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EXECUTIVE SUMMARY

This project attempted to estimate the life cycles and economic efficiencies of inlaid tape and
thermoplastic. The two durable pavement-marking materials were tested under a variety of
weather and traffic conditions for three to four years to find the best-performing product for
specific environments. Waterborne paint was included as a non-durable, strictly for comparison
purposes.

The materials’ retroreflectivity was estimated using four basic regression equations: linear, linear
with quadratic, natural log, and natural log with quadratic. The input variables for these
equations were cumulative traffic amount, cumulative precipitation, and cumulative snowfall.

Phase | of this study, completed with one year of data, did not provide a reasonable estimation of
future retroreflectivity because its data collection period was shorter than the life cycle of the
durable materials. That limitation required this Phase 1l study, which covers an additional two
years of data collection.

In order to estimate the life cycles of the durable materials, the research team tested the
retroreflectivity equations under various traffic scenarios (i.e., amounts and road design speeds),
weather conditions, and threshold values. The traffic and snowfall amounts were specified into
three typical categories (high, medium, and low), and the nine combinations of those categories
were generated as different conditions for the life cycle estimations.

Because durable materials such as inlaid tape and thermoplastic are known to last more than
three years—in some locations they can last more than five years—the data collection period for
this research was not long enough to justify various basic functions. Of the four basic regression
equations, the linear function best fit the relationship between the collected retroreflectivity data
and the input variables. Justification of the log function requires a longer data collection period.

Because of the inconsistent nature of field data, the adjusted R-square values, which show the
fitness of the data to the estimated function, were not very high. However, the adjusted R-square
values were still higher than those of previous similar research because of the inclusion of
weather data in addition to traffic data which has been the sole conventional data for the other
previous life cycle studies of the pavement markings.

Snowfall amounts affected the markings’ retroreflectivity more than the traffic amounts did. This
indicates that snowplow methods must be controlled and regulated in order to minimize the
impact of snowplows on pavement markings, and to improve the life cycle and performance of
the pavement markings. The regression results fit the real data better for the white pavement
markings than they did for the yellow pavement markings. The results also showed that the
regression estimates for inlaid tape fit the real data better than those for thermoplastic did. These
results indicate that, in general, the performance potential of inlaid tape and the white markings
are more stable than that of thermoplastic and the yellow markings. It would also seem to
indicate that there are more uncertainties in the performance of thermoplastic and the yellow
pavement markings in general.



For this research, the life cycles of the pavement markings were determined with threshold
values and estimated retroreflectivity values based on nine weather and traffic conditions.

In general, inlaid tape lasts longer than thermoplastic because the initial retroreflectivity of inlaid
tape is higher than that of thermoplastic, and white pavement markings last longer than yellow
pavement markings because the initial retroreflectivity of white pavement markings is higher
than that of yellow pavement markings. However, in this study, the performance of yellow
thermoplastic was very good. Indeed, yellow thermoplastic lasted as long as white thermoplastic
and yellow inlaid tape.

Estimated life cycles and total installation costs were used to determine the materials’ annual
costs (i.e., economic efficiency). The estimated total installation costs (which include monetary
installation costs, delay, and accident costs caused by the installation process) were $3.168 per
foot for inlaid tape, $0.777 per foot for thermoplastic, and $0.148 per foot for waterborne paint.
Although inlaid tape can last longer effectively, thermoplastic is more economical under most
conditions because of inlaid tape’s higher total installation costs. To make inlaid tape
competitive to thermoplastic in terms of economic efficiency, the sensitivity analysis showed
that inlaid tape’s life cycle had to be increased by 50 percent or its total installation costs had to
be reduced by 40 percent.



INTRODUCTION

The Maryland State Highway Administration (SHA) uses different pavement marking materials
for roads throughout the state, but it has no specific and proven guideline that indicates the best-
performing and most cost-effective product for specific locations, traffic amounts, and weather
conditions. As a result, there is no guarantee of performance.

Phase | of this research relied on data collected for one year. However, the life cycle estimates of
the durable materials were not reasonable because the materials lasted longer than the study
period.

This report shows the results from Phase 1, which is based on a total of at least three years of
data collection and analysis.

Objectives

SHA is currently evaluating the long-term durability and retroreflectivity of two durable
pavement marking materials—thermoplastic and inlaid tape. The objectives of this project were
to ensure proper procedure and to evaluate the effect of various inputs (traffic volume, snow,
rain, etc.) on the durability and retroreflectivity of the pavement markings. From this analysis,
the research team provided general equations for the estimation of retroreflectivity and
durability. Those estimated regression equations were then used to estimate the life cycles of the
pavement marking materials under different traffic and weather conditions. The most economical
material was determined by an economic analysis that used the estimated life cycles and the
installation costs of the materials.

Scope

The study sites and data collection methods for this project were established at meetings of the
project teams from SHA and Morgan State University. The state of Maryland was divided into
three regions—western, central, and eastern—based on historical weather characteristics. In
order to generate data that could be more consistent, the research team selected sites with varying
traffic amounts from a list of planned resurfacing projects in the regions. The research team
ultimately selected four locations in the central zone, one in the eastern region, and one in the
western area. It was recommended that the study use more than one location in the western and
eastern regions, but the research team found only one location in each area that satisfied the
conditions required for this project.

The selected sites are shown in Figure 1 and Table 1. Both straight and curved sections were
used in half-mile segments at each of the study locations to account for any geometric issues that
might affect retroreflectivity. Thermoplastic and inlaid tape were installed at most locations so
their performance could be compared directly under the same conditions (only inlaid tape was
installed on 1-68).



Figure 1. Field Locations for the Research

REGION | LEGEND | COUNTY | ROUTE RANGE f:\g;’]_ ';’C'JP AADT | LANES
Eastern 1 WORCESTER | MD 611 | Low AADT | 449 | 851 | 10,725 2
2 HOWARD | MD175| High AADT | 154 | 2.03 | 44,750 z
3 HOWARD | MD 216 | Medium AADT | 0.87 | 155 | 21,825 Z
Central 4 CHARLES | MD5 | Medium AADT |10.44 | 1365 | 23875 4
5 HOWARD | MD 32 | Medium AADT | 19.08 | 20.19 | 28,125 z

1-68
Western 6 GARRETT | West- Low AADT 6 7 11,675 2
bound

Note: MP=mile point; AADT=annual average daily traffic

Table 1. Specific Information on the Field Locations



LITERATURE REVIEW

Pavement Marking Materials (Montebello et al., 2000)

The three categories of pavement marking materials—durable, conventional (non-durable), and
temporary (removable)—are summarized in Table 2.

Conventional (non-durable) line striping materials, which include latex (waterborne) and alkyd
(solvent-based) paint, are typically inexpensive and have a relatively short lifespan.

Temporary
Products

- Last the life of

construction

- Does not damage new
pavement

Category Products CEoSsttlrSS:elgt EStI'_r;}ited Advantages Disadvantages
Latex $0.03-0.05 | 9-36 months | - Inexpensive - Short life on high-volume
- Quick drying - Damaged by sands
- Longer life on low-volume | - Bead required
= - Easy clean-up - Not good for concrete
S 9 - No hazardous waste - Warm weather required
23 products
g <} Alkyd $0.03-0.05 | 9-36 months | - Inexpensive - Short life on high-volume
S o - Quick drying - Damage by sands
- Works in cold temperature | - Bead required
- Not good for concrete
- Highly flammable
- Bad smell
Mid-Durable $0.08-0.10 | 9-36 months | - Inexpensive - Short life on high-volume
Paint - Quick drying - Damage by sands
- Longer life on low-volume | - Bead required
- Easy clean-up - Not good for concrete
- No hazardous waste - Warm weather required
products
Epoxy $0.20-0.30 | 4 years - Longer life on low- and - Slow-drying
high- volume - Coning and
- More retroreflectivity flagging required
w9 - Heavy bead required
g5 - High initial expense
E 8 - Damage by sands
o Tape $1.50-2.65 | 4-8years - Highly retroreflective - High initial expense
- Long life on low- and - Best for newly surfaced
high- volume roads
- No beads needed - Weak for snowplow
Preformed NA 3-6 years - Highly retroreflective - Only used for symbols
Thermoplastic - Long life on low- and - Damage from sands
high- volume - Weak for snowplow
- No beads needed
- Any temperature for
application
Temporary $1.10-1.50 | Length of - Easy application and - Only for construction
Tape construction | removal zones

Table 2. Pavement Marking Materials (Source: Montebello et al., 2000)




Durable materials, in contrast, are more expensive but have a longer life expectancy.
Thermoplastic and tape are in this particular category, as are hi-build paint and epoxy.

Thermoplastic has been used successfully for years. It is made up of glass beads, pigment,
binders, and fillers. The glass beads and pigment give the material its retroreflectivity. Inert
substances work as fillers that provide bulk, and a mixture of plasticizer and resin hold the
components together.

Inlaid tape is very resistant to snowplow damage, particularly when it’s inlaid. The tape is rolled
into hot, freshly compacted asphalt and pressed into the surface with a finishing roller.

Retroreflectivity

When deciding which pavement marking material to use, one must consider its visibility during
the day and night. Retroreflectivity refers to the portion of incident light from a vehicle’s
headlights that is reflected back toward the driver.

Glass or ceramic beads are added to the surface of most marking materials to make them
retroreflective. Figure 2 illustrates how light travels through the beads. These tiny spheres are
transparent and act like lenses. They can also be treated for extra adherence, or for moisture
resistance. Having a portion of the beads on the surface and in the paint allows for continued
retroreflectivity as the paint wears. For best results, the beads on the surface should be
approximately 50 to 60 percent embedded. The proper application of beads is crucial to the
marking’s retroreflectivity (Montebello et al., 2000).

Light rays entering the
glass beads are
retroreflected back -~
to the driver P

Glass Bead Y
S \ " P }

Paint Btnder-\ B A
/—— Painted Surface

Glass Bead Retroreflection

-

-~

Figure 2. Glass Bead Retroreflection



Service Life of the Pavement Markings

A recent study concluded that the life cycle of a pavement marking is related to its traffic
exposure and that the retroreflectivity can be expressed as a logarithmic regression equation

(Abboud et al., 2002). However, this data was collected from locations that did not receive snow.
Another project detailed the threshold retroreflectivity values that define the end of a pavement
marking’s service life, and the results can be seen in Table 3 (Migletz et al., 2001). Although that
research has been referenced in many recent life cycle studies (Migletz et al,, 2001, Zhang et al.,

2006), currently, SHA suggests that higher threshold values are necessary to ensure safety and
operational efficiency. As shown in Table 4, the project also illustrated how a product’s life

cycle (elapsed months) can be affected by the type of roadway on which it is placed (cumulated

traffic passages).

Color of Marking Threshold Retroreflectivity Values (mcd/m*/lux)
Non-Freeway Non-Freeway Non-Freeway
<40 mph > 45 mph > 55 mph
(64 km/hr) (72 km/hr) (89 km/hr)
White 85 100 150
Yellow 55 65 100

Table 3. Threshold Retroreflectivity Values Used to Define the End of Pavement Marking

Service Life (Source: Migletz et al., 2001)

Number of Service Life
Roadway Type and Material Pavement Marking | Average Cumulative | Elapsed
Lines Trips Months
(million vehicles)
Freeway:
Polyester 1 111 39.7
Profiled tape 3 6.9 25.8
Thermoplastic 7 6.1 24.7
Profiled Thermoplastic 4 5.3 235
Epoxy 7 4.7 23.2
Profiled poly methyl methacrylate 3 6.2 21.1
Poly methyl methacrylate 3 3.0 15.6
Non-Freeway < 64 km/hr:
Profiled Thermoplastic 1 114 50.7
Epoxy 2 3.6 43.6
Profiled polyester 1 4.7 39.6
Profiled tape 1 3.5 19.6
Non-Freeway > 72 km/hr:
Polyester 1 9.1 47.9
Epoxy 6 8.9 44.1
Profiled tape 3 5.1 38.9
Thermoplastic 3 4.5 33.8
Profiled poly methyl methacrylate 2 6.5 31.0
Profiled Thermoplastic 3 3.9 23.0
Poly methyl methacrylate 1 4.8 20.5

Table 4. Estimated Service Life of Yellow Lines by Roadway Type and Pavement Marking

Material (Source: Migletz et al., 2001)




Phase | Results and the Difficulties in the Regression Analysis

In Phase I, the four following basic regression equations were examined to find the function that
best fit the data.

e Linear: Y =a+bhy X;+hy X, +bs Xz (1)
e Linear with quadratic: Y =a+ by X3 + by X5 + bs X3 + by (X2)* + bs (X2)? + b (X3)*  (2)
e Natural log: Ln(Y) =a + by Ln(Xy) + b, Ln(X3) + bz Ln(X3) (3)
e Natural log with quadratic: Ln(Y) =a + by Ln(X31) + b, Ln(X3) + bz Ln(X3)
+ by Ln((X1)?) + bs Ln((X2)*) + bs Ln((X3)?) 4)
where:

Y = retroreflectivity

a = intercept

bi = coefficient

X1 = cumulative traffic amounts (AADT/lane)
X, = cumulative precipitation

X3 = cumulative snowfall

The research team expected difficulties in Phase I’s regression analysis because the brief data
collection period meant that the required estimation would be outside of the data range. For the
one-year period, maximum cumulative snowfall was 88 inches and the maximum cumulative
traffic per lane was 3 million cars. Since the studied materials are known to last more than 3
years and possibly more than 5 years, there would be too many uncertainties in the performance
forecast.

Regression analysis is not good for forecasting outside of the data range (i.e., future events), but
it is good for estimating events that have not actually occurred but are within the data range. In
order to produce a reasonable estimation, the collected data range must be long enough to
include the life cycle.

Because the durable materials’ retroreflectivity did not diminish with a clear trend during the
one-year data collection period, the regression analysis resulted in different scenarios for each
basic function (Figure 3).

The second concern was the shapes of the functions’ curves with one year of data. As shown in
Figure 4, the retroreflectivity of the durable materials did not change as much in the first year as
waterborne paint’s did. This characteristic made it difficult to predict the future performance of
the durable materials. Additionally, retroreflectivity tends to increase in the first few months
after application of the material.



Durable materials

Retroreflectivity

[

1 year 2 year 3 year Timg

Figure 3. Examples of the Regression Analysis with Different Basic Equations for the
Durable Materials with One Year of Data

Durable materials

Retroreflectivity

Waterborne paint

[

1 year 2 year 3 year Timer

Figure 4. Typical Retroreflectivity Curves for the Different Pavement Marking Materials



Since the retroreflectivity levels for the durable materials were relatively high (about 300-800
mcd/m?/lux) compared to the threshold values (80-150 mcd/m?/lux) during the first year, the
estimation of the life cycles was very sensitive. Figure 5 shows that the life cycle of the durable
material can be very sensitive depending on the coefficients of the variables for the estimated
curve. In contrast, waterborne paint’s life cycle estimation was less sensitive because its
retroreflectivity values after the first year were very close to the threshold value. This
characteristic means the life cycle variance can be a few years for a durable material and a few
months for waterborne paint.

The Phase | results were not prominent for the aforementioned reasons. None of the four
regression equations were consistent for any of the conditions, establishing that the research
required more data to predict the retroreflectivity of the durable materials.

e
—_
—
—_— -
-—
_
—_— -

Retroreflectivity

Threshold

b eccccchfecccccccccccca=

~~ .
-
—_—
-
e
-

1 year 2 year 3 year Timer

Figure 5. Different Life Cycles with Different Estimation Curves
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METHODOLOGY

Data Selection

The three inputs used in this analysis were cumulated annual average daily traffic (AADT) per
lane, cumulated precipitation, and cumulated snowfall. Many studies use total cumulated AADT,
but the research team believed that cumulated AADT per lane better represented the chance of
exposure to traffic. The research team focused on cumulated precipitation and cumulated
snowfall because they can serve as proxy inputs for other weather-related variables.
Retroreflectivity was considered the only output of the relationship, and the research team used it
to calculate life cycle and economic efficiency.

Data Collection
Retroreflectivity Data Collection Methods

The SHA collected retroreflectivity data at the six locations six or seven times a year for the
following marking types: white edge (WE), white skip (WS), yellow center (YC), yellow edge
(YE), and yellow skip (YS). In addition to retroreflectivity, SHA recorded the number of lanes
and AADT for each test site. Morgan State University collected the daily precipitation and
snowfall amounts from each site’s nearest weather station. The collection schedule can be seen
in Table 5. Data was collected more frequently in the winter because the previous waterborne
paint study found that snow removal can be an important factor in the deterioration of a
pavement marking’s retroreflectivity. As shown in Figure 6, the retroreflectivity data was
measured at the exact same five points at each mile point for all five mile points at each location.

Retroreflectivity Measuring Equipment

Retroreflectivity was measured with the LTL-X retrometer (Figure 7). Produced by Delta
Company in Denmark, the LTL-X retrometer is a portable field instrument that measures
retroreflection in terms of R, the coefficient of retroreflected luminance, according to
international agreements. The LTL-X illuminates the road at an angle of 1.24°, and the reflected
light is measured at an angle of 2.29° that corresponds to an observation distance of 100 feet (30
m). (These measurements mimic a driver’s visibility field under normal conditions.)

The instrument’s illumination field is approximately 80 inches x 18 inches (200 mm x 45 mm),
and the observation field is about 244 inches x 24 inches (610 mm x 60 mm). The tower of the
LTL-X contains the illumination and observation system and the control electronics. An optical
system at the bottom of the tower directs a beam of light toward the road surface through a dust-
protection window. A polymer shielding covers the measuring area for normal operation.

The LTL-X is controlled by multiple microprocessors, and it is operated with an extractable
keyboard located at the top of the retrometer. With the push of a button, it executes the
measurement and displays the result in plain text. The result is automatically transferred to the
internal memory. The measurement—along with its corresponding time, date, and other
information—can be printed using the built-in printer.
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(date)

Route

MD 5

MD 32

MD 175

MD 216

MD 611

1-68

Date Striped

12/10/2006

06/21/2006

08/01/2006

09/18/2006

11/28/2006

06/26/2007

2006

Jun

23

Jul

28

Aug

30

Sep

28

13

26

Oct

10

25

Nov

15

27

Dec

2007

Jan

29

17

30

Feb

27

22

Mar

26

15

22

29

Apr

May

22

15

18

31

Jun

19

Jul

25

19

31

Aug

15

Sep

25

28

Oct

31

Nov

20

30

Dec

12

19

2008

Jan

Feb

11

21

Mar

25

25

17

Apr

15

11

23

May

Jun

Jul

15

10

23

29

Aug

Sep

Oct

20

16

10

30

Nov

10

Dec

2009

Jan

15

14

Feb

10

Mar

Apr

16

May

14

Jun

Jul

29

16

22

14

Aug

Sept

Oct

Nov

17

Dec

15

2010

Jan

12

Feb

March

April

May

13

Jun

15

11

17

12

Table 5. Retroreflectivity Data Collection Schedules




Figure 6. Photo of Test Site with Spot Markings

Figure 7. Retroreflectivity Measuring Equipment (Delta LTL-X)
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Data Entry

The retroreflectivity data collected by SHA was handwritten, and the data needed to be entered
into an electronic file for analysis. The Morgan State University project team entered the
retroreflectivity data and the weather-related information into an electronic file on a monthly
basis during the data collection period.

Regression Analysis

Regression analysis is the main method for estimating the relationship between the output
(retroreflectivity) and inputs in this study. It involves a single dependent variable or response, Y,
which is uncontrolled. The response depends on one or more independent or regressor variables
that are measured with negligible error and are controlled. The relationship fit to a set of
experimental data is characterized by a prediction equation called a regression equation. It is
called single variable regression if there is only one regressor or multi-variable regression if there
are more than two regressors.

The smaller the variability of the residual values around the regression line relative to the overall
variability, the better the prediction. For example, if there is no relationship between the x and Y
variables, then the ratio of the residual variability of the Y variable to the original variance is
equal to 1.0. If x and Y are perfectly related, then there is no residual variance and the ratio of
variance is zero. In most cases, the ratio would fall somewhere between 0 and 1.0. One minus
this ratio is referred to as R-square or the coefficient of determination. This value is immediately
interpretable in the following manner. An R-square of 0.4 means that the variability of the Y
values around the regression line is 1-0.4 times the original variance. In other words, 40 percent
of the original variability has been explained and 60 percent residual variability remains. Ideally,
most, if not all, of the original variability would be explained. The R-square value is an indicator
of how well the model fits the data (i.e., an R-square close to 1.0 indicates that almost all of the
variability with the variables specified in the model has been explained).

The adjusted R-square attempts to yield a more honest value to estimate the R-square for the
population. The value of the R-square was .4892, and the value of the adjusted R-square was
0.4788. Adjusted R-square is computed using the formula1l - ((1-Rsq) (N-1)/(N-k -

1)). This formula shows that a small number of observations and a large number of predictors
will produce a greater difference between R-square and adjusted R-square because the ratio of (N
-1) /(N - k - 1) will be much greater than one. By contrast, when the number of observations is
larger than the number of predictors, the value of R-square and adjusted R-square will be much
closer because the ratio of (N - 1) / (N - k - 1) will approach one.

To find the data’s correct estimation function, this project used the same four basic regression
equations (Equations 1-4) examined in Phase I.
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Analysis Process

Figure 8 summarizes the analysis process for this project.

Data Collection

A 4

Input Variables
Output (Retroreflectivity)

Regression Analysis

Threshold Values

A 4

Life Cycle Estimation

Traffic & Weather
Conditions

Y

Economic Efficiency
Evaluation

Installation Costs

A 4

Sensitivity Analysis

A 4

INL /)

Amount of Changes

Figure 8. Flow Chart for the Analysis

Life Cycle Estimation for the Different Materials

The proper regression equation and the threshold values in Table 3 will estimate the life cycles of
the pavement marking materials. The three input variables used to estimate retroreflectivity were
all dependent on the number of days. In order to find the relationship between retroreflectivity

15



and number of days, the unit values for those variables were fixed as typical low, medium, and
high.

The typical low, medium, and high values for daily traffic—1500 AADT per lane, 3000 AADT
per lane, and 6000 AADT per lane, respectively—were based on the traffic amounts at the study
locations.

The snowfall values were based on the two-year average at the study locations. The typical
annual heavy snowfall amount, 88 inches per year, was based on the amounts in the western

area. The central region was the basis for the moderate amount (20 inches per year), and the
eastern area was the basis for the light amount (13 inches per year). The annual precipitation—30
inches per year—was similar throughout the regions. Table 6 shows the nine typical
combinations of traffic and snowfall amounts for life cycle analysis in this research.

Snowfall — Light Moderate Heavy
Traffic | (Eastern) (Central) (Western)

Low 1500 AADT/lane 1500 AADT/lane 1500 AADT/lane

13 inches/year 22 inches/year 88 inches/year
Medium 3000 AADT/lane 3000 AADT/lane 3000 AADT/lane

13 inches/year 22 inches/year 88 inches/year
High 6000 AADT/lane 6000 AADT/lane 6000 AADT/lane

13 inches/year 22 inches/year 88 inches/year

Annual precipitation is assumed to be 30 inches per year for all nine combinations.

Table 6. Typical Combinations for Life Cycle Analysis

Cost Estimation for the Different Materials

In order to estimate economic efficiency, the research team had to calculate the costs to install
each product in terms of money, delay, and potential accidents.

The research team based monetary installation costs on the state of Maryland’s application bills
from construction companies. In general, the unit cost depended on the total length of the
pavement marking applications. Therefore, the best way to estimate the monetary installation
costs was to find the regression equation that showed the relationship between the unit cost and
the project’s installation length.

However, in this research, the unit installation costs were estimated as the average unit costs of
the major application projects as shown in Tables 7-10. This was done to minimize the
complexity of trying to estimate the installation costs for different project lengths.

Tables 7-9 show the average unit costs for a five-inch-wide piece of inlaid tape, thermoplastic,
and waterborne paint from various pavement marking projects. Table 10 compares the unit costs
of the three pavement marking materials.
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Location Length of Marking (ft) Total Cost ($) Unit Cost ($/ft)

MD 32 5,982 27,517.2 4.60

MD 175 3,971 11,913.0 3.00

MD 216 13,359 40,077.0 3.00

US 301 18,066 56,004.6 3.10

US 219 10,560 29,040.0 2.75
Total / Average 51,938 164,551.8 3.168

Table 7. Unit Cost Estimation for Inlaid Tape

Location Length of Marking (ft) Total Costs ($) Unit Cost ($/ft)
MD 32 32,942 27,517.2 0.42
MD 216 13,210 5,284.0 0.40
US1 6,479 4,859.63 0.75
MD 940 6,727 4,036.2 0.60
US 40 6,944.32 8,680.4 1.25
Total / Average 66302.32 50,377.43 0.760
Table 8. Unit Cost Estimation for Thermoplastic
Location Length of Marking (ft) Total Costs ($) Unit Cost ($/ft)
MD 135 72,963 10,214.82 0.14
MD 295 24,144 3,757.92 0.16
Total / Average 97,107 13,972.74 0.144

Table 9. Unit Cost Estimation for Waterborne Paint

Material

Installation Costs ($/ft)

Waterborne Paint

0.144

Thermoplastic

0.760

Inlaid Tape

3.168

Table 10. Installation Costs for the Different Pavement Marking Materials in Maryland

A pavement marking’s installation usually causes traffic delays because the installation vehicle is
slow and lanes are sometimes blocked. Because each of the materials examined in this research
had a different installation process, the research team estimated the delay costs for each product
under different conditions.

The basic input variables for estimating delay were the number of lanes, the traffic amount, and
the road length of the project. The research team also had to assume the installation vehicle’s
speed. With those input variables, the delays were estimated through VISSUM, the traffic
simulation software. Then, regression analysis was performed to find the relationship between
the delay and input variables, so delay can be estimated when the input variables are available.
Thus, information about the installation site allows estimation of the installation-caused delay.
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Although the research team developed a process to find the delay for specific conditions, this
study used one average delay cost in order to simplify the cost estimation. However, if site-
specific delay estimation is necessary, it can be found using the regression equation for the site’s
specific conditions.

The general delay cost was based on a two-lane, half-mile road section with a traffic volume of
1,000 vehicles per hour. Inlaid tape required no additional delay because the material is applied
during the paving process.

Temporary tape is installed before thermoplastic is applied to pavement. It was assumed that the
installation and removal of the temporary tape took about 30 minutes for a half-mile section.
After the tape’s removal, thermoplastic was applied at the assumed speed of 10 miles per hour
(although it can be slower depending on the thickness of the thermoplastic). Altogether, the
thermoplastic installation created an average delay of 13.65 seconds per car, which made the
total delay 13,650 seconds. With $20 per hour of assumed time value, the total delay cost for the
thermoplastic installation was $75.83 or 1.44 cents per foot.

An installation speed of 10 miles per hour meant that waterborne paint created an average delay
of 3.83 seconds per car and a total delay of 3,830 seconds. With $20 per hour of assumed time
value, the total delay cost for the installation was $21.28 or 0.4 cents per foot.

The accident cost is the installation’s final expense. It was estimated through the literature
review. Although no definitive research shows the exact work zone accident cost, it is believed
that there are about 20-30 percent more accidents in a work zone than on the general road. Since
the estimated annual accident cost was $164.2 billion (Clifford, 2008) and the annual vehicle
miles traveled (VMT) was 3 trillion miles, annual accident cost was about 5.5 cents for one VMT.

The research team assumed that it took 63 minutes to install thermoplastic (30 minutes each for
the temporary tape’s installation and removal, and three minutes for thermoplastic’s installation
on a half-mile section with the installation vehicle moving at 10 miles per hour). As stated earlier,
the section’s assumed traffic volume was 1,000 vehicles per hour. Thus, the zone’s average
accident cost for 63 minutes would be about $28.33 (5.5 cents x 0.5 miles x 1,030 veh/hour).
Since $28.33 is the general accident cost for a half mile with 1,030 vehicles, the additional
accident cost would be about 25 percent of the general accident costs, which is $7.081. If it is
distributed to the half-mile section, the unit accident cost caused by the pavement marking
installation project will be 0.268 cents per foot.

Waterborne paint’s assumed installation time was 3 minutes. As with thermoplastic, the time was
based on a half-mile section and a 10-miles-per-hour installation speed. The installation affected
only 30 cars. The total general accident cost was 82.5 cents and the total work zone accident cost
was 20.63 cents. If it were distributed to the half-mile section, the unit accident cost caused by
the pavement marking installation project would be 0.008 cents per foot.

Each material’s final unit cost was the sum of its monetary, delay, and accident costs. As shown
in Table 11, the total installation cost was $3.168/ft for inlaid tape, $0.777/ft for thermoplastic,
and $0.148/ft for waterborne paint.

18



Inlaid Tape ($/ft) Thermoplastic ($/ft) Waterborne Paint ($/ft)
Installation cost 3.168 0.760 0.144
Delay cost - 0.0144 0.004
Accident cost - 0.00268 0.00008
Total installation cost 3.168 0.777 0.148

Table 11. Summary of Total Installation Cost Estimation

Economic Efficiency Estimation for the Different Materials

Because installation costs occur once in a material’s life cycle, the costs were distributed
throughout the life cycle. As shown in Equation 5, this was done by converting present value to
annual value with an assumed interest rate (or simply it can be divided by the life cycle,
assuming that there is no interest for distributing the installation costs through the life cycle). The
pavement marking material with the lowest annual cost is the most economically efficient

material.
Ae_ TV
@+n"-1
i@+1i)"
where:

A = annual costs (or monthly costs)

PV = present value of installation costs
i = interest rate (per year or per month)
n = life cycle (number of years or months)

()
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RESEARCH FINDINGS

This research estimated the performance and life cycle of inlaid tape and thermoplastic based on
three to four years of data collection. Since the data collection period was long enough,
retroreflectivity values at certain locations became close to the threshold values and the resulting
regression analysis was more reasonable.

Regression Analysis

Tables 12-15 show the regression results for inlaid tape and thermoplastic. The three variables
used in the regression analysis were precipitation, snowfall, and traffic amount. As shown in the
tables, because the linear function had the highest R-square value of all the equations, it best fit
all four materials (white inlaid tape, yellow inlaid tape, white thermoplastic, and yellow
thermoplastic).

White inlaid tape’s adjusted R-square values indicate the correctness of the estimation. Not only
were white inlaid tape’s adjusted R-square values higher than the values of the other materials
studied in this project, but they were also higher than the values in other research. However,
yellow thermoplastic’s R-square value was extremely low, which may indicate that the
regression analysis produced imprecise retroreflectivity estimates. The field data caused most of
the inconsistency in the data and the regression analysis.

The retroreflectivity curves in Figures 9-26 were based on the nine traffic and snowfall
combinations in Table 6. Figures 9-17 show the estimated retroreflectivity curves of white inlaid
tape and thermoplastic. The curves had a similar shape and were almost parallel in all nine cases,
showing that both materials’ basic depreciation characteristics were very similar. The only major
difference was the materials’ initial retroreflectivity values.

Figures 18-26 show the estimated retroreflectivity curves of yellow inlaid tape and
thermoplastic. Unlike the white pavement markings, the shapes of both curves were different.
Although yellow inlaid tape had a higher initial retroreflectivity, it deteriorated faster than yellow
thermoplastic. After a certain period, yellow thermoplastic’s retroreflectivity was higher that
yellow inlaid tape’s.

The estimates for the yellow markings were not as good as the estimates for the white markings.
As shown in the regression tables, the yellow markings’ adjusted R-square values were low. In
particular, yellow thermoplastic’s R-square value was very low. The estimation of the
retroreflectivity values may not be correct and reasonable. The yellow markings’ low R-square
values will be explained in the validation section.

Figures 9-26 show that the retroreflectivity curves were more sensitive to snowfall than traffic
amounts (i.e., the snowfall amount, not traffic, was the major factor in retroreflectivity’s
deterioration). This will be discussed further in the life cycle analysis.
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Linear Log Nonlinear Nonlinear Log

Number of Observations 7603 7603 7603 7603
F-Value 2433.4 1113.27 - -
Adjusted R-square 0.5015 0.31722 0.334 0.334
Intercept 762.81 6.4379 755.2 6.51
Coef. for cumulative traffic -1E"-05 0.051837 0.000016 -129.92
Coef. for cumulative traffic square - - 1.78X107" 64.98
Coef. for cumulative precipitation -0.41259 -0.16495 -860 502.76
Coef. for cumulative precipitation sq. - - 0.00042 -251.45
Coef. for cumulative snow -0.98892 -0.07279 -.795 -511.76
Coef. for cumulative snow square - - 0.00054 255.83

Table 12. Regression Results for White Inlaid Tape

Linear Log Nonlinear Nonlinear Log

Number of Observations 3121 3121 3121 3121
F-Value 623.438 411.4319 - -
Adjusted R-square 0.388 0.2948 0.301 0.30089
Intercept 405.66 4.45 434.1 4.36
Coef. for cumulative traffic 4.5E"-6 .1286 .000019 129.18
Coef. for cumulative traffic square - - -7.5X10" -64.52
Coef. for cumulative precipitation 231 -.02015 -.023 142.4
Coef. for cumulative precipitation sq. - - .00033 -71.21
Coef. for cumulative snow -2.938 -.184 -4.58 -781.21
Coef. for cumulative snow square - - .0068 390.51

Table 13. Regression Results for Yellow Inlaid Tape

Linear Log Nonlinear Nonlinear Log

Number of Observations 7816 7816 7816 7816
F-Value 794.419 793.92 - -
Adjusted R-square 0.2748 0.2747 0.140 0.140
Intercept 348.91 11.15 341.7 12.09
Coef. for cumulative traffic -9.4E"-6 - 477 -.000035 201.26
Coef. for cumulative traffic square - - 1.21X107% -100.89
Coef. for cumulative precipitation .0688 .3395 .804 -.636
Coef. for cumulative precipitation sq. - - -.0004 439
Coef. for cumulative snow -1.3577 -0.1066 -3.401 589.30
Coef. for cumulative snow square - - .0078 -294.64

Table 14. Regression Results for White Thermoplastic
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Linear Log Nonlinear Nonlinear Log
Number of Observations 4664 4664 4664 4664
F-Value 172.1843 100.3737 - -
Adjusted R-square 0.1129 0.0688 0.001 0.00141
Intercept 189.57 4.545 154.7 4.698
Coef. for cumulative traffic 4.96E"-6 0.0453 0.000013 105.23
Coef. for cumulative traffic square - - -8.02X10™° -52.60
Coef. for cumulative precipitation .0115 -.0214 1274 1230.84
Coef. for cumulative precipitation sq. - - 0.000037 -615.42
Coef. for cumulative snow -0.7233 -0.084 -7372 40.60
Coef. for cumulative snow square - - -.00248 -20.30
Table 15. Regression Results for Yellow Thermoplastic
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Figure 9. Regression Curves for White Markings (Low Traffic & Light Snow)

23



Retroreflectivity

White (Low Traffic & Moderate Snow)

1200.00

1000.00

800.00

600.00 .
\ Inlaid Tape
400.00 —
TN — — =— Thermoplastic
\_,\__\
200.00 ——
.~__~
—_ -
-~ _
0.00 -
O O OO0 OO0 000000000000 00 OO0 oo
M 0O M 0 M OO0 M O M O MO MO M O MmO M O N 0 ™M 0
Nt ONOD O AN MN VOO A NSNS0 O - m <
e A A AN AN AN AN NN OO OO
Days

Figure 10. Regression Curves for White Markings (Low Traffic & Moderate Snow)
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Figure 11. Regression Curves for White Markings (Low Traffic & Heavy Snow)
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Figure 12. Regression Curves for White Markings (Medium Traffic & Light Snow)
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Figure 13. Regression Curves for White Markings (Medium Traffic & Moderate Snow)
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Figure 14. Regression Curves for White Markings (Medium Traffic & Heavy Snow)
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Figure 15. Regression Curves for White Markings (High Traffic & Light Snow)
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Figure 16. Regression Curves for White Markings (High Traffic & Moderate Snow)
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Figure 17. Regression Curves for White Markings (High Traffic & Heavy Snow)
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Figure 18. Regression Curves for Yellow Markings (Low Traffic & Light Snow)
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Figure 19. Regression Curves for Yellow Markings (Low Traffic & Moderate Snow)
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Figure 20. Regression Curves for Yellow Markings (Low Traffic & Heavy Snow)
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Figure 21. Regression Curves for Yellow Markings (Medium Traffic & Light Snow)
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Figure 22. Regression Curves for Yellow Markings (Medium Traffic & Moderate Snow)
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Figure 23. Regression Curves for Yellow Markings (Medium Traffic & Heavy Snow)
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Figure 24. Regression Curves for Yellow Markings (High Traffic & Light Snow)
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Figure 25. Regression Curves for Yellow Markings (High Traffic & Moderate Snow)
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Figure 26. Regression Curves for Yellow Markings (High Traffic & Heavy Snow)

Life Cycle Estimation

To draw the regression curves for retroreflectivity in Figures 9-26, the research team used the
assumed traffic and weather conditions. After they estimated retroreflectivity for each condition,
the research team calculated a life cycle for each of the three speed-based threshold values in
Table 3.

Table 16 shows the estimated life cycles for the three white materials. (Although this project
focuses on inlaid tape and thermoplastic, waterborne paint was included in the analysis for
comparative purposes.) As stated before, the linear function was used to estimate the
retroreflectivity performance and life cycles for inlaid tape and thermoplastic because its
adjusted R-square values were higher than the other basic functions’. For consistency, the linear
function was also used for the waterborne paint estimates. In Table 17, the same life cycle
estimation method was applied to the three yellow pavement marking materials.

Some of the estimated life cycles were not reasonable (e.g., yellow thermoplastic in high traffic
and light and moderate snow). In those cases, the estimation produced unreasonably long life
cycles and retroreflectivity values that increased with time. The unreasonable estimates may be
due to the field data’s unreliable characteristics and a data collection period that was too brief.
Even though this study’s data collection period was longer than this research team’s previous
pavement marking study, the durable materials’ life expectancy still exceeded the study period.

A material’s life cycle can vary depending on the time of the installation. Snow has a very

significant effect on the visibility and retroreflectivity of any type of pavement marking. After
the winter, a material may reach its retroreflectivity threshold, in which case the effective life of
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the pavement marking ends. For this project, the life cycle estimates were based on a September
installation of the materials. Of course, installations during a different time of the year would

yield different life cycle estimates.

Condition Inlaid Tape Thermoplastic Waterborne
Paint
Low Traffic & Light Snow 240, 258, 264 113, 144, 156 9,18,19
Low Traffic & Moderate Snow 201, 218, 223 78, 100, 103 6, 16,16
Low Traffic & Heavy Snow 67,76, 77 18, 25, 28 3,4,4
Medium Traffic & Light Snow 221, 239, 243 91, 114,126 15, 18, 18
Medium Traffic & Moderate Snow 173,188, 193 65, 85, 89 6, 16, 17
Medium Traffic & Heavy Snow 64,72, 73 16, 18, 24 3,4,4
High Traffic & Light Snow 157,172,176 65, 82, 88 15,18, 19
High Traffic & Moderate Snow 137, 149, 152 65, 78, 89 6, 16, 17
High Traffic & Heavy Snow 60, 64, 65 16, 18, 19 3,4,4

Life cycles are based on thresholds of 150, 100, and 85 mcd/m?/lux, respectively.

Table 16. Estimated Life Cycle of White Pavement Marking Materials

Condition Inlaid Tape Thermoplastic Waterborne
Paint
Low Traffic & Light Snow 127,142, 146 170, 242, 262 6, 13, 14
Low Traffic & Moderate Snow 76,79, 80 66, 90, 100 12,13, 13
Low Traffic & Heavy Snow 18, 18, 19 7,18, 18 4,4,4
Medium Traffic & Light Snow 140, 157, 162 270, 275, 299 12,13, 13
Medium Traffic & Moderate Snow 76, 88, 88 114, 156, 167 12,13, 13
Medium Traffic & Heavy Snow 15, 16, 16 16, 21, 21 4,4,4
High Traffic & Light Snow 174,195, 201 - 12,13, 13
High Traffic & Moderate Snow 88, 90, 100 - 12, 13,13
High Traffic & Heavy Snow 15, 16, 16 17,27,28 4,4,4

Life cycles are based on thresholds of 100, 65, and 55 mcd/m?/lux, respectively.

Table 17. Estimated Life Cycle of Yellow Pavement Marking Materials

Validation of the Regression Analysis and Life Cycle Estimation

The regression analysis produced the estimated life cycles (Tables 16 and 17). In order to
validate the estimation, the regression results were compared to the actual collected data.

Inlaid tape showed rather consistent results. The white inlaid tape on MD 611, which is in the
eastern area of the state and receives little snow, had the highest average retroreflectivity. At the
same time, the white inlaid tape on 1-68, which is in the western area of the state and receives the
heaviest snowfalls, had the lowest average retroreflectivity.

For the heavy snow and high traffic conditions, white inlaid tape’s estimated life cycle was five
years and yellow inlaid tape’s estimated life cycle was two years. The real data for 1-68 shows
that the white markings’ average retroreflectivity is 166 and the yellow markings’ average
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retroreflectivity after three years is 73. The real data confirmed the regression analysis and life
cycle estimation for inlaid tape.

Thermoplastic showed less consistent and less reasonable results. For the yellow thermoplastic
on MD 32, the real data showed that the retroreflectivity after four years was well above the
average initial retroreflectivity. Yellow thermoplastic’s initial retroreflectivity was 175 and its
average retroreflectivity after four years was 140. Because thermoplastic was not installed and
evaluated on 1-68, the field data made the performance of yellow thermoplastic extremely better
than that of the other pavement marking materials. If thermoplastic had been installed, the
difference between thermoplastic’s initial and final retroreflectivities would be obvious.

Material Tape White Tape Yellow Thermo White Thermo Yellow
Average initial 700 390 340 175
retroreflectivity

Average final 270 225 176 140
retroreflectivity
High retroreflectivity at 453 301 266 250
the final data collection (MD 611) (MD 611) (MD 5) (MD 32)
Low retroreflectivity at 166 73 117 99
the final data collection (1-68) (1-68) (MD 175) (MD 5)

Table 18. Summary of the Real Data Values from Data Collection

The real data for both white pavement markings confirmed the accuracy of the regression
analysis’ retroreflectivity deterioration rates. The real data for the yellow pavement markings
also matched the results of the regression analysis: yellow thermoplastic showed relatively better
endurance than yellow tape in terms of deterioration rate (Table 18).

Economic Efficiency Analysis

Economic efficiency is typically determined by annual costs. The annual cost is found through
the even distribution of the installation costs throughout the estimated life cycle.

As discussed in the previous section, the estimated total installation costs were $0.148/ft. for
waterborne paint, $0.777/ft. for thermoplastic, and $3.168/ft. for inlaid tape. Those costs were
higher than the material costs used in Phase I ($0.05/ft, $0.50/ft and $2.00/ft, respectively)
because they include installation costs (such as material, labor, and equipment) and delay and
accident costs caused by the installation. Tables 19 and 20 show the annual costs for the
pavement marking materials. To find the monthly cost for each material, the estimated total
installation costs (in cents) were divided by the estimated life cycles.

The results showed that thermoplastic is the most economical choice for white pavement
markings under most of the conditions included in this study. Unless the road section receives
large amounts of snow, thermoplastic is also the most economical choice for yellow pavement
markings. Waterborne paint is the most economical material for yellow markings in heavy snow
conditions.
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Again, the economical analysis was based on the life cycle estimation, and the life cycle
estimation was based on the time of the installation. If the installation was done at a different
time of year, the life cycles would be different and the most economical material would change.
The next section will discuss how changing the input variables would affect the economic
efficiency.

Condition Inlaid Tape Thermoplastic | Waterborne Paint

Low Traffic & Light Snow 1.32 0.68 1.64
Low Traffic & Moderate Snow 1.58 1.00 2.47
Low Traffic & Heavy Snow 4.73 4.31 4.93
Medium Traffic & Light Snow 1.43 0.85 0.99
Medium Traffic & Moderate Snow 1.83 1.20 2.47
Medium Traffic & Heavy Snow 4.95 4.86 4.93
High Traffic & Light Snow 2.02 1.20 0.99
High Traffic & Moderate Snow 2.31 1.20 2.47
High Traffic & Heavy Snow 5.28 4.85 4.93

Cents per month. Monthly costs based on a threshold of 150 med/m?/Iux.

Table 19. Annual Costs for White Pavement Marking Materials

Condition Inlaid Tape Thermoplastic | Waterborne Paint

Low Traffic & Light Snow 2.49 0.46 247
Low Traffic & Moderate Snow 4.17 1.18 1.23
Low Traffic & Heavy Snow 17.60 11.10 3.70
Medium Traffic & Light Snow 4.17 0.29 1.23
Medium Traffic & Moderate Snow 4.17 0.69 1.23
Medium Traffic & Heavy Snow 21.12 4.86 3.70
High Traffic & Light Snow 1.82 - 1.23
High Traffic & Moderate Snow 3.60 - 1.23
High Traffic & Heavy Snow 21.12 4.57 3.70

Cents per month. Monthly costs based on a threshold of 100 med/m?/Iux.

Table 20. Annual Costs for Yellow Pavement Marking Materials

Sensitivity Analysis

The two main inputs for the economic efficiency analysis were life cycle and total installation
costs. Life cycles were based on regression curves and threshold values. The total installation
costs were based on the monetary installation costs (which depend on the price of material, labor,
etc.), delay, and accident costs (which depend on the installation length, traffic amount, number
of lanes, etc.).

The analysis would be very complicated if all those variables were included. Therefore, the
sensitivity analysis in this research considered the final inputs, life cycle, and total installation
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costs. The lower level variables (such as threshold values, monetary installation costs, etc.) can
be determined once life cycle and total installation costs are assumed.

In order to be competitive to thermoplastic, inlaid tape must have either a longer life cycle or
lower installation costs. Table 21 shows what happened when inlaid tape’s life cycle was
increased by 50 percent. For the white markings, the increase made inlaid tape competitive to
thermoplastic and more economical in high snow conditions. In this case, inlaid tape became
more economical than waterborne paint in most scenarios.

Condition Inlaid Tape Thermoplastic | Waterborne Paint

Low Traffic & Light Snow 0.88 0.68 1.64
Low Traffic & Moderate Snow 1.06 1.00 247
Low Traffic & Heavy Snow 3.17 4.31 4.93
Medium Traffic & Light Snow 0.96 0.85 0.99
Medium Traffic & Moderate Snow 1.22 1.20 2.47
Medium Traffic & Heavy Snow 3.30 4.86 4.93
High Traffic & Light Snow 1.35 1.20 0.99
High Traffic & Moderate Snow 1.55 1.20 2.47
High Traffic & Heavy Snow 3.52 4.85 4.93

Cents per month. Monthly costs are based on a threshold of 150 mcd/m%/lux.

Table 21. Annual Costs for White Pavement Marking Materials When Inlaid Tape’s Life
Cycle is 50% Longer

Table 22 shows how the annual costs change when inlaid tape’s cost is 40 percent lower ($1.900
instead of $3.168). For the white pavement markings, the decrease made inlaid tape
economically competitive to thermoplastic. In heavy snow conditions, regardless of the traffic
amount, inlaid tape was more economical. In moderate snow areas, inlaid tape and thermoplastic
were almost the same in terms of economic efficiency. In light snow areas, thermoplastic
remained more economical than inlaid tape.

The sensitivity analysis showed that to make the inlaid tape economically competitive, inlaid
tape’s life cycle should be increased by 50 percent or its total installation costs should be
decreased by 40 percent. However, inlaid tape can be more competitive to thermoplastic in heavy
snow areas even with less than 50 percent increased life cycle or less than 40 percent decreased
total installation cost, because inlaid tape’s relative performance to thermoplastic’s in heavy
snow area is better than that in less snow areas.
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Condition Inlaid Tape Thermoplastic ~ Waterborne Paint

Low Traffic & Light Snow 0.79 0.68 1.64
Low Traffic & Moderate Snow 0.95 1.00 247
Low Traffic & Heavy Snow 2.84 4.31 4.93
Medium Traffic & Light Snow 0.86 0.85 0.99
Medium Traffic & Moderate Snow 1.10 1.20 247
Medium Traffic & Heavy Snow 2.97 4.86 4.93
High Traffic & Light Snow 121 1.20 0.99
High Traffic & Moderate Snow 1.39 1.20 247
High Traffic & Heavy Snow 3.17 4.85 4.93

Cents per month. Monthly costs are based on a threshold of 150 mcd/m?/lux.

Table 22. Annual Costs for White Pavement Marking Materials When Inlaid Tape’s
Installation Costs are 40% Lower



38



CONCLUSIONS

Because inlaid tape and thermoplastic are known to last more than three years—in some
locations, thermoplastic lasts more than five years and inlaid tape more than eight years—the
data collection period for this research was not long enough to justify various basic functions.
With the data collection period for this research, the linear function was found to fit the
relationship between the collected retroreflectivity data and the input variables.

Because of the inconsistent nature of the field data, the adjusted R-square values, which indicate
how well the data fits the estimated function, were not very high. However, the R-square values
were higher than the values found in similar research because of the inclusion of weather data
and traffic data. Traffic data was the sole conventional variable for the previous life cycle studies
of the pavement markings.

Snowfall amounts affected retroreflectivity more than traffic amounts did. This indicates that
snowplow use must be well controlled and standardized in order to improve the pavement
markings’ performance and life cycles. Increased use of rubber blades on the plows may
minimize the damage to the pavement markings.

The regression results fit the real data for the white pavement markings, but they did not fit as
well for the yellow pavement markings. The regression results also showed that the regression
estimates of inlaid tape fit the real data better than that of thermoplastic. These results would
seem to indicate that the white markings’ and inlaid tape’s performance were more stable than
the yellow markings’ and thermoplastic’s. It also means that there were uncertainties in yellow
pavement markings’ and thermoplastic’s performance.

The life cycles for the pavement markings were determined with the estimated retroreflectivity
and threshold values. The retroreflectivity estimates were based on nine weather and traffic
combinations (which were based on three snowfall amounts and three traffic amounts).

A material’s life cycle can vary greatly depending on the time of year of the installation. Snow
removal has a significant effect on retroreflectivity. After a severe winter, a material typically
hits its retroreflectivity threshold and the life of the pavement marking ends. For this project, the
life cycle estimates were based on a September installation of the materials. Installations during a
different time of the year would yield much different life cycle estimates and, consequently,
different economic efficiencies.

In general, inlaid tape lasts longer than thermoplastic because inlaid tape’s initial retroreflectivity
is higher than thermoplastic’s. In addition, the white pavement markings last longer than yellow
pavement markings because the white pavement markings’ initial retroreflectivity is higher than
the yellow pavement markings’. However, in this study, the performance of yellow thermoplastic
was abnormally good. In fact, yellow thermoplastic lasted as long as white thermoplastic and
yellow inlaid tape.

Estimated life cycles and total installation costs were used to determine the materials’ annual
costs (i.e., economic efficiency). The estimated total installation costs were $3.168 per foot for
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inlaid tape, $0.777 per foot for thermoplastic, and $0.148 per foot for waterborne paint. Although
inlaid tape can last longer effectively, thermoplastic was more economical under most conditions
because of inlaid tape’s higher installation costs. To make inlaid tape competitive to
thermoplastic in terms of economic efficiency, the sensitivity analysis showed that inlaid tape’s
life cycle had to be increased by 50 percent or its total installation costs had to be reduced by 40
percent. For example, inlaid tape’s life cycle would improve if the tape were set deeper in heavy
snows areas—either by installing it at a higher asphalt temperature, or by cutting a groove in the
pavement so that the tape was slightly below surface. Full-compliment tape projects or longer
distance projects could also reduce the installation costs.

This project’s two research assistants are currently expanding upon these findings for their theses.
One research is about the estimation of total installation costs, and the other examines the life
cycle differences among different marking types (such as edge line, skip line, and center line).
Once completed, both studies will provide better and more complete information about the life
cycles of pavement marking materials.
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