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Abstract: The study applied the Markov chain (MC) model that uses a transition matrix to transmit the probability of monitored pavement
markings being in one service life state then changing into another service life state over a time interval. The service life prediction by MC
models were then compared with those from linear models, testing if there were any clear advantages of using one model over the other in terms
of predicting longevity of the marking retroreflectivity. The retroreflectivity data were collected by monitoring the coefficient of dry retrore-
flective luminance for 2 years using a handheld retroreflectometer. Using the MC model, the study found that the pavement marking retro-
reflectivity (PMR) degradation follows an exponential curve trend whereby the degradation rates decrease as the time increases. Significant
differences were found in the deterioration of the markings based on the colors (white or yellow) and line type (center, lane line, or edge line).
White thermoplastic edge lines on two-lane roadways were found to have a better performance (low deterioration rates) compared with the same
lines on four-lane highways. Based on the transition probability matrix (TPM), it was observed that retroreflectivity is in an excellent or good
state for a short period of time (54% probability) but is in a fair or poor state for a longer time (92% probability), suggesting the trend has a higher
degradation rate at the beginning and a lower rate near the failure state. Keeping the minimum failure states at 150 and 100 mcd=m2=lx for white
and yellowmarkings, respectively, the service life of white markings was found to be approximately 4 years (49.5 months) and it was found to be
about 2.4 years (29 months) for yellow markings. The MC model findings were compared with those obtained through linear regression, which
showed that white thermoplastic pavement markings take approximately 3.5 years (42 months) to deteriorate to failure state level, while yellow
thermoplastics take about 2.1 years (25 months). The study concluded that there is a clear difference between the prediction using MC models
compared with linear models, withMCmodels being more cost effective in terms of maintenance and replacement scheduling due to a longer life
prediction. DOI: 10.1061/JPEODX.0000055. © 2018 American Society of Civil Engineers.
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Introduction

Longitudinal pavement marking retroreflectivity (PMR) provides
guidance through the delineation of the travel lanes and therefore
enhances safety to road users. The visibility of such pavement
markings diminishes with time. This makes durability and visibil-
ity, two factors that define the quality and properties of pavement
marking retroreflectivity, important parameters (Carlson et al.
2013). The Manual of Uniform Traffic Control Devices (MUTCD)
recommends that minimum retroreflectivity levels for longitudinal
pavement markings be maintained (FHWA 2009; Lertworawanich
and Karoonsoontawon 2012). The Federal Highway Administration
(FHWA) 2007 Pittsburg Workshop recommended minimum retro-
reflectivity as reported in Table 1 (Clarke and Xuedong 2011;
Debaillon et al. 2007). The retroreflectivity deterioration with
time is therefore critical to transportation agencies for pavement
marking maintenance and replacement scheduling. Based on its
importance to road users, several studies have investigated

visibility and durability of different types of pavement markings
(Lertworawanich and Karoonsoontawon 2012; Migletz et al.
2001). The durability has been analyzed in terms of models that
can predict retroreflectivity deterioration stages. In modeling pave-
ment marking degradation, some literature shows that the deterio-
ration of pavement retroreflectivity is not linear (Sitzabee et al.
2008; Lee 2011); rather, it has an upside-down parabolic-shaped
trend that initially increases upward to the maximum value above
the initial readings, then decreases gradually thereafter. Thamiz-
harasan et al. (2002) identified four retroreflectivity aging pat-
terns of newly installed pavement markings, while Clarke and
Xuedong (2011) found that the initial upward ticking in retrore-
flectivity was caused by the glass beads being exposed after
wearing out due to traffic, weather, and abrasion. Sarasua et al.
(2003) analyzed these patterns in two stages for thermoplastics
and epoxy, whereby the nonlinear portion of the retroreflectivity
deterioration trend represented the initial break-in period and the
second linear portion represented the declining gradient part of
the pavement markings after the break-in period (Lundkvist and
Isacsson 2007). Other nonlinear functions such as logarithmic,
exponential, artificial neural networks (ANNs), and the spline
model have also been developed to predict pavement marking
performances (Zhang and Wu 2006; Karwa and Donnell 2011;
Kopf 2004; Fitch and Ahearn 2007). Supported by most of these
studies, it can be concluded that the deterioration of PMR is a
stochastic process following a nonlinear pattern with time. The
literature also shows that degradation trends of retroreflectivity
vary by pavement marking materials (paint or thermoplastic) and
pavement marking color (Clarke and Xuedong 2011; Debaillon
et al. 2007).
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Deviating slightly from the previous studies, this paper applies
the Markov chain (MC) model for forecasting the service life of
pavement markings. The MC model consideration is based on
the fact that retroreflectivity readings have high variability and deg-
radation is a stochastic process (Sarasua et al. 2003; Migletz et al.
2001). According to the literature, probabilistic models, particu-
larly the MC model, are widely used to forecast infrastructure
performance in the areas of transportation engineering such as
pavement conditions and bridge degradation (Porras-Alvarado
et al. 2014); however, not many have been applied in pavement
marking degradation, making the MC model’s contribution to this
study unique. The MC model is widely used because of its mem-
oryless property, ease of calibration, ability to capture nonlinear
properties of the system, and its behavior, which can be updated
when new data are available. These MC characteristics align well
with the pavement marking retroreflectivity deterioration process,
making the use of MC for service life prediction more relevant. The
primary assumption of MC is that the forecast for a future state of a
system (in this case, retroreflectivity level) depends on the current
state only and not previous states (Porras-Alvarado et al. 2014;
Chamorro and Tighe 2011). This paper further investigates the ef-
fect of line type (lateral position) together with marking color on
the degradation trend of thermoplastic pavement markings.

Data

The study utilized data collected in 2014 and 2015 across selected
sites on Tennessee highways. The Tennessee Department of Trans-
portation (TDOT) records the first pavement marking readings,
known as acceptance readings, 45 days after the contractor’s appli-
cation to check if the initial retroreflectivity meets the required
thresholds. The required minimum initial acceptance retroreflectiv-
ity levels in Tennessee are 200 mcd=m2=lx for yellow markings
and 300 mcd=m2=lx for white markings. Following the acceptance
readings, the coefficient of dry retroreflective luminance (retrore-
flectivity) in mcd=m2=lx was monitored and measured using a
handheld LTL-X retroreflectometer (Ennis-Flint, Los Angeles,
California) every 45 days at each site for 2 years. There was ap-
proximately 6 months from the acceptance reading and the next
study readings (gaps that appear in Figs. 1 and 2). Initially, a total
of 62 locations were selected from the four TDOT regions; how-
ever, some sites were dropped as the study progressed due to factors
such as difficulty in controlling for traffic or being repaved. Forty-
five sites were therefore retained with complete rounds of data col-
lection. Data collection sites that were kept at the same locations
throughout the study period varied by Tennessee’s topographic
alignment and by the number of lanes, which indirectly reflect traf-
fic intensity as well as different median types such as undivided,
divided, and two-way left-turn (TWLT) lanes. The study site seg-
ments had traffic volume ranging from 900 to 32,500 vehicles per
day. Retroreflectivity measurements were taken reflecting TDOT
testing methods. For study sites on 2-lane segments, there was a

minimum of 30 readings taken, including 10 tests on the white lines
and five readings taken on each skip or solid yellow line. For study
sites with more than two lanes in one direction, but which were
undivided, there was a minimum of 40 tests, including 10 tests
taken on each white line and five readings on each skip or solid
yellow line. For study sites with two or more lanes separated by
a median, there was a minimum of 30 tests, including 10 tests con-
ducted on the white edge lines and five readings on each of skip
lines and an additional 10 tests conducted on the yellow line on the
opposite side. All markings were installed under the same specifi-
cations and same materials and application rates but different con-
tractors (same contract for each TDOT region). Therefore, there
was no significant variability in the quality of markings based
on materials and specifications except possible variabilities due
to the contractor installation quality.
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Fig. 1. White thermoplastic retroreflectivity deterioration.
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Fig. 2. Yellow thermoplastic retroreflectivity deterioration.

Table 1. Suggested minimum retroreflectivity values

Roadway marking configuration

Without RRPMs

With
RRPMs

≤ 55 kph
(≤35 mi=h)

90–105 kph
(55–65 mi=h)

≥ 115 kph
(≥70 mi=h)

Fully marked roadways (with center line, lane lines, and/or edge line, as needed)a 40 60 90 40
Roadways with center lines only 90 250 572 50

Source: Data from Clarke and Xuedong (2011) and Debaillon et al. (2007).
Note: RRPMs = raised retroreflective pavement markers.
aApplies to both yellow and white pavement markings.
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Linear Retroreflectivity Models

The study initially applied the linear model to determine the deterio-
ration of the retroreflectivity. Using 2 years of recorded data, plotted
curves correlating retroreflectivity with the number of months were
developed as shown in Figs. 1 and 2 for white and yellow thermo-
plastic pavement markings, respectively (the average of all 45 sites).
The shown models have tractable deterioration rates which show the
averaged retroreflectivity deterioration trends calculated per number
of months since the application. The magnitude of deterioration was
characterized by the change in retroreflectivity values. The retrore-
flectivity deterioration rates were then calculated from the plots
considering readings when pavement markings were newly applied,
have undergone the intermediate time, and final readings after
2 years. For instance, in Figs. 1 and 2, the deterioration rates
for white thermoplastics and yellow thermoplastics are −5.9 and
−3.37 mcd=m2=lx per month, respectively. Those deterioration
rates means a white thermoplastic pavement marking will take
approximately 3.5 years (42 months) to reach failure state level
(150 mcd=m2=lx), while yellow thermoplastic will take about
2.1 years (25 months) to reach the failure state.

Markov Chain Model

Apart from the linear regression, the study developed the MC
model for predicting the deterioration performance of PMR. The
transition probability of the MC model was estimated using a fre-
quency method, which is a discrete and a state-based model,
whereby the number of states depends on the number of possible
outcomes designed in a study (Fu and Devaraj 2008). The retrore-
flectivity readings were discretized to obtain the state system
and for developing the transition probability matrix (TPM)
(Porras-Alvarado et al. 2014; Ortiz-García et al. 2006) as shown
in Table 2. The failure values were considered once the readings
went below 100 and 150 mcd=m2=lx for yellow and white thermo-
plastics, respectively (Sitzabee et al. 2008). The five states were
rated from excellent to failure using a uniform interval of 100 bins
for both colors (Table 2). Yellow and white pavement intervals were
varied differently because the two pavement types showed signifi-
cant difference in data trending characteristics. Yellow marking
initial PMR readings are relatively lower compared with white
thermoplastic.

The frequency method, which is sometimes referred to as the
arithmetic method, is achieved through counting a number of ele-
ments changed from one state to the next and those that remained in
the same state (nij). The total number of elements (ni) originating

from the same state are obtained by adding up the two elements.
The TPM (πij) is estimated as shown in Eq. (1)

πij ¼
nij
ni

ð1Þ

where πij = probability of transmitting from state i to j; nij =
number of elements that change from state i to j or remained in the
same state; and ni = total number of elements originated from i.

The Markov chain uses TPM to transmit the probability of being
in one retroreflectivity state and then changing into another state
over a fixed time interval. The study assumed the data collection
was over fixed time intervals (45 days); however, in some instances
the data collection interval was not exactly 45 days due to bad
weather or administrative factors. The model setup assumed the
retroreflectivity condition did not drop by more than one state
in one transition [Eq. (2)]. A typical TPM form is as presented
in Eq. (2) (Porras-Alvarado et al. 2014)

πij ¼

2
66664

π5;5 π5;4 0 0 0

0 π4;4 π4;3 0 0

0 0 π3;3 π3;2 0

0 0 0 π2;2 π2;1

0 0 0 0 1

3
77775

ð2Þ

When an element reaches its worst state (failure state), the fol-
lowing condition applies:

πij ¼ 1 ð3Þ

The TPM reflects the probability a given state remains in the
same state from one data collection phase to the next phase or trans-
fers to the next state. The probability of being in a particular state of
the MC system at a time (t) is given by Eq. (4)

πðt1þkÞ ¼ πðt1þkÞjπðtkÞ ð4Þ

The TPM is given by πij whereby i and j are matrix dimensions
(i × j)

πij ¼ πðt1þkÞ ¼ πðt1þkÞjπðtkÞ ð5Þ

Xn
j¼1

πij ¼ 1 ð6Þ

and

tk < t1þk ð7Þ
where tk = present; and t1þk = future.

Independence and Dependence State Tests

The hypothesis test evaluating the order of MC was conducted us-
ing a likelihood ratio test (LRT) statistic. The null hypothesis was
that the generated frequency distributions at successive time points
are statistically independent, and the alternative hypothesis was
that observations are from a first-order MC (dependent) (Skuriat-
Olechnowska 2005). Verifying the hypothesis gives insight into
the concept of accepting or rejecting whether the deterioration data
had a dependent Markov property (Anderson and Goodman 1957).
The hypothesis test for independence of frequency in a state is
given as

Null hypothesis (H0). State is independent.
Alternative hypothesis (H1). States are dependent.

Table 2. Defined retroreflectivity states

State code Qualitative state Explanation or interval

Yellow thermoplastic marking
5 Excellent Greater than 400 mcd=m2=lx
4 Good 300–399 mcd=m2=lx
3 Fair 200–299 mcd=m2=lx
2 Poor 100–199 mcd=m2=lx
1 Failure Less than 100 mcd=m2=lx

White thermoplastic marking
5 Excellent Greater than 450 mcd=m2=lx
4 Good 350–449 mcd=m2=lx
3 Fair 250–349 mcd=m2=lx
2 Poor 150–249 mcd=m2=lx
1 Failure Less than 150 mcd=m2=lx
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The LRT statistics approximate a chi-square distribution with
degrees of freedom equal to the difference in the number of param-
eters between both models. The likelihood ratio test (λ) statistic is
computed as shown in Eq. (8) (Anderson and Goodman 1957)

λ ¼ −2X
ij

nij log
πij

mij
ð8Þ

whereas

mij ¼
Xi¼5;j¼5

i¼1;j¼1

nij ð9Þ

If the null hypothesis is rejected at the 95% significance level,
then data in states are dependent, which signifies that the depend-
ence between transition probabilities exists (i.e., πij depends on the
state i) (Mishalani and Madanat 2002).

Prediction of Degradation Trend

The Monte Carlo simulation was used to extrapolate the degrada-
tion envelope; the resulting trend was then used to estimate the time
to reach the retroreflectivity failure state. The Monte Carlo uses
random numbers to present a stochastic process in which the mod-
eling of the next state given the current state is determined by com-
paring a uniform random number generated from the cumulative
probabilities (TPM). Each random number represents a 1.5-month
(45-day) life cycle and the simulation of a life cycle to the failure
state is called a trial. The trial starts with an excellent state (State 5)
at time zero; the first random number is generated and compared
with the probability in a cumulative TPM. It is checked from left to
right and if it is within the first range, then the state of the next cycle
remains in the same state; otherwise it falls into the next state. The
next random number is generated and the comparison of the prob-
ability depends on the condition of the previous state. For each
pavement marking color, 1,000 trials (for desired confidence level
and the stability of simulation) were performed and the expected
deterioration trends were determined by averaging the outcome
of the trials.

Findings and Discussion

Results from testing the dependence of the states indicated that ret-
roreflectivity data follow the Markov property. Table 3 shows that
both lines rejected the null hypothesis favoring the alternative
hypothesis that data in states are dependent. Considering the
TPM, both line types and color were observed to stay longer in
a fair state and poor state (Tables 4–8), suggesting that the trend
has higher degradation rate at the beginning and a lower rate near
the failure state. To illustrate, white edge markings on 4-lane roads
indicated a 54% chance to remain in State 5; the chance increased
to 61% to remain in State 4 and then increased to 69% to stay in
State 3, and the probability increased to 92% for remaining in

Table 3. Likelihood ratio test of lines

Pavement marking line type Likelihood ratio (λ) Degrees of freedom Pr (X > λ) Decision for H0

Yellow thermoplastic centerline, 2-lane road −2,985.7 16 0 Reject
White thermoplastic edge line, 2-lane road −1,506.4 16 0 Reject
Yellow thermoplastic edge line, 4-lane road −3,387.9 16 0 Reject
White thermoplastic lane lines, 4-lane road −2,234.8 16 0 Reject
White thermoplastic edge lines, 4-lane road −3,333.1 16 0 Reject

Table 4. Transition probability matrices for white edge thermoplastic
markings on 2-lane highways

State 5 4 3 2 1 Total

5 0.64 0.36 0 0 0 1
4 0 0.66 0.34 0 0 1
3 0 0 0.74 0.26 0 1
2 0 0 0 0.98 0.02 1
1 0 0 0 0 1 1

Table 5. Transition probability matrices for yellow thermoplastic markings
on 2-lane highways

State 5 4 3 2 1 Total

5 0 0 0 0 0 1
4 0 0.46 0.54 0 0 1
3 0 0 0.77 0.23 0 1
2 0 0 0 0.99 0.01 1
1 0 0 0 0 1 1

Table 6. Transition probability matrices for white edge thermoplastic
markings on 4-lane highways

State 5 4 3 2 1 Total

5 0.54 0.46 0 0 0 1
4 0 0.61 0.39 0 0 1
3 0 0 0.69 0.31 0 1
2 0 0 0 0.92 0.08 1
1 0 0 0 0 1 1

Table 7. Transition probability matrices for yellow edge thermoplastic
markings on 4-lane highways

State 5 4 3 2 1 Total

5 0.02 0.98 0 0 0 1
4 0 0.68 0.32 0 0 1
3 0 0 0.68 0.32 0 1
2 0 0 0 0.94 0.06 1
1 0 0 0 0 1 1

Table 8. Probability matrices for white inside lane thermoplastic markings
on 4-lane highways

State 5 4 3 2 1 Total

5 0.62 0.38 0 0 0 1
4 0 0.62 0.38 0 0 1
3 0 0 0.72 0.28 0 1
2 0 0 0 0.97 0.03 1
1 0 0 0 0 1 1
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State 2. With respect to the white line, on 2-lane highways it
showed relatively higher probabilities of remaining in its current
state than on 4-lane highways (edge and centerline). For in-
stance, on the 2-lane highway, the white line showed a 64% like-
lihood to stay in an excellent state (greater than 450 mcd=m2=lx)
and a 36% chance of changing to the good state (449–
350 mcd=m2=lx), while on the 4-lane highway it had a 54
and 46% chance of moving to a good state. A similar pattern
was observed on other states too. The results give insight that
the pavement marking retroreflectivity performance on 2-lane
roads is higher compared to those of 4-lane roads. The finding
mirrors those by Migletz et al. (2001), who found that retrore-
flectivity on 2-lane highways pavement marking have a longer
service life than on 4-lane highways.

Conversely, excellent state (State 5) readings were not
observed for the yellow lines on 2-lane roadways. The 2-lane
highway reading started with the good state (State 4) with about
equal chances of shifting or remaining in the same state on the
next data collection (46%). The probabilities of 2-lane highway
white lines remaining in States 3 and 2 were relatively higher
than those of the yellow edge line. This suggests that at lower
states, yellow lines on 2-lane highways have better performance
than white lines on 2-lane highways. The degradation rates of
both markings were observed to decline from better states to
worse states for both marking colors (Tables 4–8). This finding
is consistent with those from previous studies (Bahar et al. 2000;
Migletz et al. 2001).

Performance Comparison of Line Types

The hypothesis test assessing the performances of pavement
marking based on color and line lateral position was also con-
ducted. The areas under the deterioration plot for each of the line
positions were considered as an individual line performance. The
large area under the curve is desired, which means deterioration is
relatively slow compared with smaller areas (Tack and Chou
2014). To make the comparison between colors and line position
performance, a statistical hypothesis testing was conducted.
The areas under each curve were estimated by averaging an
individual outcome, then the average areas as well as standard
deviations were computed. The following formulation was
considered:

H0∶μx ¼ μ0

Ha∶μx ≠ μ0
ð10Þ

where H0 = null hypothesis depicting that the areas under the
curve are the same; Ha = alternative hypothesis depicting that
the areas are not the same between the test data; μ0 = area of
an individual line for comparison; and μx = performance area
average of the marking’s line.

The test statistic is

Z0 ¼
μ0 − μx

δ=
ffiffiffi
n

p ð11Þ

The results in Table 9 show no evidence to reject the null hy-
pothesis for both white and yellow marking groups. The degrada-
tion by line types showed that 2-lane white edge lines have a better
performance than those of 4-lane roads. The white edge thermo-
plastic markings of 4-lane roads were the least in that order.
The degradation performance trend could be observed in the indi-
vidual line area in Table 10. Considering the marking colors (white
and yellow), results showed a significant difference in degrada-
tion trends at the 95% confidence level (Table 10). This finding
suggests that white and yellow markings have significantly differ-
ent life-cycle performances, which is supported by previous stud-
ies (Sitzabee and William 2008; Clarke and Xuedong 2011;
Migletz et al. 2001; Sarasua et al. 2011). Furthermore, the individ-
ual pavement marking colors were tested to observe if there is
any difference on retroreflectivity degradation based on line type.
Considering a value of less than 1.5 to be a degradation trend, re-
sults show that 4-lane white edge markings and yellow edge lines
need repainting at 2.4 years (29 months). On the other hand, yellow
centerline, inside white lane lines, and white edge lines need re-
painting beyond 4 years (50 months) (Fig. 3). In addition, yellow
centerlines showed better performance than their counterpart
edge lines.

Comparing Fig. 3 with Figs. 1 and 2, one limitation of the MC
method is the elimination of the initial break-in period [the bump in
Figs. 1 and 2, which is the common jump or initial increase in the
retroreflectivity readings suggested by Clarke and Xuedong (2011)
to be caused by the glass beads being exposed after wearing out due
to traffic, weather, and abrasion]. This, however, may not be a prob-
lem as long as the focus is on the end of life of the pavement
markings.

Conclusions

This study focused on determining how long a thermoplastic pave-
ment marking retroreflectivity will stay within acceptable limits
after application, especially in the state of Tennessee. It is an effort
for the state department of transportation (TDOT) to increase road
safety and evaluate the performance of pavement markings on
Tennessee highways and establish a replacement (maintenance)
schedule for two types of pavement markings used in Tennessee
(paints and thermoplastic). The established correlation and deterio-
ration rates found through this study will help in the process of
trying to achieve this effort. This paper therefore developed models
to forecast PMR by utilizing linear models, Markov chain, Monte
Carlo techniques, and hypothesis testing. By applying linear and
stochastic models, the study went a step ahead because most of
the previous studies modeled PMR degradation using mostly

Table 9. PMR comparison of degradation performance by line type

Pavement marking
Yellow thermoplastic
edge lines, 4-lane road

Yellow thermoplastic
center lines, 2-lane road

White thermoplastic
edge lines, 2-lane road

White thermoplastic inside
lane lines, 4-lane road

White thermoplastic
edge lines, 4-lane road

Average of area 2.06 — — 2.26 —
Standard deviation
of area

0.15 — — 0.24 —

z0 −1.00 1.00 1.38 0.57 −1.94
zc 1.96 1.96 1.96 1.96 1.96
Decision for H0 Accept Accept Accept Accept Accept
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Table 10. Comparison of the degradation performance by line type

Age (months)
Yellow thermoplastic
edge lines, 4-lane road

Yellow thermoplastic
center lines 2-lane road

White thermoplastic
edge lines, 2-lane road

White thermoplastic
center lines, 4-lane road

White thermoplastic edge
lines, 4-lane road

1.5 5.00 4.00 5.00 5.00 5.00
3.0 4.02 3.45 4.66 4.65 4.53
4.5 3.64 3.09 4.33 4.30 4.11
6.0 3.35 2.81 3.99 3.88 3.68
7.5 3.09 2.62 3.66 3.51 3.29
9.0 2.83 2.49 3.40 3.20 2.98
10.5 2.57 2.39 3.14 2.94 2.75
12.0 2.42 2.28 2.91 2.74 2.52
13.5 2.27 2.18 2.75 2.52 2.30
15.0 2.10 2.13 2.59 2.38 2.14
16.5 1.97 2.10 2.44 2.26 2.01
18.0 1.86 2.07 2.34 2.17 1.90
19.5 1.77 2.05 2.24 2.09 1.79
21.0 1.71 2.02 2.18 2.03 1.73
22.5 1.66 1.99 2.11 1.98 1.66
24.0 1.61 1.98 2.07 1.93 1.60
25.5 1.57 1.96 2.04 1.89 1.54
27.0 1.52 1.94 1.99 1.86 1.48
28.5 1.49 1.93 1.94 1.84 1.43
30.0 1.45 1.91 1.90 1.81 1.38
31.5 1.42 1.90 1.87 1.80 1.37
33.0 1.40 1.89 1.86 1.78 1.35
34.5 1.37 1.89 1.83 1.76 1.32
36.0 1.34 1.88 1.82 1.76 1.29
37.5 1.32 1.86 1.80 1.74 1.25
39.0 1.30 1.85 1.78 1.72 1.23
40.5 1.28 1.85 1.77 1.71 1.21
42.0 1.25 1.85 1.75 1.68 1.20
43.5 1.24 1.84 1.74 1.67 1.18
45.0 1.23 1.83 1.73 1.65 1.17
46.5 1.22 1.83 1.72 1.63 1.14
48.0 1.20 1.82 1.71 1.62 1.13
49.5 1.19 1.82 1.71 1.60 1.12
Area 1.96 2.17 2.45 2.34 1.99
Average of area — — 2.18 — —
Standard deviation
of area

— — 0.21 — —

z0 −2.34 −0.14 2.81 1.64 −1.97
zc 1.96 1.96 1.96 1.96 1.96
Decision for H0 Reject Accept Reject Accept Reject

0

1
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Fig. 3. Degradation envelope for pavement marking lines.
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deterministic probabilities such as linear models. The service life
prediction by stochastic models were then compared with those
from linear models testing to see if there were any clear advantages
of using one model over the other in terms of predicting longevity
of the marking retroreflectivity.

The study evaluated any significant differences between pave-
ment marking lines based on marking colors and their lateral posi-
tions in the degradation process. Considered were thermoplastic
pavement markings installed on Tennessee highways with traffic
volume ranging between 900 and 32,500 vehicles per day over
a period of 2 years. The models were developed using data col-
lected for 2 years from 2014 to 2015 at a frequency of 45-day in-
tervals. While the linear model correlated the retroreflectivity
readings against number of months after pavement marking appli-
cation, the Markov chain grouped retroreflectivity readings into
five categories developing discrete deterioration states. The test
of the dependence of states for PMR data shows that the Markovian
property was a correct assumption for analyzing the data. The
failure state was determined to be when a value was below
150 mcd=m2=lx for white markings and below 100 mcd=m2=lx
for yellow markings.

The following are the major findings:
• The linear model showed that the average deterioration is

5.9 mcd=m2=lx per month for white thermoplastic and
3.37 mcd=m2=lx per month for yellow thermoplastic. These
translate to approximately 42 and 25 months for white and
yellow thermoplastic pavement markings to reach the minimum
replacing stage.

• The forecasted degradation patterns are significantly different at
the 95% confidence level between pavement marking types by
color. However, with respect to line types (edge, centerline, or
skipped lines), no significant differences were observed on the
degradation rates.

• The Markov chain transition probabilities of both markings
showed a higher likelihood of remaining in their states than
shifting to a new state in the next data collection, suggesting
the degradation rate decreases as the time increases or as it
moves to lower states. Yellow markings at initial states were
observed to have a lower probability of staying in their current
state than moving to a new state in the next data collection.

• Two-lane white lines outperformed the same line types on
4-lane highways with slightly lower deterioration rates com-
pared with the latter.

• Through the Markov chain model, white edge markings and
yellow edge lines were found to reach the minimum threshold
after an average of 2.4 years (29 months).

• Yellow, inside white lane lines, and white edge lines reached the
minimum threshold after 4 years (50 months) through Markov
chain. However, yellow centerlines showed moderate deteriora-
tion rates compared with yellow edge lines.
In comparison, the study by Sitzabee et al. (2008) in North

Carolina estimated the deterioration rate of pavement marking to
be 2.09 mcd=m2=lx per month for thermoplastics, a relatively
lower rate than this study’s linear model finding. Sitzabee et al.’s
(2008) findings align and show strong similarities with MC model
rates. The MC models are therefore shown to predict longer retro-
reflectivity life performance compared with linear model predic-
tions. Hence, using MC models in predicting pavement marking
retroreflectivity can be cost effective because they reduce the fre-
quency of scheduling replacement or repainting the markings.
However, the best-fit model does not necessarily mean the best
predicting model.

The transition of PMR is affected by a number of factors includ-
ing traffic volume, weather, recorded initial retroreflectivity, material

compositions, application method, and quality of installation. It is
recommended that future study include these factors on the tran-
sition probabilities to understand their influence on the transition
between states. Though the findings are promising, a longer data
collection time beyond 2 years is recommended for thermoplastic
markings in order to reach the threshold level for both colors.
This will establish with certainty the length of time thermoplastic
markings can perform within the acceptable retroreflectivity limits.
Future studies may also consider using a Laserlux mobile retrore-
flectometer, which measures retroreflectivity at vehicle speed as
opposed to the LTL-X, which collects static measurements.
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