64 80 CL-D Y C AS 1691 126 
4 113 80 CL-D Y C AS 1691 106 
4 336 80 CL-S Y C AS 1691 42 
4 374 80 CL-S Y C AS 1691 28 
4 407 80 CL-S Y C AS 1691 26 
4 435 80 CL-S Y C AS 1691 29 
4 30 80 CL-S Y C AS 1691 161 
4 64 80 CL-S Y C AS 1691 159 
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4 113 80 CL-S Y C AS 1691 95 
4 320 80 EL-2 W C AS 1691 50 
4 358 80 EL-2 W C AS 1691 59 
4 391 80 EL-2 W C AS 1691 25 
4 419 80 EL-2 W C AS 1691 42 
4 463 80 EL-2 W C AS 1691 20 
4 496 80 EL-2 W C AS 1691 24 
4 546 80 EL-2 W C AS 1691 43 
5 315 80 EL-1 W C AS 1691 49 
5 7 80 EL-1 W C AS 1691 217 
5 40 80 EL-1 W C AS 1691 137 
5 68 80 EL-1 W C AS 1691 173 
5 112 80 EL-1 W C AS 1691 139 
5 146 80 EL-1 W C AS 1691 253 
5 195 80 EL-1 W C AS 1691 197 
5 336 80 CL-S-1 Y C AS 1691 4 
5 7 80 CL-S-1 Y C AS 1691 159 
5 40 80 CL-S-1 Y C AS 1691 135 
5 68 80 CL-S-1 Y C AS 1691 137 
5 112 80 CL-S-1 Y C AS 1691 43 
5 146 80 CL-S-1 Y C AS 1691 134 
5 195 80 CL-S-1 Y C AS 1691 99 
5 336 80 CL-S-2 Y C AS 1691 17 
5 7 80 CL-S-2 Y C AS 1691 57 
5 40 80 CL-S-2 Y C AS 1691 121 
5 68 80 CL-S-2 Y C AS 1691 198 
5 112 80 CL-S-2 Y C AS 1691 149 
5 146 80 CL-S-2 Y C AS 1691 87 
5 195 80 CL-S-2 Y C AS 1691 80 
5 315 80 EL-2 W C AS 1691 121 
5 7 80 EL-2 W C AS 1691 242 
5 40 80 EL-2 W C AS 1691 306 
5 68 80 EL-2 W C AS 1691 264 
5 112 80 EL-2 W C AS 1691 155 
5 146 80 EL-2 W C AS 1691 325 
5 195 80 EL-2 W C AS 1691 179 
6 136 60 EL-1 W A AS 9200 71 
6 267 60 EL-1 W A AS 9200 47 
6 304 60 EL-1 W A AS 9200 120 
6 337 60 EL-1 W A AS 9200 130 
6 7 60 EL-1 W A AS 9200 292 
6 47 60 EL-1 W A AS 9200 355 
6 85 60 EL-1 W A AS 9200 331 
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6 137 60 EL-1 W A AS 9200 236 
6 136 60 CL-D Y A AS 9200 39 
6 267 60 CL-D Y A AS 9200 11 
6 304 60 CL-D Y A AS 9200 -1 
6 9 60 CL-D Y A AS 9200 189 
6 38 60 CL-D Y A AS 9200 108 
6 78 60 CL-D Y A AS 9200 154 
6 116 60 CL-D Y A AS 9200 118 
6 168 60 CL-D Y A AS 9200 87 
6 136 60 CL-S Y A AS 9200 54 
6 267 60 CL-S Y A AS 9200 43 
6 304 60 CL-S Y A AS 9200 39 
6 9 60 CL-S Y A AS 9200 163 
6 38 60 CL-S Y A AS 9200 133 
6 78 60 CL-S Y A AS 9200 145 
6 116 60 CL-S Y A AS 9200 110 
6 168 60 CL-S Y A AS 9200 95 
6 136 60 EL-2 W A AS 9200 106 
6 267 60 EL-2 W A AS 9200 11 
6 304 60 EL-2 W A AS 9200 -3 
6 337 60 EL-2 W A AS 9200 10 
6 7 60 EL-2 W A AS 9200 339 
6 47 60 EL-2 W A AS 9200 337 
6 85 60 EL-2 W A AS 9200 261 
6 137 60 EL-2 W A AS 9200 165 
7 122 90 El-1 W A AS 1750 135 
7 253 90 El-1 W A AS 1750 143 
7 290 90 El-1 W A AS 1750 52 
7 10 90 El-1 W A AS 1750 150 
7 39 90 El-1 W A AS 1750 281 
7 79 90 El-1 W A AS 1750 246 
7 117 90 El-1 W A AS 1750 212 
7 169 90 El-1 W A AS 1750 204 
7 115 90 CL-D Y A AS 1750 82 
7 246 90 CL-D Y A AS 1750 26 
7 283 90 CL-D Y A AS 1750 29 
7 10 90 CL-D Y A AS 1750 140 
7 39 90 CL-D Y A AS 1750 159 
7 79 90 CL-D Y A AS 1750 152 
7 117 90 CL-D Y A AS 1750 144 
7 169 90 CL-D Y A AS 1750 117 
7 115 90 CL-S Y A AS 1750 83 
7 246 90 CL-S Y A AS 1750 19 
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7 283 90 CL-S Y A AS 1750 8 
7 10 90 CL-S Y A AS 1750 97 
7 39 90 CL-S Y A AS 1750 116 
7 79 90 CL-S Y A AS 1750 110 
7 117 90 CL-S Y A AS 1750 98 
7 169 90 CL-S Y A AS 1750 88 
7 122 90 EL-2 W A AS 1750 133 
7 253 90 EL-2 W A AS 1750 118 
7 290 90 EL-2 W A AS 1750 98 
7 10 90 EL-2 W A AS 1750 127 
7 39 90 EL-2 W A AS 1750 282 
7 79 90 EL-2 W A AS 1750 305 
7 117 90 EL-2 W A AS 1750 281 
7 169 90 EL-2 W A AS 1750 190 
8 215 50 CL-S Y C CS 2500 -93 
8 253 50 CL-S Y C CS 2500 13 
8 286 50 CL-S Y C CS 2500 -6 
8 314 50 CL-S Y C CS 2500 -12 
8 1 50 CL-S Y C CS 2500 188 
8 35 50 CL-S Y C CS 2500 187 
8 84 50 CL-S Y C CS 2500 141 
9 78 80 CL-S Y C CS 910 114 
9 219 80 CL-S Y C CS 910 56 
9 248 80 CL-S Y C CS 910 29 
9 283 80 CL-S Y C CS 910 62 
9 309 80 CL-S Y C CS 910 69 
9 54 80 CL-S Y C CS 910 216 

10 174 60 EL-1 W C AS 14660 64 
10 315 60 EL-1 W C AS 14660 36 
10 344 60 EL-1 W C AS 14660 32 
10 379 60 EL-1 W C AS 14660 58 
10 405 60 EL-1 W C AS 14660 65 
10 13 60 EL-1 W C AS 14660 223 
10 51 60 EL-1 W C AS 14660 186 
10 104 60 EL-1 W C AS 14660 151 
10 174 60 CL-S Y C AS 14660 77 
10 315 60 CL-S Y C AS 14660 44 
10 344 60 CL-S Y C AS 14660 11 
10 13 60 CL-S Y C AS 14660 172 
10 39 60 CL-S Y C AS 14660 159 
10 80 60 CL-S Y C AS 14660 227 
10 118 60 CL-S Y C AS 14660 169 
10 171 60 CL-S Y C AS 14660 114 
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10 174 60 EL-2 W C AS 14660 52 
10 315 60 EL-2 W C AS 14660 -18 
10 344 60 EL-2 W C AS 14660 -19 
10 379 60 EL-2 W C AS 14660 20 
10 405 60 EL-2 W C AS 14660 118 
10 13 60 EL-2 W C AS 14660 340 
10 51 60 EL-2 W C AS 14660 184 
10 104 60 EL-2 W C AS 14660 208 
11 174 80 CL-D Y C AS 3980 23 
11 315 80 CL-D Y C AS 3980 -5 
11 344 80 CL-D Y C AS 3980 23 
11 379 80 CL-D Y C AS 3980 151 
11 21 80 CL-D Y C AS 3980 137 
11 66 80 CL-D Y C AS 3980 242 
11 104 80 CL-D Y C AS 3980 157 
11 171 80 CL-D Y C AS 3980 136 
11 174 80 CL-S Y C AS 3980 45 
11 315 80 CL-S Y C AS 3980 -6 
11 344 80 CL-S Y C AS 3980 22 
11 13 80 CL-S Y C AS 3980 178 
11 39 80 CL-S Y C AS 3980 126 
11 80 80 CL-S Y C AS 3980 179 
11 118 80 CL-S Y C AS 3980 169 
11 171 80 CL-S Y C AS 3980 144 
12 187 100 EL-1 W C AS 10040 140 
12 328 100 EL-1 W C AS 10040 124 
12 7 100 EL-1 W C AS 10040 269 
12 42 100 EL-1 W C AS 10040 215 
12 69 100 EL-1 W C AS 10040 286 
12 109 100 EL-1 W C AS 10040 286 
12 147 100 EL-1 W C AS 10040 261 
12 200 100 EL-1 W C AS 10040 274 
12 171 100 CL-S-1 Y C AS 10040 57 
12 312 100 CL-S-1 Y C AS 10040 47 
12 341 100 CL-S-1 Y C AS 10040 30 
12 376 100 CL-S-1 Y C AS 10040 56 
12 2 100 CL-S-1 Y C AS 10040 161 
12 42 100 CL-S-1 Y C AS 10040 118 
12 80 100 CL-S-1 Y C AS 10040 97 
12 133 100 CL-S-1 Y C AS 10040 101 
12 171 100 CL-S-2 Y C AS 10040 38 
12 312 100 CL-S-2 Y C AS 10040 67 
12 341 100 CL-S-2 Y C AS 10040 21 
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12 376 100 CL-S-2 Y C AS 10040 43 
12 2 100 CL-S-2 Y C AS 10040 157 
12 42 100 CL-S-2 Y C AS 10040 104 
12 80 100 CL-S-2 Y C AS 10040 65 
12 133 100 CL-S-2 Y C AS 10040 126 
12 187 100 EL-2 W C AS 10040 143 
12 328 100 EL-2 W C AS 10040 202 
12 357 100 EL-2 W C AS 10040 135 
12 392 100 EL-2 W C AS 10040 107 
12 1 100 EL-2 W C AS 10040 179 
12 42 100 EL-2 W C AS 10040 233 
12 80 100 EL-2 W C AS 10040 202 
12 133 100 EL-2 W C AS 10040 193 
13 127 80 EL-1 W C AS 3290 143 
13 258 80 EL-1 W C AS 3290 181 
13 295 80 EL-1 W C AS 3290 198 
13 328 80 EL-1 W C AS 3290 237 
13 357 80 EL-1 W C AS 3290 240 
13 15 80 EL-1 W C AS 3290 342 
13 53 80 EL-1 W C AS 3290 329 
13 105 80 EL-1 W C AS 3290 292 
13 127 80 CL-D Y C AS 3290 67 
13 258 80 CL-D Y C AS 3290 62 
13 295 80 CL-D Y C AS 3290 65 
13 328 80 CL-D Y C AS 3290 59 
13 357 80 CL-D Y C AS 3290 86 
13 15 80 CL-D Y C AS 3290 279 
13 53 80 CL-D Y C AS 3290 253 
13 105 80 CL-D Y C AS 3290 215 
13 127 80 CL-S Y C AS 3290 82 
13 258 80 CL-S Y C AS 3290 60 
13 295 80 CL-S Y C AS 3290 58 
13 328 80 CL-S Y C AS 3290 48 
13 357 80 CL-S Y C AS 3290 87 
13 15 80 CL-S Y C AS 3290 259 
13 53 80 CL-S Y C AS 3290 268 
13 105 80 CL-S Y C AS 3290 243 
13 127 80 EL-2 W C AS 3290 101 
13 258 80 EL-2 W C AS 3290 104 
13 295 80 EL-2 W C AS 3290 94 
13 328 80 EL-2 W C AS 3290 107 
13 357 80 EL-2 W C AS 3290 153 
13 15 80 EL-2 W C AS 3290 367 
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13 53 80 EL-2 W C AS 3290 351 
13 105 80 EL-2 W C AS 3290 379 
14 208 80 EL-1 W C AS 760 62 
14 2 80 EL-1 W C AS 760 240 
14 35 80 EL-1 W C AS 760 192 
14 63 80 EL-1 W C AS 760 170 
14 107 80 EL-1 W C AS 760 127 
14 141 80 EL-1 W C AS 760 135 
14 290 80 EL-1 W C AS 760 122 
14 208 80 CL-S Y C AS 760 -60 
14 246 80 CL-S Y C AS 760 55 
14 279 80 CL-S Y C AS 760 42 
14 307 80 CL-S Y C AS 760 49 
14 351 80 CL-S Y C AS 760 24 
14 385 80 CL-S Y C AS 760 31 
14 434 80 CL-S Y C AS 760 30 
14 208 80 EL-2 W C AS 760 54 
14 2 80 EL-2 W C AS 760 219 
14 35 80 EL-2 W C AS 760 262 
14 63 80 EL-2 W C AS 760 244 
14 107 80 EL-2 W C AS 760 166 
14 141 80 EL-2 W C AS 760 208 
14 190 80 EL-2 W C AS 760 135 
15 457 80 EL-1 W C AS 940 51 
15 588 80 EL-1 W C AS 940 55 
15 625 80 EL-1 W C AS 940 28 
15 658 80 EL-1 W C AS 940 54 
15 6 80 EL-1 W C AS 940 123 
15 46 80 EL-1 W C AS 940 127 
15 84 80 EL-1 W C AS 940 90 
15 136 80 EL-1 W C AS 940 65 
15 457 80 CL-S Y C AS 940 39 
15 588 80 CL-S Y C AS 940 35 
15 625 80 CL-S Y C AS 940 3 
15 658 80 CL-S Y C AS 940 13 
15 6 80 CL-S Y C AS 940 157 
15 46 80 CL-S Y C AS 940 126 
15 84 80 CL-S Y C AS 940 109 
15 136 80 CL-S Y C AS 940 47 
15 457 80 EL-2 W C AS 940 69 
15 588 80 EL-2 W C AS 940 77 
15 625 80 EL-2 W C AS 940 66 
15 658 80 EL-2 W C AS 940 52 
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15 6 80 EL-2 W C AS 940 105 
15 46 80 EL-2 W C AS 940 120 
15 84 80 EL-2 W C AS 940 108 
15 136 80 EL-2 W C AS 940 66 
16 457 90 CL-S Y C AS 350 27 
16 588 90 CL-S Y C AS 350 2 
16 625 90 CL-S Y C AS 350 11 
16 658 90 CL-S Y C AS 350 19 
16 687 90 CL-S Y C AS 350 19 
16 727 90 CL-S Y C AS 350 15 
16 18 90 CL-S Y C AS 350 181 
16 70 90 CL-S Y C AS 350 141 
17 168 80 CL-D Y L CS 1740 -10 
17 206 80 CL-D Y L CS 1740 23 
17 239 80 CL-D Y L CS 1740 -2 
17 267 80 CL-D Y L CS 1740 10 
17 311 80 CL-D Y L CS 1740 -2 
17 345 80 CL-D Y L CS 1740 28 
17 17 80 CL-D Y L CS 1740 118 
18 333 70 EL-1 W L AS 6250 110 
18 371 70 EL-1 W L AS 6250 46 
18 13 70 EL-1 W L AS 6250 463 
18 41 70 EL-1 W L AS 6250 464 
18 85 70 EL-1 W L AS 6250 379 
18 119 70 EL-1 W L AS 6250 360 
18 168 70 EL-1 W L AS 6250 330 
18 333 70 CL-S Y L AS 6250 74 
18 371 70 CL-S Y L AS 6250 1 
18 13 70 CL-S Y L AS 6250 193 
18 41 70 CL-S Y L AS 6250 161 
18 85 70 CL-S Y L AS 6250 208 
18 119 70 CL-S Y L AS 6250 177 
18 168 70 CL-S Y L AS 6250 178 
18 333 70 EL-2 W L AS 6250 91 
18 371 70 EL-2 W L AS 6250 100 
18 13 70 EL-2 W L AS 6250 509 
18 41 70 EL-2 W L AS 6250 350 
18 85 70 EL-2 W L AS 6250 385 
18 119 70 EL-2 W L AS 6250 438 
18 168 70 EL-2 W L AS 6250 344 
19 307 60 CL-S Y L AS 1010 0 
19 345 60 CL-S Y L AS 1010 58 
19 13 60 CL-S Y L AS 1010 201 
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19 41 60 CL-S Y L AS 1010 238 
19 85 60 CL-S Y L AS 1010 181 
19 119 60 CL-S Y L AS 1010 173 
19 168 60 CL-S Y L AS 1010 151 
20 38 80 CL-S Y L CS 640 61 
20 169 80 CL-S Y L CS 640 3 
20 206 80 CL-S Y L CS 640 -12 
20 239 80 CL-S Y L CS 640 -1 
20 268 80 CL-S Y L CS 640 2 
20 308 80 CL-S Y L CS 640 -10 
20 346 80 CL-S Y L CS 640 19 
20 398 80 CL-S Y L CS 640 15 
21 231 70 CL-S Y L AS 1090 142 
21 269 70 CL-S Y L AS 1090 31 
21 302 70 CL-S Y L AS 1090 73 
21 330 70 CL-S Y L AS 1090 95 
21 374 70 CL-S Y L AS 1090 63 
21 408 70 CL-S Y L AS 1090 51 
21 457 70 CL-S Y L AS 1090 68 
22 532 60 CL-S Y L CS 879 7 
22 673 60 CL-S Y L CS 879 -22 
22 702 60 CL-S Y L CS 879 -10 
22 737 60 CL-S Y L CS 879 7 
22 763 60 CL-S Y L CS 879 -1 
22 804 60 CL-S Y L CS 879 30 
22 23 60 CL-S Y L CS 879 119 
22 73 60 CL-S Y L CS 879 99 
23 532 80 CL-S Y L CS 650 -14 
23 570 80 CL-S Y L CS 650 40 
23 603 80 CL-S Y L CS 650 21 
23 631 80 CL-S Y L CS 650 16 
23 675 80 CL-S Y L CS 650 19 
23 709 80 CL-S Y L CS 650 25 
23 758 80 CL-S Y L CS 650 17 
24 168 70 EL-1 W L AS 15500 74 
24 309 70 EL-1 W L AS 15500 52 
24 22 70 EL-1 W L AS 15500 107 
24 63 70 EL-1 W L AS 15500 239 
24 101 70 EL-1 W L AS 15500 196 
24 154 70 EL-1 W L AS 15500 162 
24 168 70 CL-S Y L AS 15500 42 
24 421 70 CL-S Y L AS 15500 -22 
24 17 70 CL-S Y L AS 15500 185 
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24 43 70 CL-S Y L AS 15500 79 
24 7 70 CL-S Y L AS 15500 245 
24 45 70 CL-S Y L AS 15500 184 
24 67 70 CL-S Y L AS 15500 125 
24 168 70 EL-2 W L AS 15500 89 
24 309 70 EL-2 W L AS 15500 -20 
24 22 70 EL-2 W L AS 15500 90 
24 63 70 EL-2 W L AS 15500 228 
24 101 70 EL-2 W L AS 15500 149 
24 154 70 EL-2 W L AS 15500 131 
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