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ABSTRACT

It is essential to evaluate the performance of pavements during their service life. Raveling is one of the important pavement
performance defects, especially for Open Graded Friction Course mixes. The FC-5 is a type of friction course that has been used
commonly in southern Florida. Florid Department of Transportation (FDOT) uses conventional qualitative visual inspection to
assess pavement raveling performance. This study developed a data collection tool that uses a smartphone application and
introduced a software to measure the raveling area and determine raveling location in video images, by implementing the
smartphone GPS capability. This data collection tool enables users to identify the location and extension of raveling that can link
the placement data with raveling performance. A project was surveyed to conduct a statistical analysis to investigate the effects of
mix design, construction, and environmental factors on raveling at the lot level. Data analysis results show that raveling may
affected by several parameters including ambient temperature, mix temperature, asphalt cement content and mix gradation. In
light of this study, recommendations were made to enhance the longevity of the FC-5 mixtures.
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1. INTRODUCTION

Due to the significant physical and institutional inertia in road infrastructure systems, undesirable serviceability of roads is very
difficult to reverse [1, 2]. Therefore, the quality and durability of constructed structures are the major characteristics effecting
pavement, buildings, and bridges performance [3-6]. The performance of a pavement during its service life largely depends on the
construction, design and ambient conditions during the construction. The major defect that can degrade the pavement performance
is cracks [7]. Overloading is a major source of pavement cracks. Additionally, in a rainy condition, water can penetrate to the
pavement cracks and degrade the pavement performance which may pose the raveling [8]. Moreover, the penetration of water into
the subsurface soil of pavement can cause soil expansion and degradation of pavement surface [9]. Raveling is defined as the
separation of aggregates from the asphalt concrete pavement surface due to a lack of sufficient bonding between aggregates and
the asphalt binder [10-12].

Asphalt concrete consists of aggregates and asphalt binder [13, 14]. Aggregates transfer load from passing wheels to the subgrade
soil and provide skid resistance in the asphalt surface [15, 16]. Whereas, the asphalt binder provides the flexibility and cohesion
between aggregates [17]. Raveling is caused by a cohesive failure or adhesive failure of the asphalt binder. Cohesive failure occurs
within the binder at low ambient temperatures. Adhesive failure is caused by the stresses and deflections in an asphalt pavement at
a high ambient temperature [18]. There are several parameters that affect pavement raveling, including the quality control of the
pavement construction, mixture segregation, asphalt mix design, pavement compaction, void content, environmental condition,
and pavement age [18]. The rehabilitation practices for a raveled pavement mainly include removal and patching for small areas,
and placing an overlay for larger areas. In case of raveling distress, any surface treatment or thin overlay can be applied.
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Porous asphalt is one of the types of asphalt mix that is more prone to raveling. This susceptibility is due to the high percentage of
void content (more than 18%) in this type of asphalt mixes [19]. Raveling is the major defect in porous asphalt in the humid areas.
Opera et al. found that 90 percent of distresses in porous asphalt is caused by raveling [20]. Thus, investigating the factors and
conditions that influence raveling in a humid area is critical. Liu et al. [21] showed that the existence of water and cracks in the
asphalt surface in a freezing weather could induce ice and pressure in asphalt concrete, leading to asphalt raveling. Previous
studies showed that overall wear of the pavement, heavy traffic, ice, and pavement age are the main factors may affect raveling
extension [20].

Since southern Florida has a tropical and humid weather, the use of FC-5 open graded friction courses is common to allow surface
water drainage [8, 22]. FC 5 is a friction course mix with Nominal Maximum Aggregate Size of 12.5 with 100 percent crushed
oolitic limestone or granite polished resistant aggregates [23]. However, Florida has had occasional performance problems with
the FC-5 open graded friction courses that used oolitic limestone.

Although the visual inspection is the major method to assess raveling, this method is subjective. Further, there is no quantitative
method to assess and evaluate pavement raveling [11, 24, 25]. The research team, investigate the causes of raveling using a
smartphone with a high-resolution camera and GPS capability to determine the extent and causes of raveling. The research team
performed a lot-level analysis and analysis of extreme values to investigate the effects of mix design, construction, and
environmental factors on the raveling. The research team’s previous work [26, 27] investigated the pavement raveling at the
project level, and it was concluded that the average ambient temperature has a nonlinear relationship with raveling rate. Higher
raveling occurred at temperatures lower than 650F and higher than 900F. Also, mix spread rate had a significant positive
relationship with raveling rate. A spread rate more than 90 Ib/SY (49 kg/m2) and less than 50 1b/SY (27 kg/m2) corresponds to a
higher raveling rate. The mix spread rate near the design value which for mixes with limestone aggregates were 70 1b/SY (38
kg/m2) corresponded to the less raveling. There was a statistically significant reverse relationship between raveling and mix
temperature. The use of coarser sieves (3/4” (19 mm), 1/2" (12.5 mm) and 3/8” (9.5 mm)) mostly led to a statistically significant
reverse correlation coefficient between raveling and percentage of passing [16]. This means that coarser mixes were likely to
increase raveling.

The current paper provides the statistical analysis at a lot-level on one of the good projects, where a sufficient amount of data was
available. Each asphalt paving project includes several lot level basis. The asphalt mixes are tested in plant regarding the gradation
and asphalt content to be accepted in lot-level basis. Each standard lot size contains 4,000 ton asphalt mix with four equal 1,000
ton sublot. The lot-level analysis was performed to identify the significant independent variables that effect on the raveling
extension. Each standard lot size asphalt paved on several segments. Segments had 150 ft. (46 m) length per lane.

2. DATA COLLECTION

The data received from Florida Department of Transportation (FDOT) included ten projects; six projects were rated as good
performance and four as poor performance from the raveling perspective. The performance rating was based on Pavement
Condition Survey data, as well as windshield surveys conducted by FDOT personnel [17]. These correspond to approximately 500
lane-miles of pavement. The survey was conducted by FDOT experts and rating the asphalt pavement condition between zero and
ten from raveling perspective. Then, the pavement was categorized as Good or Bad. The case study projects had age variety; some
projects were older than others. Since the age of the mix is critical in raveling performance, the annual percentage of raveling was
defined by dividing the amount of raveling to the project’s age in years [20].

A software application written in Java script was also developed to measure the extent of raveling. The software was installed in a
high-resolution smartphone camera that was mounted on the windshield of a van to videotape the roads at the speed of traffic
(Figure 1). Each lane was recorded individually and reviewed later using a computer screen. In addition, another application was
developed in MATLARB to allow the user to pause the video, select the appropriate speed for the video, mark the raveling area on
the screen, and compile a table consisting of the raveling area (in square feet), location, and severity of raveling. All area
computations were programmed in the software and used the lane width to scale the image. It should be noted that the longitude
and latitude were determined using GPS data, which allows the analysis of raveling to occur at a high level of detail on segment
and lot-levels.
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Figure 1: Sample frame saved by software to quantify the raveling

The FDOT provided product data that was organized and compiled for each project lot. Data included the date of the samples
taken, sample level, gradation, asphalt cement (AC) content, and the location of the lot/sub-lot station. The placement data was
also extracted from the FDOT Electronic Document Management System (EDMS). The ambient data was obtained from the
National Oceanic and Atmospheric Administration (NOAA) website [28].

The lane and station information was used to link placement data to actual raveling performance, as surveyed. It should be noted
that the lane was divided into 150-ft (46 m). Long segments and the raveling conditions were selected as the closest 150-ft.
segment to the station referenced in the roadway report. There was a very limited available data in the lot/sub-lot level, and they
were out of sequence and discontinuous. This means that the data was not available for all the lot-level of a project. Therefore, it
was not feasible to relate raveling performance to material property and placement conditions at the lot-level except for one
project that had a “Good” raveling performance. This project that was selected to perform lot-level analysis was a part of 1-75
highway in Broward County in Florida from milepost 30.054 to 18.870.

3. METHODOLOGY

In order to have an investigation of the raveling causes, a lot-level analysis was conducted. A smartphone with a high-resolution
camera and GPS capability used to determine and videotape the area of raveling. To process the video, a smartphone application
was developed by Java script. Another software was developed by MATLAB to measure and analyze the raveling area saved by
the smartphone application.

Lot-level analysis and analysis of Extreme values were conducted to investigate the effect of mix design, construction, and
environmental factors on the raveling. Analysis of Extreme values is a correlation analysis conducted between minimum,
maximum and average values of independent variables (ambient, production and mix data) versus the average raveling measures
for the project. Lot-level analysis uses the detailed raveling data and obtains multiple raveling readings at various lanes and
stations, and correlates to materials test variables, placement variables, and ambient data. The lane and station information was
used to link placement data to raveling performance, as surveyed. The Extreme Values of independent variables analysis is
designed to detect whether or not raveling corresponds to extreme values of variables. FDOT used the qualitative method to rate
raveling based on visual windshield surveys and the Pavement Condition Survey (PCS). This method classifies the project as Bad
and Good according to the raveling performance perspective. This study proposed quantitative method used cameras mounted on
a van to videotape each lane to determine the threshold between “Good” and “Bad” projects [16]. The threshold is the average
distance between the mean of the annual percentage of Good and Bad raveling cases. To conduct a lot level analysis, one project
which had sufficient data was selected. This means only for one of the 10 projects the data was available in all of the sub-lot level.

3.1. Factors Affecting Raveling

Based on the literature review the potential design, construction, and ambient factors may influence on the raveling extension [29].
These factors are classified into four categories: mix design variables, mix property variables, construction condition variables,
and ambient variables. Mix design data includes gradation, binder content and type, and mix temperature. Production data consists
of the date that the sample was taken, the sample level, gradation, and AC content. The ambient condition data contains
temperature and precipitation of the paving of a day.

3.2. Data Compiling

Since the data was extracted from different sources, the data has different structures. Thus, manipulating and compiling the data is
necessary to produce the dependent and independent variables. The final independent database variables contained the
construction, mix design, gradation, and ambient conditions, whereas the dependent variable was raveling area of the road. It is
noted that when raveling attained unacceptable levels, the FDOT maintenance staff removed and patched the bad spots (a
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minimum of 100-ft. (30 m) long patches). As such, the “total raveling” include the areas of low, moderate and severe raveling, in
addition to the patched areas. The Pearson correlation which investigate the linear relationship between two variables was
conducted to investigate the correlation between the dependent variable and the independent variables. The correlation coefficient
(R) represents the slope of the best fit line of the data points relating the two variables [30]. A correlation coefficient of 1.0
indicates that the variables are directly proportional at an angle of 45°. A correlation coefficient of 0.0 indicates that the line
representing the relationship between the two variables is horizontal, and there is no dependency between the two variables. The
p-value was computed to determine the parameters which have a significant impact to the raveling extension.

3.3. Software Description

Visual inspection is the traditional method used for fast and qualitative assessment of pavement performance. However, this
method lacks many key quantitative measurements, such as total area of damaged surface and the location of each defect. To
address the limitations of this traditional method, the research team automated the process using two software packages. The first
software ran on an Android Galaxy S4 smartphone and captured consecutive images while logging the GPS location [31] of each
frame was called “data collection software.” The images were stored on the smartphone’s SD card and later be transferred to the
data analysis tool to perform further analyses. Further detail of software can be find in the research group previous publication
[26].

4. RESULTS & DISCUSSION

4.1. Correlation Matrix

Table 1 displays the correlation coefficients between raveling and placement, ambient and mix parameters. None of the
coefficients are significant at a 95% confidence level. Based on available data from this project, no significant trends are found
between raveling and all other variables. Further analysis of the data follows.

Table 1. Correlation matrix based on lot-level analysis. The correlation between dependent variable (raveling area) and
independent variables listed. None of the variables are significant according to the p-test analysis

Variables Raveling Area (SF)
Tack Spread Rate (Gal/SY) -0.14
Mix Spread Rate (Lb./SY) -0.22
Mix temperature -0.22
Precipitation (mm) -0.18
Average Ambient Temperature (F) -0.02
12.5 mm(1/2”) 0.0
9.5 mm(3/8”) 0.0
4.75 mm(#4) 0.0
2.36 mm(#8) 0.15
AC content (%) 0.18

4.2. Effect of Ambient Conditions on Raveling

Figure 2 is a scatterplot of raveling versus ambient conditions, average air temperature, and daily precipitation. The plot shows no
raveling at a wide spectrum of temperature and precipitation. Based on the data from this project, no significant correlation was
found between raveling and ambient condition. The linear trend line fitted in the data shows a nearly flat line, indicating no
correlation between the variables. The previous studies concluded there is a non-linear relation between the raveling extension and
an ambient temperature (TAVG) [10, 16]. They showed that more raveling exist at an ambient temperature below 650F and above
900F during the paving. Because this project was paved between 600F and 820F, no special trend was observed between the
ambient temperature during the paving and raveling area.
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Scatterplot: TAVG (F) vs. Raveling Area (Casewise MD deletion)
Raveling Area = 15.240 - .0446 * TAVG (F)
Correlation: r = -.0145
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Figure 2. Raveling vs. ambient conditions during paving

4.3. Effect of Placement Parameters on Raveling

Figure 3 is a scatterplot of raveling (dependent variable) versus placement parameters (predictors), tack spread rate, mix spread
rate, and mix temperature. The linear trend line fitted to the data shows a nearly flat line, indicating no correlation between the
variables and higher raveling values do not follow a specific pattern. Based on the data from this project, no significant correlation
was observed between raveling and placement parameters.

Scatterplot: Mix Tempreature vs.Raveling Area (Casewise MD deletion)
Raveling Area=343.84 - 1.015 * Mix Tempreature
Correlaton:r =-.2189
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Scatterplot: Tack Spread rate (Gal/SY) vs. Raveling Area (Casewise MD deletion)
Raveling Area = 28.311 - 465.1 * Tack Spread rate (Gal/SY)
Correlation: r = -.1359
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Scatterplot Mix Spread rate (Lb/SY) vs. Raveling Area (Casewise MD deletion)
Raveling Area = 248.03 - 3.092 * Mix Spread rate (Lb/SY)

Correlation:r = -.2207
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Figure 3. Raveling vs. placement parameters. (a) mix temperature vs. raveling area, (b)tack spread rate vs raveling area
and (c) mix spread rate vs. raveling area

It is noted that the majority of the tack spread readings were lower than the target of 0.045 Gal/SY (0.2 L/m2). Also, the majority
of mix spread rate readings were higher than the target of 73 Ib/SY (40 kg/m2). There seems to be a partial trend of increased
raveling as the mix spread rate increases, past the design acceptable range value (Figure 4). Since mix spread rate values ranged
between 73 and 81 Ib/SY and it is in the acceptable design range (70-80 1b/SY (38-43 kg/m2)), there is no special trend between
mix spread rate and raveling. This result is consistent with the project level analysis that showed spread rates more than 90 1b/SY
(49 kg/m2) and less than 50 1b/SY (27 kg/m2) corresponded with a higher raveling rate. This may occur due to inadequate
compaction of paved asphalt mix.

4.4. Effect of Mix Properties on Raveling

Figure 4 is a scatterplot of raveling versus mix properties based on Quality Control (QC) and Visual Testing (VT) test results
(independent variables), % Passing 3/8 Sieve, % Passing #4 Sieve, % Passing #8 sieve and asphalt content. The plot shows no
raveling in the full spectrum of all four variables. Data mostly centered on the design values, denoted by an arrow in the graph.
Most of the high raveling values corresponded with mid-range values of the independent variables. The majority of the data
points support a flat line between the variables. The linear trend line fitted to the data shows a nearly flat line, indicating no
correlation between the variables. Based on the data from this project, no significant correlation was found between raveling and
mix properties. However, there is a partial trend in AC content showing increased raveling as the AC content increases beyond the
design value. It should be noted that project level analysis showed that AC content beyond the design value promote raveling.
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Scatterplot: 9.5mm (3/8") vs. Raveling Area (Casewise MD deletion)
Raveling Area = -31.62 +.65154 * 9.5mm (3/8")
Correlation: r = .05129
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Scatterplot: 2.36mm (#8) vs. Raveling Area (Casewise MD deletion)
Raveling Area = -31.11 + 4.4507 * 2.36mm (#8)
Correlation: r = .14785
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Scatterplot: 4.75mm (#4) vs. Raveling Area (Casewise MD deletion)
Raveling Area = 10.655 + .05748 * 4.75mm (#4)
Correlation: r =.00428
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Figure 4. Raveling v. mix properties

4.5. Analysis of Extreme Values of Independent variables
A correlation analysis was conducted between minimum, maximum and average values of independent variables (temperature

during paving and compacting, production and mix data) versus the average raveling measures for the project.

This analysis is

designed to detect whether or not raveling corresponds to extreme values of variables. For instance, if more raveling coincided
with the lowest level of mix temperature, etc. The correlation matrix was examined and none of the correlation coefficients were
significant. The research team did not detect any correlation between extreme values and raveling. The only exception is the
correlation coefficient between % area raveled and the average % passing % inch sieve. The correlation coefficient, was -0.74,
indicating that finer materials tend to improve raveling performance (Figure 5).

Scatterplot: AvygOf190mm (3/4") vs.%Annual Rave Area (Casewise MD deletion)
%Annual Rave Area=7.8123-.0778 * AvgOfL90mm (3/4")
Correlation:r =-.7375
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Figure 5. Scatterplot of raveling vs. % passing % inch Sieve

Figure 5 shows the relationship between raveling and % passing % inch sieve.

expected trend. The FC-5 is placed % inch thick.

It is noted that the graph relays an important
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If the aggregate thickness and layer thickness are the same, the aggregate will tend to flow freely under the screed of the paver,
which will result in an irregular surface texture that will lead to raveling. Or, the aggregate will get crushed during the paving
operation, which can lead to raveling. Further, the thickness varies, as seen in the mix application rate. When the thickness is less
than % inch, the %-inch rocks may be crushed during compaction, which may also promote raveling.

5. CONCLUSION AND SUMMARY OF OBSERVED TRENDS

This research effort aimed at investigating the raveling of FC-5 mixes in South Florida using an innovative data collection method.
A vehicle-mounted high-resolution camera was designed to capture a video of the pavement surface in a controlled condition. A
software package was developed to determine the severity and area of ravelling sopts and identify their locations using GPS data.
To facilitate a case study for this method, the construction and performance data for a particular project with a Good raveling
performance was provided by FDOT. Several statistical analyses including the Student t-test and multivariate correlation analysis
were performed at lot-level. The following is a summary of the analysis results.

e No significant correlation was found between raveling and ambient conditions. No significant correlation was found
between raveling and placement parameters because all the lots were constructed in an acceptable ambient condition.

e The FDOT data showed that majority of the tack spread readings were lower than the target of 0.045 Gal/SY. Also,
the majority of mix spread rate readings were higher than the designed target rate. These data indicates that in many
cases, the raveling incresed with an increase in the mix spread rate.

e In areas that there weren’t raveling the average values of the mix spread rate, tack spread rate, and mix temperature
were higher than locations with raveling.

e Data were mostly centered on the design values of the mix properties. Most of the high raveling values corresponded
with mid-range gradation levels. As a partial trend, an increased raveling was observed when the AC content
exceeded the design values.

e The correlation between minimum, maximum and average values of independent variables and raveling were
computed. The porpuse from this correlation was to test if raveling is affected by very cold or very hot temperatures,
gradation, etc. The only significant trend was a negative correlation between percent passing the % inch sieve and
raveling, indicating that finer mixes ravel less. This trend is consistent with the trend observed in the project-level
analysis.

5.1. Recommendation for Further Work

A more comprehensive analysis may be performed as a district-wide lot-level analysis, upon availability of more roadway reports.
More recent projects should have plenty of roadway data.

In this research, the test results reflect material conditions at the plant on the day of production, not at the roadway, nor at the
current time. It is understood that mix properties can change during transport and placement. A sampling program can be
designed in conjunction with resurfacing efforts to study the aged mix properties. The other advantage of such an approach will be
eliminating the possibility of location mismatch based on stations.
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