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SUMMARY

Micro-milling and thin overlay is a pavement presgion treatment in which a thin,
worn-out top layer of pavement is removed and sualeaving the underlying sound
layers largely untouched. The benefits and costthis treatment had been largely
unquantified, so there was a need to quantify tfecteveness and sustainability of the
treatment. The objective of this thesis becameeheedy to this situation: to quantify the
performance of micro-milling and thin overlay amdprove rapid 3D data collection for
the quality control measure that would aid decisiwakers in their efforts to choose and

implement the most effective and sustainable pametneatments for their roadways.

Performance was measured on three of the firstoamgling and thin overlay projects
in Georgia using a combination of Georgia Departnoéiiransportation (GDOT) manual
survey data and 3D sensing data. The results shihedeatment has an estimated service
interval of 10-12 years, the same as that of cotimeal milling, and that it may be an
effective crack relief treatment. Where safety isbacern and money is lacking, micro-

milling may be used to abate rutting for up to 4rge

After determining that the treatment performed w#ie sustainability assessment
could begin. The cost-effectiveness was studiedhgudife cycle cost analysis and
considered the construction and material costs.résats showed that micro-milling and
thin overlay could save Georgia over $500 millier gear on its interstate system if it
were used instead of conventional milling. The Gfele assessment using the PaLATE
spreadsheet showed that micro-milling reduced gnaesgge by 61.9%, a reduced water

usage by 61.8%, and reduced LL@missions by 61.7% over conventional milling,



primarily due to reduction in materials use. Theialobenefits were mainly attributed to
increased construction timing flexibility and reédcconstruction time, which reduced
exposure of drivers and workers to dangers assaci@ith interstate construction. This
sustainability analysis shows micro-milling andntloverlay to be a more sustainable

pavement preservation option than conventionaimgilhnd overlay.

In addition to the sustainability assessment, tladity control measure, ridge-to-valley
depth (RVD), needed an improved code for automptacessing using 3D sensing
technologies. The code was modified to ensure @lmilation matched reality as closely
as possible and to automatically process a sefiesages. This code was used to assess
the adequacy of the current standard for RVD. Basednitial assessment, it was
concluded that RVD does not impact crack propagaturrently, raveling is minimal on
the assessed section of I1-95, so it seems the mesasnt is effective, but whether it can

be relaxed will need to be considered when the mpaw is older.

The contributions of this thesis, summarized héhein knowledge gaps that had
previously existed about this new pavement presiervareatment. The quantifications
will aid decision-makers in Georgia and other statecide whether or not micro-milling
is a viable option for their agency or project dhe outlined RVD measurement method
using 3D sensing can help them perform qualitytrobron the treatment. Based on the
improved cost-effectiveness, environmental impaaisl social sustainability, it can be
recommended that this treatment be considered bye mgencies and a national
specification be designed to support it, whichitifermation contained within this thesis

can aid in.
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CHAPTER 1. INTRODUCTION

In 1956 President Eisenhower signed the FederalHigthway Act of 1956, and the
US Interstate Highway System began to be built,thaete was little concern for future
maintenance. Vehicle miles traveled (VMT) has gr@ensiderably since 1956, increasing
from just over 1 trillion miles per year in 1971just over 3 trillion miles per year in 2007;
since then, the growth has levelled of).(This tripling of VMT has encouraged the
building of more and bigger infrastructure, whidwnmust be maintained. As the signing
of MAP-21 @) in 2012 and the FAST AcB) in 2015 has shown, as VMT increase slows,
pavement deteriorates, and budgets are spreadethifatus has shifted to preserving
pavements rather than building more. VMT is expgtteincrease at a rate of only 0.78%
annually from 2015-2045, which considers the desgea passenger traffic and increase
in light duty vehicles, based ¢tHWA Forecasts of Vehicle Miles Traveled: Sporing 2017
(4). But, the most recent ASCE report card has g&mrerica’s roads a D, calling them
“chronically underfunded™). According to the report, 20% of the nation’shvgys were
in poor condition in 2014, which costs motoristd $billion/year in extra vehicle repairs
and operating cost®), Overall, there is a need of $836 billion in repaand capital
investment for America’s highway syster).( Therefore, transportation agencies are
looking to cost-effectively maintain their roads d¢ceate high-quality and sustainable

roadway systems.

The Georgia Department of Transportation (GDOTpgmized the need to maintain
its deteriorating pavements despite a limited btdge in 2007, GDOT decided to test a

new pavement preservation technique involving mraiiting a thin open graded wearing



course and replacing it with a thin overlay of @ewgraded wearing course. Micro-milling
has been used by other agencies to address theimpat maintenance needs. GDOT was

the first to use micro-milling with a thin overlay an open graded wearing course.

1.1 Micro-Milling in the United States

To begin a discussion of micro-milling, it is nesasy to define micro-milling.
Micro-milling is sometimes called fine milling amore infrequently, surface planing)(
There is a distinction between fine milling and roimilling. Micro-milling uses a drum
with 5 mm bit spacing, which is three times thenber of bits on a conventional milling
drum, whereas fine milling has 8 mm bit spacingiolwlis approximately twice the number
of bits on a conventional drurd)( However, these are often used interchangealaiing
it difficult to distinguish the two when looking #teir use across the country. An effort
was made to distinguish between agencies usingomdiing from those using fine
milling, but this was not always possible. Geongs®s micro-milling with the 5-mm bit

spacing.

Evidence was found that 19 states are using midllorg) however, few are using
it for the same purpose as Georgia. Generally, amuailing is used for improving skid
resistance, restoring a road’s profile, or folling and overlaying operations with varying
overlay thicknesses. The most common quality comeasure used is the glass bead test,
but a different one is used in Georgia and willdigcussed in the next section. As an
example of a state that uses micro-milling in a neausimilar to Georgia, Massachusetts
uses micro-milling to mill and apply a thin levedicourse that it follows with an open-

graded friction courseB). An interesting change is that Massachusettstaklgantage of



the flexible construction to open the milled suéao traffic through the winter and
overlays in the spring to avoid the extra patchang traffic control costs caused by the
winter weather&). Massachusetts isn’t the only state that leawvesrtticro-milled surface
open to traffic. Typically, states that use micradling for improving skid resistance leave
the surface open to traffic, a use similar to diachgrinding use on concrete. Some states
that use micro-milling for this purpose include Kigan, Nevada, and Ohi®)( Georgia,
among other states, uses micro-milling to addreasearns such as raveling on the surface
layer, but some states use it to remove minomgytsuch as Nebraska(), and some
states, such as California, use it to remove gpla@ement deformation problemsly.
New York mills and replaces a removed layer witlayer of a different thickness$)(
Only a handful of states have implemented micrdimgjlas a major part of their roadway
maintenance strategy, but states such as Mass#éshiRleode Island, and Washington
have used it extensivel$,(12). However, in 2013, FHWA published a report concey
how pavement treatments impact roadway safety atefdined that micro-milling was
not widely used enough to consider it in their red3). Overall, micro-milling is still
fairly new, but it is growing in popularity. Thuarf the only scholarly articles regarding
micro-milling of asphalt pavements have been ptblisby Georgia DOT and Georgia

Tech, all of which will be discussed in the followi section.

1.2 Micro-Milling and Thin Overlay in Georgia

The typical GDOT interstate pavement design is showFigure 1-1. The surface
layer is a thin open graded wearing course, eitpen graded friction course (OGFC) or
porous European mix (PEM). OGFC and PEM are vemylai, but PEM has a higher air

void content (18-22% as compared to 15% for OGKR@)REM is more gap graded, and



thus more permeable, than OGH@)( These layers allow water to drain through thewh a
out between the surface layer and the stone maspkalt (SMA) layer, reducing splash
and spray and improving visibility and safety imtal’he SMA is a gap-graded mix with
a high number of coarse aggregates that creatgenoicking matrix that is stronger than
in a typical dense graded pavement. This SMA |ager still be sound when the OGFC
layer fails after 10-12 year4q). It is important to note that OGFC is used in (g&oon

all interstates paved with asphalt pavement, ledntalso be used on state roads with high
traffic. The design for the state routes is notvamdoecause they are highly traffic
dependent, and this thesis focuses on interstdtegever, the findings can be applied to

state routes in most cases.



7/8” OGFC or 1.25” PEM | XXXXXXXXXXXXXX
1S"SMAVL L T T T ]

2” Asphaltic Concrete B
19mm

4” Asphaltic Concrete Base
25 mm

10” Graded Aggregate Base

Figure 1-1 — Typical GDOT interstate pavement desigwith “X” marking the layers
removed by both micro-milling and conventional miling and “// /" marking the layer
removed by conventional milling only

Conventional milling and overlay removes both theRZ and SMA layers after
the OGFC fails, which means that about half ofltteeof the SMA is lost in this process.
However, concerns about water entrapment due tdldheof water between the porous
and SMA layers during rain leading to delaminatied GDOT to choose conventional
milling as standard practicelg). In 2007, GDOT decided to challenge this standard
practice by using micro-milling and thin overlaypeeserve the remaining life of the SMA,
which appeared to be both a financially and envirentally beneficial decision. However,
many innovations and changes were needed to ethsuithis method would be successful,
including a new quality control specification, a asarement tool for the specified

measurement, and new construction practices.



The developments in this pavement preservatiomiqak were primarily made
during the first two micro-milling projects. Thedt project occurred in 2007 on I-75 south
of Macon, Georgia, on 15.3 miles with 3 lanes inhedirection for a total of 91.8 lane
miles. This section had an average annual daifidrgAADT) of approximately 50,100
vehicles and 25% truck traffidT). It was constructed in 1969 and resurfaced in7189
2005, the pavement condition evaluation showedttietop layer had deteriorated with
visible raveling and load crackind). After testing cores with an asphalt pavement
analyzer, it was determined that the underlyingetay dense-graded hot mix asphalt
(HMA) pavement, was still sound. To delay a fullptte repair and thus save money
(approximately $4.7 million on this project), a muemilling and thin overlay process was

devised. The project commenced in 2007 with micilinrg and a PEM overlay.

Based on the success of the I-75 project, micrdingilwas again chosen to
preserve the pavement on 1-95 near Savannah, Gedrgis project was 14 miles long
with 3 lanes in each direction, or 84 lane-milésvds last widened and resurfaced in 1995.
The top layer was OGFC with an underlying 1.5” lagé SMA. In 2007, the pavement
condition evaluation showed severe raveling and esdamgitudinal and transverse
cracking. After testing cores with an asphalt pasethanalyzer, it was determined that the
SMA was still in good condition and constructiomooenced in 2010 and, due to weather

concerns, finished in 2011. This project had aimeded cost savings of $5.7 million.

1.2.1 Development of the RvD Measurement

Conventional milling uses a drum with wider, lar¢geth and a larger separation

between teeth than the drum used for micro-millwlgich uses many small, tightly-spaced



teeth. These smaller, more tightly-spaced teethtera smoother surface after milling and
reduces water entrapment between layers. Howewen &ith micro-milling, water
entrapment was still a concern, so a new constmucjuality measurement was devised:
ridge to valley depth (RVD). This measures thealdhce between the highest and lowest
points in a pavement over a specified distancecéyly 100 mm, as shown in Figure 1-2.

Many papers and reports have been published imdged¢a this measuremeriid-21).

Highest Point

RVD

Lowest Point

100 mm

Figure 1-2 — Simplified Demonstration of RVD Compuéation

RVD was initially developed by James Lai to refldat need to reduce potential
water entrapmentl@). The measurement was compared to mean textute (MpD) and
mean profile depth (MPD) to determine the correladiand the possibility of converting

one value to another. It was found that the retastgp between MTD or MPD and RVD



is dependent on the macrotexture characteristibéchwcan be symmetrical, negative
symmetrical, or positive symmetrical, however, thesharacteristics are not easily
determined 18). Therefore, RVD must be directly measured, whiglpossible with a
retrofitted laser road profiler such as was useddDOT's first micro-milling project.

Later, it was determined that RVD could be measussdg 3D sensing technologigj.

As with any measurement, a threshold was neededivi®@ meaning to the
measurement. A threshold of 1.6 mm Mean RVD for glence and 3.2 mm p95 RVD
for corrective actions were chosen based on digmusgith statisticians and pavement
engineers 18). They also recommended that P95 be used overafie0 analysis of
measurements from the first micro-milling projethe analysis determined that p90 and
p95 were quite close, so the more rigid option,, p#&s chosen as the requiremel) (

On the next micro-milling project, however, the pRYD of 3.2mm was too difficult to
meet, and the requirement was relaxed to a meadr2ofm after some further research to
determine if this could be acceptable. It was daeiteed to be acceptable based on a good

3-year performance().

A further study by Tsai et all9) looked at the statistical distributions of RVD on
smooth and rough segments. This research furthmoi&trated that a mean RVD of
3.2mm is adequate to differentiate between a rangha smooth segment. This research
showed that rough segments follow an approximatelymal distribution, and smooth
segments follow a similar distribution but with @gbstantial positive skew in comparison
to a rough sectior2(). This research reassessed the original 100 men Ibagth set for
measuring the RVD, which was chosen to be congisteth ASTM E1845p2) for

calculating MPD.



In the initial analysis, it was determined (basedatrcular track meter (CTM)
results on the initial micro-milling project) thetaximum surface texture depths are higher
when they are either perpendicular or diagonah&milling direction {8). Laser road
profilers only work in the parallel direction toethmilling direction, which would have
meant that to get the highest measured valuesMarédy have been necessary. However,
work by Tsai et al. showed that it is possible ®asure full-lane coverage RVD using 3D
sensing technologyl9). Using the full lane enables the identificatmfrisolated spots of
poor macrotexture. The 3D sensing process furth@wvs for measuring the RVD in any
direction. The transverse direction was chosenusec# best represents the path of water
runoff (19). A long-term study confirming these assessmeatsicularly the 3.2 mm Mean

RVD for corrective actions, is still needed and Wwé addressed in Chapter 5.

1.2.2 Construction Practices

Construction practices employed also impact thg-temm performance of the thin
overlay. These have been refined as projects wenfermed and are described in Tsai et
al. (23). Pre-treatments are performed prior to consioacti-or sections showing damage
to the layers deeper than the micro-milling depliep patching is performed. The 1-95
project distresses requiring deep patching includgl severity load cracking and raveling
(23). This operation consisted of milling 2 inchesmgaacing a 3/8 inch mat to prevent
any crack propagation, and then repaving with SI42).(Prior to full commencement of
the micro-milling operation, a 1,000-ft test senti® micro-milled to ensure that the micro-
milled surface conforms to the requirements spetiin GDOT Special Provision Section
432 @4). If the section fails, as it did in both the I-&bd 1-95 projects, then the contractor

will submit a plan that must be approved by the@3IDengineer to adjust the operation,



such as adjusting milling speed and drum speechetet the requirement&3). A second
test section is then micro-milled and assessed tlamdailed section is re-milled. Once

appropriate settings are chosen, the micro-milipgration can commence.

The surface is frequently checked to ensure theratipa is still meeting
requirements; the average RVD is measured evenyiléz @n the 1-75 project, a 7/8-in
micro-milling was specified in the contract, butas discovered through the course of
construction that this depth could not guarantder&moval of the OGFC, especially
approaching bridges, so the specification was obdibg variable depth micro-milling for
the rest of the project and future projects. It \ab® determined that a combination of
appropriate milling machine speed, cutting drumespdeeth pattern, and underlying
material is needed to produce a smooth micro-miledace. On the 1-95 project, the
material was sticking to the teeth, leading to arpurface, which was addressed by adding
a soap solution to the water spray to clean thengitirum. Additionally, worn-out micro-
milling teeth were causing poor results, which \addressed by replacing the worn out

teeth on a daily basis2J)

It was also discovered on the 1-95 project, thstfin SMA, that due to the large
coarse aggregate in the SMA, some large aggreg#tes being dislodged, creating
pockets in the surface and increasing the RVD. fieck for this, a clean surface is
necessary. A clean surface is also necessary émuate bonding of the binder. A power
broomer was used to clear the smaller particledymed in the micro-milling process; it
had to be operated more slowly than after conveatimilling. The micro-milled surface
is very smooth after cleaning, so it can be let#trofo traffic. GDOT allows this for up to

5 days, if needed, providing flexibility to the ¢oactor. The traffic allows dust on the

10



surface left after the broom operation to be bloout, cleaning the surface further.
However, the ridges can be smoothed due to loadmdghe number of days the surface

can be exposed to traffic needs to be limited éamusate RVD measuremen23)

Quality control of this pavement was performed gBDOT's laser road profiler
for both projects. The 1-95 project was the firet @éxplore the use of full-coverage
measurement of the micro-milled surface using 3B technology, which can be used

for future projects43).

After the cleaning and quality control is completbe paving operation can
commence. First, a tack coat is applied to thehfyexleaned surface. Based on
experimental tests on the I-75 project, a tack amlication rate of 0.08 gal/yd”™2 is
recommended. Following tack coat application, therograded wearing layer is placed on
top and compacted using a rubber roller. The pauefdce is tested for acceptance using
GDOT's laser road profiler to measure the Half Ganulated International Roughness
Index (HCS IRI), which must meet a target valueBa6 mm/km and not exceed 900
mm/km. Further study based on the long-term perémee of these construction practices
is still needed. This thesis will assess the larmtperformance of the projects and begin
assessing whether pretreatment may be neededftkieg on the milled surface and what

existing pre-conditions qualify a project for miemalling. (23)

1.2.3 Sustainability

With long-term data, an assessment of the oveanatamability of the practice can
be accomplished. Sustainability is typically modeds a 3-legged stool. The three legs of

the stool are environmental, social, and economstagnability. These exist within the

11



context of a location/society that can be considiéne ground. Altogether, when balanced,
these hold up a sustainable society. There is nuedtate about the definition of
sustainability. For this report, the ASCE definitiof sustainability will be used: “a set of
economic, environmental, and social conditionsmcv all of society has the capacity and
opportunity to maintain and improve its qualitylibé indefinitely without degrading the
guantity, quality, or the availability of economienvironmental, and social resources”

(25). In terms of pavement maintenance, sustainatwityfocus on all three aspects.

The sustainability analysis of micro-milling andrtloverlay was begun by Tsai et
al. (15). It assessed the performance of the pavememtmaiteo-milling on the I-75 project
and the economic sustainability through a life eyabst assessment. The findings showed
that a micro-milled and thin overlaid pavement Aaspproximate service interval of 10-
11 years, comparable to that of conventional ngllizvhich is 10-12 years. Also, the
analysis showed that micro-milling and thin overtay, conservatively, save $27,000 per
lane-mile. However, this study can be expanded mithe performance data and with more
recent cost data to reflect more up-to-date micilbAg costs. An introduction to the
process of assessing the environmental sustaityadifiimicro-milling and thin overlay was
presented at the MAIREINFRA conference in 2028).( A more complete life cycle

assessment is included here with a section disay$ise social sustainability.

1.3 Obijectives

The objectives of this thesis are to analyze thgerm performance of micro-milling

and thin overlay, perform a more complete sustalitatassessment, refine a code to
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calculate RVD, and develop a procedure to critycafisess the RVD specification initially

set.

1.4 3D Sensing

Before discussing this project further, 3D sensusgd in this thesis must be
described and defined. The Georgia Tech SensingeeelTSV) was used to collect the
sensing data mentioned in this thesis (unless fpeatherwise). The GTSV is sponsored
by the United States Department of Transportatiod & equipped with emerging
technologies, including 2D imaging, 3D laser imag(faser crack measurement system
(LCMS)), 3D light detection and range (LIiDAR), aghl positioning system (GPS), and
an inertial measurement unit (IMU). The integratminthese sensors can be used for a
variety of tasks, such as creating 3D images optnementResolution of the acquired
road surface data is approximately 1 mm in thestrarse direction and 5mm in the
longitudinal direction. The measurement accurac§.'smm in the elevation direction.
Images of the sensing van are shown in FigureTlh8se technologies combined will be

called “3D sensing” throughout the thesis.
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Figure 1-3 — Georgia Tech Sensing Vehicle

1.5 Thesis Organization

This thesis is organized as follows: Chapter loohiiced micro-milling and thin
overlay and outlined the motivation and objectieéshe thesis. Chapter 2 analyzes the
performance of the micro-milling and thin overlaytmod. Chapters 3 and 4 assess the
economic, environmental, and social sustainabditythe method. Chapter 5 discusses
automation of the RVD calculation and assessesctient specification. Chapter 6

summarizes conclusions and presents recommendé#biofigure work.
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CHAPTER 2. PERFORMANCE ANALYSIS

Fundamentally, no pavement preservation treatweambe implemented if it does
not perform well. As mentioned in Chapter 1, thrstfmicro-milling project has been in
service for 10 years. With this long-term datajsitpossible to study the long-term
performance of this pavement preservation treatniéns chapter will consider three of
the early micro-milling and thin overlay projecksi5, completed in 2007; 1-95, completed
in 2012; and 1-285, completed in 2012. The threggats will be analyzed from three
different perspectives. The I-75 project occumpeidr to the existence of the GTSV, so
GDOT performance data will be used for the assessridis data is aggregated on the
mile and project level, so it can provide a higheleview of the pavement performance.
For the 1-95 project, 3D sensing data is availaoléhe micro-milled surface, so a detailed
analysis of the precondition of the pavement and tigerformed over time is possible.
In particular, it is possible to assess the locaesind timing of which types of cracks reflect.
I-285 has no precondition data, but it was in pomrdition when micro-milling and thin
overlay was applied due to money concei$. (This makes I-285 of interest for assessing
how the pre-condition impacts performance. [-285 BB sensing data after the micro-

milling available, and the cracking and raveling t& assessed.

2.1 Project Descriptions

The first project considered is on I-75 just sootiMacon, Georgia. It had an AADT of
50,100 with 25% trucks in 2007, and despite a dsgrén the following years, has returned

to an AADT of 50,200 with 25% trucks in 2016. It3slanes in each direction, and the
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project 15.3 miles long, making it 91.8 lane-mil@he |-75 project location, lane

configuration and traffic are shown in

Figure 2-1 (A). The pavement design is shown iuFég@-2a. This pavement has an
older mix, Asphaltic Concrete E, instead of SMAddEM as the open graded surface

layer.

The I-75 pavement section was originally constrdicte1964 using jointed plain
concrete pavement (JPCP). It was overlaid with alsighconcrete in 1994, and micro-
milling and thin overlay was performed in 2007. g 2-2 shows the existing pavement
design. This design has been in service for 10syeaw and has not yet needed
replacement. Initial expectations for this projetiie to the newness, were that it would

last 3-4 years1h), but it has lasted as long as a conventionalngitind overlay project.

The second project considered is on 1-95 near S@lgrGeorgia. The project on 1-95 was
approximately 14 miles long with 3 lanes in eaalection (84 lane-miles). Construction
began in 2011 and, due to weather concerns, fidigsh2012. It had an AADT of 67,810

in 2011, which has grown to 84,500 in 2016, as show

Figure 2-1. The truck percentage is around 14%iltiag in approximately 11,000 trucks

per day in 2016, about 1000 less per day than I-75.

Figure 2-1b shows the location of the project, lemefiguration, and traffic counts

since 2011.

This section was originally constructed in 197Ings8.5” continuously reinforced

concrete pavement with a 6” pre-mixed soil cemebtizase. However, the pavement has
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since been topped by asphaltic concrete, as showigure 2-2b. The OGFC layer is from
the thin overlay, replacing an older open gradethsa layer, asphaltic concrete D mod,

which is no longer used. This design has beennvicgefor 6 years now with only a few

miles showing cracking.
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Figure 2-1 — Project location, lane configurationand traffic on 1-75 (A), 1-95 (B), and
[-285 (C)
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I-75 195

1.25" 12.5 mm Porous
European Mix

1.5" Asphaltic Concrete E

7/8” Qpen Graded Friction Course

1.5” Fine Stone Matrix Asphalt

2" Asphaltic Concrete B 2" Asphaltic Concrete B

4" Asphaltic Concrete Base

8.5” CRCP with 6” Soil Cement Sub-
base
10" JPCP with 3” Bituminous

Stabilizer and 5” Granular
Sub-base

(a) 1-75 (b) 1-95

Figure 2-2 — Pavement structure on I-75 and 1-95

Less information was available for the 1-285 seattie285 is an interstate that goes around
Atlanta, and this project took place on the nodhtgart of it. The project was completed
in 2012. It is approximately 6.6 miles long, ahé humber of lanes varied during the
project with a minimum of 3 lanes in each directitirhad an AADT of approximately

200,000 VPD with 8% truck traffic, as shown in

Figure 2-1(C) . Half of the section has underlyigrtland cement concrete (PCC)
overlaid with hot mix asphalt pavement. The othadf is full-depth asphalt pavement with
a 1.5" Asphaltic Concrete E layer under the PEMNhjlar to the pavement design on I-75.

PEM was the overlaid layer for this project.

2.2 Performance studies

The following sections will assess the performamiceach of the three projects.
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221 1-75

The performance on I-75 will be assessed using GB®&avement Condition
Evaluation System (PACES) da). PACES evaluates pavement condition and assesses
10 types of pavement distresses. Each pavemeneéstiss rated by severity and extent.
Most distresses have three levels of severity; SgJveevel 1 represents low severity, and
Severity Level 3 represents high severity. Theiaga are converted to an overall rating
on a scale of 0 to 100, with 100 being a perfesepgent and 70 being the cutoff for an
acceptable pavement. This data is given on thegtrégvel, typically 7-10 miles, and the
segment level, typically 1 mile. Cracking is assésis a representative 100-foot segment
where detailed measurements are taken, and mast difiresses are assessed over the

entire mile using a windshield survey.

Prior to micro-milling and thin overlay on this sen of I-75, the pavement was in
poor condition, indicated by its PACES rating of @t of 100). The poor rating was
primarily attributable to raveling, reflective ckaeg, and some load cracking. There was
extensive Severity Level 2 reflective cracking, géhmeans that all joints had reflected,
and the cracks were wide enough that they couldiregealing. Unfortunately, there are
two types of transverse cracking in PACES: bloc#t eflective cracking. Without prior
knowledge of the roadway construction, it is easyraters to mistake reflective cracking
as block cracking. Prior to 2007, it was often reledl as block cracking, and this was the
case in 2006, so the 2005 ratings had to be use2005, there were 148 feet of Severity

Level 2 reflective cracking. There was also extenSeverity Level 1 raveling with 93%
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of the section raveled in 2006. There was also smmer load cracking first recorded in

2006.

Nine years after the overlay, the project is gtilfair condition, having a PACES
rating of 77 in 2016. The 2016 rating was creatgidgian algorithm developed in-house
that calculates PACES ratings based on the 3D rsgmita. Although the results seem
reasonable after looking at images of the paventleay, may be lower than the results of
a manual survey because 3D automatic detectiaavefing tends to detect raveling earlier
than the human eye. Figure 2-3 shows the proj@&GES rating by age before and after
milling with the years 1994 and 2007 as age 0. P8@&Ea manual rating system that can
produce some inconsistencies, and the PACES susveyt performed in some years, so
there may be gaps in the data; however, PACESvaadahe only data available for this
thesis project. Despite the gaps, the PACES das&rasg enough to support this thesis
project’s analysis. Although the ratings appearbw® very similar before and after
construction, some differences can be attributedht® different surface layers and
construction. In 1994, full-depth reconstructionswaerformed, which means a surface
layer was laid on a perfect asphalt pavement, véelseltee surface layer after micro-milling
was laid on an asphalt pavement layer that wasd@dré4 years old. The 1994 pavement
had an older design, called asphaltic concrete ud,this was replaced with porous
European mix in 2007. The mixes were of differezgign and had the same purpose, but

the performance, especially raveling, could havenbmpacted by the different mixes.
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Figure 2-3 — Project rating comparison before and faer micro-milling and thin
overlay

Figure 2-4 shows the raveling and reflective cnaglaxtent before and after micro-
milling by age. As previously mentioned, the refiee cracking prior to micro-milling was
often recorded as block cracking, which is measusadg a different type of extent, so it
was excluded from this graph. Transverse crackiramg kind was first recorded in 1999,
which is at age five. This was also the first ydeat a survey was performed. Reflective
cracking started on the post micro-milling surfateage four, so the reflective cracking
began at similar ages before and after. Raveliggudor both at age six. It progressed
rapidly, but the year nine data from the post mimiting are from the automated PACES

data, which, as discussed, tends to detect ravedriger than manual rating.
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Figure 2-4 — Project level reflective cracking andaveling before and after micro-
milling

Based on the pavement performance on the I-75 gir@jed the similarity in
performance before and after micro-milling, an @gpmnate service interval of 10-12 years
can be concluded. This is higher than the 10-11 seice interval found in 2016, which
was adjusted to accommodate the current stateegidtiement and the added knowledge

of the before and after conditions from this assesg (5).

222 1-95

A PACES survey is performed using manual inspeati@thods; most cracks are
assessed on a selected 100’ section that is suppode a representative section for the
mile. This is a subjective measurement method. PA&IEo analyzes distresses in a lump

sum approach, so it is impossible to determinae ihdividual crack has reflected from the
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underlying surface or is new. However, 3D sensirgghods can solve these problems.
This section will demonstrate another way of asagdbe impacts of the pre-condition of
a micro-milled surface and the propagation of csafitdlowing overlay by using 3D
sensing data to accurately measure the crackse $@% was the first micro-milling and
thin overlay project to have 3D sensing technologgd in it, it is the best candidate for a

longer-term analysis.

For this thesis analysis, one mile was chosen aoaltetailed assessment of the
cracks could be performed to utilize the strendgthhe 3D sensing technology. Using
PACES data as an overview, MP 96-95 in the southdba@lirection was chosen because it
had the most cracking recorded. After selectingtiie for detailed analysis, a beginning
and ending point had to be chosen that could be isethe 3D images of the road both
immediately after milling and in 2016. The chosewct®n, given this constraint, begins
just after the Mile 96 marker and continues uritd exit at Mile 94, making the distance
longer than 1 mile (approximately 1.5 miles). Otive beginning and ending points are
identified, cracks are detected using an in-housgram that can measure the length and
width of cracks. Next, the images and crack mapms raanipulated to allow for a
visualization that aligns the images so that cragks be matched to assess which cracks
are propagated or if the crack is new. With thgredd cracks, an analysis of the cracks can

be performed.

There were 2,005 feet of cracking with an averagihnof 0.6 inches on the section
in 2011 on the milled surface. Table 2-1 showsdfagking by type and year. As can be
seen in Table 2-1, the majority of these cracksewwansverse cracks, but some

longitudinal cracks were present. Longitudinal &mag is separated into non-wheelpath
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and wheelpath because the wheelpath cracking usreskto be caused by traffic loading,

whereas non-wheelpath is caused by weatheringgind.a

Table 2-1 — Comparison of Total Crack Length

Year

2011

2013

2014

2015

2016

Transverse

1,556

22

45

94

Crack Length (ft.)

Non-wheel-path Wheel-path
Longitudinal Longitudinal
331 118
0 0
1 0
6 0
32 28

Subtotal

2,005

23

51

154

A selection of cracks to demonstrate the diversitgracking on the mile is shown

in Figure 2-5. The range images are on the righes€é images show depth, which can

make the cracks easier to see. Each range imagescive meters. These images were

used for the crack detection. Many cracks were guch as the first in Figure 2-5’s series

of images, but some were wider, as shown in theobyotmage in Figure 2-5, and many

had wide sections near the right side. Howeverwtioéh of the cracks did not impact the

crack propagation. The third image shows an eslhebid crack and the only cracking to
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propagate prior to a construction joint locatedrappnately %2 mile (850 meters) into the

section.

Figure 2-5 — Videolog images and 3D sensing data omilled surface in 2011

Table 2-2 can also be used to consider the amdueraoking on the surface in
years 2013, 2014, 2015, and 2016. Cracking did statt until 2014, 2 years after

completion of the overlay. Load cracking startegedrs after completion of the overlay in
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2016. Considering the total cracking, there is drii¢ feet of cracking in 2016 compared
to the 2,005 feet in 2011. However, the overaltkirag does not show which cracks are
propagated and which are new. Table 2-2 showsrtdeking by type in 2011 and 2016,
and it shows how much has propagated onto the cuifa2016 and how much new
cracking formed in 2016. Of the 2,005 feet of cragkon the milled surface, 106 feet of
cracking propagated. An additional 48 feet of neacking appeared. The most common
type of cracking to propagate was the transveraekarg with 94 feet of transverse
cracking propagated and 12 feet of longitudinatkirgg. The longitudinal cracking was

located in an especially severe area of crackimgwa in the bottom image of Figure 2-5.

Table 2-2 — Crack propagation using registered crdcmaps

Cracks in 2011 Cracks in 2016
Subtotal = Reflected Non-reflected Subtotal Reflected Non-reflected
in 2016 in 2016 from 2011 from 2011
Transverse 1,556 94 (6%) 1462 (94%) 94 94 (100%) (0%)
Non-wheel-path 331 12 (4%) 319 (96%) 32 12 (37%) 20 (63%)
Longitudinal
Wheel-path 118 0 (0%) 118(100%) 28 0 (0%) 28 (100%)
Longitudinal
Subtotal 2,005 106 (5%) 1900 (95%) 154 106 (69%) 48 (31%)
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Spatially, the 2016 cracks are clustered in theddtalf of the section. Figure 2-6a
and b show the cracking distribution by number cicks and by length of cracks,
respectively, aggregated into 10m segments. FigeBb has the longitudinal cracking
length removed, as those did not propagate andttebd longer than transverse cracks.
As can be seen in Figure 2-6, no cracks reflectatie approximately first 850 meters of
the section. The latter section is the only oné&wracking on the whole project, and nearly
all of the cracking is after a construction joifiherefore, it is assumed that the difference

in performance can be attributed to differencesoinstruction.
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Figure 2-6 — Spatial distribution of cracks in 201J1and reflected cracks in 2016

With 3D sensing methods, it is possible to tradfividual cracks. Because the

increase in crack length is attributed to both teaging of individual cracks and
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appearance of new cracks, it is of interest tafola selection of cracks to observe their
propagation characteristics. Three cracks thatdwear images each year were chosen.
Their range images from 2014, 2015, and 2016 areisin Figure 2-7. It can also be seen
in Figure 2-7 that the transverse cracks typicsifyrt from the right side of the lane and
lengthen towards the left. The increasing craclgtierand width can be visually seen here,
and the length increase is numerically shown indak3. The percent change (marked as
Delta) is given in Table 2-3, as well. The ratecbnge varies between cracks and from

year to year.

2014 2015 2016

Figure 2-7 — Propagation of three individual cracks

Table 2-3 — Detailed crack length and change for &acks

Crack 1 Crack 2 Crack 3

Year Length (ft.) Delta Length (ft.) Delta Length (ft.) Delta

2014 1.94 -- 3.63 - 2.52 --
2015 2.89 49% 3.92 8% 2.99 19%
2016 3.77 31% 4.64 18% 4.53 51%



Based on this analysis, reflective cracking is iggest concern, in particular
transverse reflective cracking. The width and largjtthe crack on the milled surface did
not have an impact on whether or not a crack prajeag Furthermore, load cracking did
not propagate by 2016, and there was some new domaking, suggesting that load
cracking may be a form of top down cracking. OJetdtle cracking has propagated to
the surface (just 5%), suggesting that OGFC isa gwack relief layer and that the pre-

condition on I-95 was more than sufficient for neienilling and thin overlay to succeed.

223 1-285

No PACES data is available for I-285, so the raltircollected 3D sensing data is
used for this analysis, as well. No preconditiorvey was performed for 1-285, so only
the performance after micro-milling is possibleagsess. 3D sensing data was available
for this section for 2013, one year after completad the micro-milling, to 2017. Both
cracking and rutting was observed for this sectifter a visual inspection, a section in
the clockwise direction from exit 30 to 31A was sap for analysis. This is approximately
1 % miles long. Although no record was availablehaf pre-existing condition on [-285,
people who were involved with the project or whakvior GDOT state that the condition
on 1-285 was poor, potentially lacking structurategrity for micro-milling and thin
overlay, as shown by ruttind&, 28). Micro-milling was used anyway due to a lack of
money at the time and a need to remove rutting waat causing safety concerns. This
initial poor condition on 1-285 is why [-285 is afterest. This project can show how
effective micro-milling is on a pavement in poonddion and help differentiate between

good and bad candidates for micro-milling and thierlay.
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The cracking on [-285 looks to be reflective cragkirom the underlying PCC.
Near the beginning of the section, the old off-rarap be seen reflected, as shown in the
first row of images in Figure 2-8. Figure 2-8 shoavselection of cracking images from
the assessed section in 2013 (left) and 2017 Jrigihte second image shows a reflected
construction joint that runs near the wheelpaté;gbsitioning likely is causing more rapid
deterioration. This cracking runs throughout mdghe project and accounts for most of
the longitudinal cracking. Many of the transversscks also appear to be reflected joints.
The bottom images in Figure 2-8 show the most ex@rexample of this. Based on a visual
assessment, it seems the cracking problems on lea85be attributed to reflective

cracking.
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Figure 2-8 — Examples of cracking on 1-285 in 201@eft) and 2017 (right)

Cracking initiated earlier in this project than th@5 project. On 1-285 cracking

was already appearing by 2013 and extended 351 vigéth is more than double the
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cracking in 2016 on 1-95. The cracking grew morgidly, as well, increasing by 2,481
feet of cracking between 2013 and 2017, 7 timesitheunt of cracking in 2013. The 1-95
results showed that the open graded surface laggract as a good crack relief layer, but
the cracking appeared more rapidly on 1-285. Thida be attributed to the higher traffic
loading or the condition of the road prior to mieralling, which suggested a weakening

of structural support in some of the deeper layers.

Because rutting was the original concern on thesighproject, it is necessary to
consider it here. An in-house rutting code was usdhd the mean, maximum, and spatial
distribution of the rutting on 1-285. The averagel anaximum rutting for the left and right
wheelpaths is shown in Table 2-4. The rutting Isudated every 2 feet, and these statistics
were found across the entire analysis section feach 2-foot reading. On average, the
rutting across years remained at approximately ti@f. This is not a concerning level of
rutting, but the maximum rutting beginning in y&&x14 is approximately %2 inch, which
is a high level of rutting. The rutting decreasessome years, which could be due to
maintenance activities or inaccuracies in the dateode. Because the maximum is high,
but the average is acceptable, the location ohtbke rutting needed to be considered to

see how long the sections of high rutting lasted.

Table 2-4 — Rutting mean and maximum for the left ad right wheelpaths by year in
eighths of an inch

Mean (1/8”) Maximum (1/8”)
Left Right Left Right
2013 0.5 1.2 15 3.3
2014 0.8 1.2 1.9 3.8
2015 0.8 0.8 2.2 3.6
2016 0.9 0.8 2.2 3.6
2017 0.9 1.4 2.6 4.2
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For the spatial distribution analysis, the ruttvags averaged per 5m image, previously

measured at one rutting value taken per foot.

Figure 2-9a and b show the rutting in eighths ofimech per image in 2017.
Aggregated at the image level, the maximum rutsrgpproximately 2.3 and 1.3 eigths of
an inch for the right and left wheelpaths, respetyi This is still within an acceptable
range, although the right wheelpath is somewhah.higcan futher be shown that the
highest rutting does tend to occur in groups, winngans it could be reduced by patching
operations, but there are many of these clumpthisanay not be as effective as desired.
This is especially true in the left wheelpath, whitas more uniform rutting throughout
the section. Looking at the rutting aggregatethis way, it can be concluded that micro-
milling and thin overlay can ameliorate rutting fore or more years as the rutting on a
5m basis has not exceeded an acceptable value.vdovaeie to the randomly distributed
1/2” of rutting in 2017, it is suggested the use'wting amelioration on poor roads be

limited to 4 years.
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Figure 2-9 — Spatial distribution of rutting in the right (a) and left (b) wheelpaths
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2.3 Summary

Based on these analyses, micro-milling and thirrlayes shown to be an effective
pavement preservation treatment. From the firstormilling project, it has been shown
that micro-milling can last 10 years, as this pcojeas, and that micro-milling has an
expected service interval of 10-12 years. The pBiect further supported this with its
pavement condition after 5 years of service. TI®® knalysis focused on cracking and
reflection of cracks through the overlay. This g showed that only minor amounts of
cracking had reflected through (5% of the origitralcking), suggesting this is an effective
crack relief method. The 1-285 project was congdebecause of the original poor
condition of the pavement. The reflective crackilidjprogress more quickly than on [-95,
but that could be related to traffic loading or 8everity of the original condition. The
micro-milling did ameliorate the rutting temporagr{for approximately 4 years), so it can

be used as a temporary treatment for rutting.

With the performance assessment showing that nmcioig and thin overlay is an
effective treatment for a worn out top layer, craekef, and temporary rut abatement, the
next step is to consider the cost-effectivenesasgessing the overall effectiveness and

sustainability of micro-milling and thin overlay.

36



CHAPTER 3. ECONOMIC SUSTAINABILITY

Life cycle cost analysis (LCCA) is a method of assgg and comparing project costs
over a lifetime, including materials, constructiorgintenance, and end-of-life. In deciding
whether to use micro-milling and thin overlay omgentional milling, the cost is of
primary concern, so an LCCA is of interest. An LC&A& micro-milling was previously
done by Tsai et al. (15). This study used 8 yehmweement performance data to look at
the I-75 project and develop an expected serviterval for micro-milling and thin
overlay. The service interval, based on the coowlibf the pavement and engineering
judgement, was approximated to be 10-11 years. vidtise was then used in an LCCA to
determine the cost-effectiveness of micro-millingdahin overlay and compare it to
conventional milling and overlay. This LCCA includienaterial and construction costs
only, assuming all other costs were the same ferttho treatments. It concluded that

micro-milling can save 11% over conventional mglin

There were some limitations to this study that Wwéladdressed in this chapter. The
first is that no micro-milling project had reachib@ given service interval. As detailed in
Chapter 2, the I-75 project is now 10 years old stiltlin service with a PACES rating
of 77. This means it may exceed the expected seivierval, so an adjusted service
interval of 10-12 years will be used here, whicthis same interval used for conventional
milling. Another limitation is that the cost dataldhot come from a specific project but
was aggregated data from a different year tharl-#tte project. As micro-milling was a
new process, the costs would be expected to beehidgbpdated costs from a real

project using both treatments will be used forrthiing in this updated LCCA.
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3.1 1-95 Project Description

This LCCA will use data from a recent micro-millipgoject on [-95 extending from
I-16 to the Savannah River near South Carolina.grbgect is 13 miles long and 3 lanes
in each direction for a total of 78 lane-miles. Begment had an AADT of 84,500 vehicles
in 2016 with 14% trucks. The top two layers of tigav pavement are 1.5" SMA and 7/8"
OGFC. The project was originally let as a microtimg and thin overlay project, but due
to concerns of rutting, was changed to conventiomiéing on the 2 outside lanes and
micro-milling on the inside lane. This means thare 52 lane-miles of conventional
milling and 26 lane-miles of micro-milling. The ommtional milling was completed
during summer 2017, and the micro-milling and OG@rlay has yet to be completed.
For this thesis, the contractor for the project e@stacted, and more detailed information
about the project was obtained. This informatiofl & used in both this chapter and

Chapter 4.

3.2 Life Cycle Cost Assessment

The rest of this chapter will consist of a desaniptof the LCCA inputs and an

analysis of the results, a sensitivity study, aoklctusions.

3.2.1 Inputs/Parameters and Results

The service interval used in this LCCA is 12 ydarsboth the micro-milling and
the conventional milling. This is chosen becaugé bave an approximate service interval
of 10-12 years, and a sensitivity study will befpaned to assess sensitivity to the service

interval. A discount rate of 4% is used, which ighim the recommended range by FHWA
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and GDOT 2). The unit of study is a 12-foot wide lane forahé-mile. The costs include
the materials (SMA and OGFC) and construction c@sisro-milling and conventional

milling). The costs are aggregated to include threstruction, equipment, and labor. The
costs for the milling were obtained from the I-9%jpct contractor, which improves the
comparison because they are from the same prdjeetmaterial costs (SMA and OGFC)
were obtained from the most recent item mean sum(Bausing the weighted average

cost for 12.5 mm OGFC and SMA 12.5.

Costs in addition to materials and constructionensemsidered. The two treatments
being assessed are pavement preservation treatthemselves, so there are no other
maintenance costs. User costs were consideredeaallproduction of micro-milling and
thin overlay can progress more quickly than coneeat milling, but it was decided that
they would not be included in this analysis. If, &fair comparison, it is assumed that only
one travel lane is closed at a time, then the regdwuld have a capacity of approximately
1,500 vehicles per hour for one direction. Lookatghe hourly traffic counts for July,
2016 and 2017 for the segment of roadway, thisiig exceeded between 7-9 pm and 6-7
am on average at the traffic counter just northl-06, but is never exceeded at the
tracker just south of the Savannah River (17). Maregestion could be expected when
working close to 1-16, but congestion would be mmal further north on the project. The
maximum exceedance for the southern part of thgegirevas 500 vehicles in an hour.
However, without a method of simulating the congestit is difficult to determine the
exact impacts. Additionally, as can be seen indifference in traffic flow and potential
for congestion, this can vary widely from project project. Therefore, it is worth

mentioning that micro-milling is expected to praggdwice as quickly as conventional
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milling in terms of miles completed per night, baotthe interest of developing a cost
assessment that better represents the differeet@sdn micro- and conventional milling
in general, this cost is left out. It is assumeat #il the construction processes other than
the milling machine are essentially the same, appatied by the contractor's
comments. Traffic control information about whapeyg of traffic control were used was
not included because it was not available. Thesdostthe materials, construction, and the
net present value (NPV) and equivalent uniform ahigost (EUAC) are shown in Table

3-1.

Table 3-1 — Costs associated with micro-milling andonventional milling

Cost Micro-Milling Conventional Milling
OGFC $43,291 $43,291

SMA $0 $59,178

Milling $11,546 $13,939

NPV $54,836 $116,408

EUAC $5,843 $12,403

As can be seen in Table 3-1, micro-milling has il cost savings over
conventional milling. This is primarily attributetd the reduction in asphaltic material
being used, with $59,178 saved in SMA costs. Adddlly, on this project, the micro-
milling costs ($1.64/SY) were less than conventioniling (1.98/SY). The end result is

a 53% savings when using micro-milling. This is imggeceater than the value found in the
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first study because micro-milling costs were ovéings as much as conventional milling
in that study (15). Additionally, in the first stydmicro-milling was assessed at a 10-year
service interval and conventional milling at a l&ayservice interval. Because of this great
discrepancy in final values, both milling costs asefvice interval will be tested for

sensitivity in the next section.

3.2.2 Senditivity Sudy

Looking at the milling costs first, the micro-milly costs were increased to three
times that of conventional milling, which were sianito the costs from 2007 for the first
project (15). With this change, micro-milling sav2g% over conventional milling.
The results are shown in Table 3-2. The analystdeiarly sensitive to changes in prices,
so the next step is to determine how much moreamutling needs to cost compared to
conventional milling to make it cost the same. Aeimg cost equivalence occurs when
micro-milling costs 5.25 times more than the corieral milling. For the first project,
micro-milling cost approximately 3 times as muchlasaverage of conventional milling,
weighted by area milled in Georgia for the years lanlikely that micro-milling will ever
cost 5.25 times that of conventional milling novattltontractors have more experience

with it.

41



Table 3-2 — Costs when changing micro-milling to @ 3 times conventional milling

Cost Micro-Milling Conventional Milling
OGFC $43,291 $43,291

SMA $0 $59,178

Milling $41,818 $13,939

NPV $85,108 $116,408

EUAC $9,068 $12,403

Next, it is of interest how the service interualpacts the comparison. The first
assessment was to reduce the service intervalaybmiilling to 10 years, the low end of
the expected service interval. This only impacesBERWAC and results in a 45% savings by
using micro-milling. The results are shown in TaBl8. As was done for the milling cost
comparison, the micro-milling service interval thmkes micro-milling a less fiscally
attractive alternative compared to conventionalinglwas found. With the contractor’s
costs for micro-milling and conventional milling cira 12-year service interval for
conventional milling, the micro-milling needs a\gee interval of 5 years to be cost-
effective. As was shown in Chapter 2, itis reabtato expect micro-milling to last longer

than 5 years, except when using for rut abatemepbor condition roads.
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Table 3-3 — Costs when the service interval for mio-milling is adjusted to 10 years

Cost Micro-Milling Conventional Milling
OGFC $43,291 $43,291

SMA $0 $59,178

Milling $11,546 $13,939

NPV $54,836 $116,408

EUAC $6,761 $12,403

However, in this scenario, micro-milling is lesgenrsive than conventional milling.
To address this, the analysis was repeated, usengast of micro-milling as three times
more expensive than conventional milling, as it wa2007 for the first micro-milling
project. In this scenario, the results showed rato-milling must last for at least 8 years
to be financially viable. This would still be a shiife span for micro-milling based on the

performance analysis in Chapter 2.

3.3 Summary

Based on the results, it can be concluded thatdkies of micro-milling and thin overlay
can vary from project to project, but the cost a€nm-milling must be very high or the

service interval be lower than expected to notdmemically preferable to conventional
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milling. Using milling costs for the recent 1-95gpect, micro-milling could save 53% the
cost of conventional milling and resulted in a sggi of $6,560 per lane-mile per year over
the pavement’s lifetime. If used on all the asppaltement interstates in Georgia, it could
save over $500 million per year. In most situatjangro-milling is cost-effective and

financially preferable to conventional milling.
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CHAPTER 4. ENVIRONMENTAL AND SOCIAL

SUSTAINABILITY

This thesis has shown that micro-milling and thiertay is cost-effective and delivers
acceptable performance that is comparable to cdioverh milling. The next step in
assessing the sustainability of micro-milling artint overlay is to quantify its
environmental impacts. The objective of this chapeo assess the environmental and
social sustainability using data from a projeatvimch the inside lane will be micro-milled
and the outside lane has been conventionally mitted will provide a good comparison

of the two methods on the same roadway by the samigactor.

For this analysis, life cycle assessment (LCA) dlused. LCA is a tool that analyzes
the environmental impacts of a process, systeranantire industry from the beginning
of the process (i.e. raw materials) to the endfef(i.e. landfill/recycling). This is called
cradle-to-grave assessment. In LCA, this is accwmgdl through four steps: goal
definition and scoping, inventory analysis, impassessment, and interpretati@s, 30).
The first step sets the boundaries of the systenglaamalyzed, which is based on the stated
goal of the assessment. The inventory analysidogptes all the inputs and outputs,
including materials, energy, and emissions. Theutst from this step are used in the
impact assessment to analyze the impacts on thg#oement and population. The
interpretation step considers the whole analysi$ povides recommendations. This
analysis will walk through each step, but it wihtnget to the level of detail of direct
impacts on human health, such as increased in@deat asthma. Any reduction in

pollutants or energy use in comparison to conveationilling is considered a positive
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impact. The following sections will discuss in de&ach step; an analysis of the social

sustainability is included at the end to complbge gustainability assessment.

4.1 Goal Definition and Scoping

The goal of this LCA is to compare and contrastegheironmental impacts of two
similar pavement preservation treatments: micrdumgiland thin overlay and conventional
milling and overlay. There are four general lifaggs of pavements: material acquisition,
construction, use and maintenance, and end ofTlifes study will consider 3 of the 4 life
stages: material acquisition, construction, andarde. The use phase is not considered
because the pavement/tire interaction is not wedhkn, nor are the differences in surface
characteristics between a thin overlay and the eotienal overlay. Because the surface
layer is the same in both options, it is assumed tieir use phases are approximately
equal in terms of environmental impacts. Mainteraisclso not considered, as these are
pavement preservation treatments themselves, #teltb no maintenance is expected
during the pavement’s life. This study will alsa go further than to quantify the emissions
and material/energy use in the two options, asshaitild be sufficient to determine which
is environmentally preferable. The unit of analysils be a 12-foot wide lane for one lane-

mile.

The analysis is performed very generally, but thestruction process will consider
a specific project on 1-95. This project has botieroxmilling and conventional milling,
and the contractor was contacted for informatioaitbin the environmental analysis. At

the time of writing, the conventional milling hagdn completed and the micro-milling
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had not (scheduled for 2018), so the micro-millirafues are based on the contractor’s best

estimation from past experience.

4.2 Inventory Analysis

Both conventional milling and micro-milling can bevided into 4 sub-systems: raw
material acquisition and production, constructiose, and end of life. Each sub-system
will be described in more detail in this sectiongluding their components, inputs, and
outputs. An overview is provided in Figure 4-1.hdtugh transportation is not included as
a component or sub-system, it is an important piétiee life cycle of an asphalt pavement

and is included in every sub-system and most coeptsn

Raw Material

Material

Extraction Pavement
Milling Use Maintenance
Placement

Material
Processing

Mixture RAP Stockpile

Fabrication

1. Raw Material Acquisition and Landfill
Production

2. Construction

Use

4, End of Life

w

Figure 4-1— Sub-systems and components of the milj and overlay process
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4.2.1 Raw Material Acquisition and Production

This sub-system consists of 4 components: raw agtenaterial extraction,
material processing, and asphalt mixture fabricafidne starting inputs for the process are
raw material and energy, which are added througtimientire process, and the outputs

are the asphalt mixture and emissions.

When making asphalt, the raw material is typicpliyroleum. First, crude oil must
be extracted, which generally requires drillingim@ry recovery during which natural
methods cause the oil to come to the surface, aséndary recovery during which
enhanced methods are needed, such as injectimgtdiuncrease pressurglj. Drilling

and secondary recovery require energy inputs h@system.

Once extracted, the crude oil is transported teteofeum refinery. Asphalt is one
of the many products of refining petroleum. To Inetlfie process, crude oil is transported
to the refinery, which can be accomplished via pifker ship, rail, truck, or a
combination of these3R). Each of these modes takes energy and genenaissi@ns.
Once delivered for refining, crude oil must havaewvacontaminants, and salts removed.
Sometimes, this can be done through settling ikstabut if the salt content remains too
high, it must be desalted. Fresh water is addesgparate the emulsion of water and salt
from the oil, which is performed at approximatel@02300 degrees Fahrenhef2).
Therefore, this step requires the addition of bwatiter, which could be treated onsite and

reused, and energy to the system.

Once desalted, the oil can be moved to distillatawers. Asphalt undergoes two

phases of distillation. First, the oil is heatedpproximately 700 degree32) and sent to
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atmospheric distillation towers3f). The atmospheric distillation separates the &ght
hydrocarbons, and the residue is sent on to vaaligtiiation towers 83). The residue
from this process can be taken as asphalt, omitbeacracked and turned into another
material or mixed and manipulated through additivesreate a different type of asphalt
(32). These processes also require large energy inpuElly, the asphalt is prepared for

mixing with aggregate, typically as emulsified azipl33).

The asphalt only makes up a small percentage ofotlezall pavement. The
majority is aggregate. Natural aggregate is typiqaloduced in a quarry or mine where in
situ rock is turned into aggregate. This involvéssting or digging rock from the quarry
walls; then, screens and crushers are used toed¢da@aggregate to the desired si3d) (
This, too, requires energy input and results int @msissions. As with oil used for the
asphalt, rocks are a limited resource and matargdsnust be considered in environmental

impacts as well.

The last step in producing the paving materiatoigmix the asphalt with the
aggregate. This can be done on or off site usitiggea drum-mix facility or a batch mix
facility. The mixture must be heated during thieqass to make it workable. The mixture

is then transported to either the job site or gfer@3)

Overall, it has been shown that the petroleum irefinecessary to fabricate asphalt
involves very high heats, up to 700 degrees Faleieifimo cracking occurs, throughout
the process and requires large amounts of enelgyrdfining of petroleum is also known
for its emissions. Laws have put in place stricteslimiting emissions and water use from

both refinery plants and asphalt processing pk&3)s Reclaimed asphalt pavement (RAP)
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can also cut out much of this process, just neetdibg re-mixed, sometimes with additives
to improve the quality of the asphalt, and re-Iitis still has the energy and emissions
associated with the last component of the sub-sy&tet can greatly reduce emissions,

material use, and energy use by not returningdgodtv materials step.

4.2.2 Construction

Much of the construction process was detailed iapg@dr 1. There are two major
components to the construction process: milling gadkement placement. The inputs into
this sub-system are the asphaltic concrete fromeatlvamaterial acquisition and production
stage and energy. Outputs include a completed pavigernut also emissions, including
emissions from the construction equipment and filast the process. Emissions can also

be generated by congestion from the traffic cordp@rations if congestion occurs.

Much of the construction process is the same fareamilling and conventional
milling. The primary differences are in the numbgpaving passes needed and that micro-
milled surfaces can be opened to traffic, allowmngre construction flexibility. To keep
traffic flow, conventional milling requires thatdhmilling and the first overlay (leaving
only the OGFC off) must be done in the same coostm period. However, the micro-
milling process can be more intensive and slowertduhe higher number of teeth on the
drum, potentially resulting in different amountsfoél usage per mile milled. This was not
tracked by the contractor, so the exact changetikmown. Typically for this contractor,
and as a representative example, micro-milling msgps at 15-20 ft/min, and
conventional milling at 30-35 ft/min3g). Micro-milling also requires extra or slower

sweeping with a broom truck to remove all the dush the surface.
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The construction timing also impacts both emissiémmsn automobiles and
construction equipment. Congestion caused by aaetgtn is heavily dependent on when
construction is performed. If construction is penfed at night, allowing traffic to flow
during the day when vehicle flow is higher, thea ithcreased emissions from traffic could
be low to none. In the case of interstate constmavork, the work is typically done at
night as was done on the analyzed proj@g}x (Construction timing is more flexible using
micro-milling, which only needs a lane to be clogskaing the milling and the overlay
processes; between milling and overlay, traffic fenw on the milled surface. The number
of construction periods needed can impact botlctimgestion caused by the construction
and the emissions from the equipment. Conventiomding and overlay takes longer
because milling and overlay can only progress asgacan be fully completed in one
construction period. Micro-milling and thin overlapn contrast, can spend an entire
construction period milling and another one overigy Although the micro-milling
machine must progress at a speed approximatelytinatifof conventional milling, the
micro-milling project is anticipated to progressarerage of 3 miles per night, whereas

conventional milling progressed at an average wilé per night 85).

Once construction is complete, no work is needetherroad until the end of its
service interval. It has entered the use phases&onis during the use phase are generally
considered to be the highest of all the stagesusedaincludes emissions from the vehicles
using the road, but without knowing details abtt pavement texture and pavement/tire
interaction it is not possible to determine a ddfece in use phase emissions between the

two methods. Therefore, next the end of life sukteay will be discussed.
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4.2.3 Endof Life

When the pavement is removed at the end of lifgritgo to two destinations: RAP
stockpiles or landfills. RAP stockpiles is the e@owimentally preferable use of removed
asphalt. In Georgia, the maximum amount of RAPvadid for use on a project is 30%, but
the amount allowed is dependent on tests of the &8&kpile and the required gradations
(36, 37). Therefore, the outputs of this system couldudel either waste material and/or
RAP that is fed into Sub-system 1 (see Figure 4Fhijs phase also requires energy input

and produces emissions during the transportatitimeainaterial to the stockpile or landfill.

4.3 Impact Assessment

With the inputs and outputs of all the sub-systemd components considered, an
impact assessment can be performed. The Pavemfadytle Assessment Tool for
Environmental and Economic Effects (PaLATE) is thesen tool for this analysi88g).
PaLATE is a life cycle assessment tool designedpfarement construction LCA and
utilizes a large database of publicly availableadetm sources such as the Environmental
Protection Agency. It is an integrated, hybrid, atreamlined LCA tool. It is integrated
because it combines environmental and economississats, but only the environmental
part was used here. The combination of a processdband matrix-based (economic input-
output matrix (EIO-LCA)) life cycle assessment nuetlior calculations makes it a hybrid
LCA. The tool is considered streamlined becauss simplified for what is needed for

pavement construction LCA in Microsoft® Excel spisheets38).

There are three types of data used in the tooly Hie emissions, construction

process, and human toxicity potential (HTREP)( Nathman et al. discovered that,
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unfortunately, the HTP module still needs improdata for accurate results, so it will not
be used in this analysi89). Nathman et al. also determined some of thdaditioins of the
software, which include the assumption that allsda-processes are identical and the
reliance on EIO-LCA, which has its own assumptiand limitation 89). Despite these
limitations, the tool is still effective for agemesi wanting to perform LCA analyses of their
pavement construction and maintenance practicesiyMtudies have been performed
using the tool, including a study on parking infrasture 40), pavement preservatiofl),
cold in-place recycling4?), and in situ pavement recycling3), which demonstrates its

usefulness to agencies. It was decided that thieisnost effective tool for this analysis.

As a spreadsheet based tool, there are a variétpuofs needed in the model. The
data for these inputs come from the contractorttier 13-mile-long project on 1-95 in
Georgia. The project was originally let as a mioribing project but was changed to
conventional milling on the two outside lanes androimilling on the inside lane. This
provides the opportunity to compare micro-millingdaconventional milling on the same
project with the same contractor. Some data waswvaitable because it was considered
confidential or the contractor did not collectMthen data was missing, default data from
the program or the best approximation was usedekample, all the operating data for
the machines used for the milling process was vatable, so the closest machine already
included in PaLATE was used. Additionally, it wast possible to get the mix design for
the paving material, so GDOT'’s standard mix des{gdswere used. These changes will

not have a major impact on the results, as wikh@wn.

The analysis is performed on a 12-ft-wide lane Xomile. Micro-milling and

conventional milling have a 7/8" layer of OGFC ldsen GDOT specifications.
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Conventional milling has an additional 1.5" layef 8MA according to GDOT
specifications. RAP was used in the SMA, but thecgetage is unknown. A RAP
percentage of 5% was assumed, but a sensitivitly still be conducted to test sensitivity
to this parameter. Transport distances averageie§,raccording to the contractor on the
project. The asphalt plant uses an Astec DoubleeBawhich is a type of drum-mix
machine. It has reduced emissions compared taitadi drum-mix plants4b), so the

fabric filter-controlled drum-mix in PaLATE was wbé& approximate this.

The outputs include the energy usage, water ugggfeal warming potential, and
air pollutants. The majority of the total in eacttegory was caused during the material
production phase. For example, during the matgratluction phase for micro-milling,
98.2% of the total energy used in the entire pre@cesised. For conventional milling the
number is similar at 98.6% of the total energyssdiduring the material production. This
discrepancy is shown in Figure 4-2. Even with anB+mile travel distance, the equipment
and processes (during the construction phase)ibatdronly approximately ¥ of the
energy use of the materials transportation, anctager 0.4% to the total. It is clear that
efforts to reduce the environmental impacts ofimglioperations should focus on reducing
the amount of asphalt material needed, which miailbag effectively does. Figure 4-3
and Figure 4-4 show the water usage and global imgrmpotential, respectively, to
demonstrate that materials production dominates ethidronmental impact in each
category. Furthermore, micro-milling reduces impaict each category assessed using
PaLATE by just over 60%, as shown in Table 4-1.rgHmilling reduces material needs
by 63% in this scenario, which is similar to theemll reductions in environmental

impacts, and further demonstrates the benefitedifiging material use.
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Figure 4-2 — Energy usage in Mega Joules (MJ) folaeh process of conventional and
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Figure 4-3 — Water usage in Kg for each process obnventional and micro-milling
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Figure 4-4 — Global warming potential in Mega-grams(Mg) for each process of
conventional and micro-milling

Table 4-1 — Total impacts for conventional and mias-milling and % reduction when
choosing micro-milling instead of conventional miihg

% Reduction
Conventional Micro- Using Micro-
Impact Milling Milling Milling
Energy [MJ] 793,070 301,978 61.9%
Water Consumption [kg] 241 92 61.8%
CO2 [Mg] = GWP 41 16 61.7%
NOx [kg] 259 103 60.2%
PM10 [kg] 182 71 61.1%
SO2 [kg] 8,714 3,215 63.1%
CO [kg] 143 55 61.6%
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4.3.1 Limitations

This model, although useful, cannot perfectly mdteldifferences between these
two construction practices, nor does it break ddlwenimpacts to each component of the
sub-system (i.e., there is no information availabldetermine which part of the materials
acquisition and production phase results in thetraogssions). Overall, the construction
practices are very similar for both micro-millingdaconventional milling, except that a
micro-milled surface can be opened to traffic. Tdllews the contractor to mill during the
entire construction period (all night in this stioa), whereas the conventional milling
operation must be stopped early to allow for pavifgerefore, although micro-milling
requires a slower milling speed (15-20 ft/min) rtlenventional milling (30-35 ft/min),
the daily production rate for micro-milling is 3rtes that of conventional millin@%). The
stopping and starting with conventional milling casult in more cold starts and more
emissions than using one set of machines per nighas not possible to effectively model
this in the PaLATE program. This is likely not grficant impact, as the construction
processes only contributed approximately 0.4% ef éhvironmental impacts, but it is
worth noting. The machines were, also, not the sasnhose used in this project, but, as
the main goal of this thesis is to form a geneoahparison, this situation should not impact
the overall comparison. However, to address somiheaxe limitations and support the
claim that this situation does not have a subsihitipact on the results, a sensitivity

analysis will be performed here.
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4.3.2 Sengtivity Analysis

The first sensitivity analysis will consider tharnsportation distance. The effect of
transportation distance on the overall emissionsgacted by the actual travel distance.
However, the transportation distance would be ehjikto be far enough for the
environmental impacts to match the impacts fromennat production, which is the main
contributor to environmental impacts. For this ratanilling project, a travel distance of
395 miles was needed for transportation impactddoapproximately equal to the
environmental impacts from material acquisition gmdcessing. Three hundred ninety-
five miles is nearly 1/5 of the distance from Geang California. This travel distance is
unlikely to happen and would be even more unlikeith conventional milling, which
would require travel distances of 540 miles to h&namsportation exceed production.
Adding 10 miles to the travel distance may be aewseful calculation. Table 4-2 shows
the increase and percentage impact on the totakicin assessed category. As can be seen,
it has the greatest impact on the air emissiopgaally NOx and particulate matter, which
are of high concern in diesel vehicles, such agelarucks that would transport paving
materials. This is an important consideration, effdrts to reduce transport distances are
encouraged, but it has a minor impact on this ghesimparison because transport is not
inherent to the milling processes and depends morine location of the stockpiles and
mix sites. However, it still has some impact, agertcansportation is needed to move the
larger amounts of material used in conventionalimg! Overall, the impact is minor and
had only a small effect on the values for % redurctising micro-milling in Table 4-1 and

as shown in Table 4-3
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Table 4-2 — Sensitivity results for increasing trael distance by 10 miles

Conventional
Milling Micro-Milling
% %
Impact Change Change | Change | Change
Energy [MJ] 14314.49 1.77% | 7491.88 2.42%
Water Consumption
[kg] 2.44 1.00% 1.28 1.37%
CO2 [Mg] = GWP 1.07 2.56% 0.56 3.47%
NOx [kg] 57.01 | 18.06% 29.84 | 22.48%
PM10 [kg] 10.95 5.69% 5.76 7.52%
S02 [kg] 3.42 0.04% 1.79 0.06%
CO [kg] 4.75 3.22% 2.49 4.35%
Table 4-3 — Change in comparison values from increeng transportation distance 10
miles

%

Reduction

Using

Conventional Micro- Micro- Original %

Impact Milling Milling Milling Reduction
Energy [MJ] 807384.8 | 309,470 61.7% 61.9%
Water Consumption [kg] 243.4336 93 61.7% 61.8%
CO2 [Mg] = GWP 41.80818 16 61.3% 61.7%
NOx [kg] 315.7474 133 58.0% 60.2%
PM10 [kg] 192.5642 76 60.3% 61.1%
S02 [kg] 8717.86 3,217 63.1% 63.1%
CO [kg] 147.3831 57 61.2% 61.6%
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The RAP percentage can also vary across projeotsomsider the sensitivity of
this, 30% RAP was used for the SMA and none for@@&FCs by over 50% in each

category compared to conventional milling.

Table 4-4 shows the change in outputs for convaatimilling, as this did not
impact the micro-milling, which uses no SMA. Thiadha greater impact on the overall

end results than the transportation distance, @asrsim

Table 4-5. This makes sense, as reducing matesageuwas found to be the best
way to reduce environmental impacts. However, atighest percentage of RAP allowed
in Georgia, micro-milling still reduces environmahimpacts by over 50% in each

category compared to conventional milling.

Table 4-4 — Sensitivity results for conventional nling when including 30% RAP

Conventional Milling
Impact Change % Change
Energy [MJ] -113,927.17 | -16.78%
Water Consumption [kg] -41.56 -20.84%
CO2 [Mg] = GWP -6.65 | -19.50%
NOx [kg] -31.15 | -13.69%
PM10 [kg] -28.42 | -18.55%
SO2 [kg] -27.66 -0.32%
CO [kg] -23.76 | -19.99%
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Table 4-5 — Change in comparison values when usid®% RAP

%

Reduction
Using
Conventional | Micro- Micro- Original

Impact Milling Milling Milling Reduction
Energy [MJ] 679143.2 | 301977.7 55.5% 61.9%
Water Consumption
[kg] 199.4322 |  92.072 53.8% 61.8%
CO2 [Mg] = GWP 34.09047 | 15.60117 54.2% 61.7%
NOx [kg] 227.5843 | 102.8872 54.8% 60.2%
PM10 [kg] 153.1955 | 70.73647 53.8% 61.1%
S0O2 [kg] 8686.777 | 3214.99 63.0% 63.1%
CO [kg] 118.8684 | 54.73683 54.0% 61.6%

When considering the sensitivity of the programthe equipment used, it was
determined that the impacts are so minor thatutccnot be effectively shown using tables.
Changing the paver resulted in a maximum overadrgy usage change of 11 MJ for
micro-milling, a change of 0.003%. The changes@adther categories did not appear in
the results, as they were so small. This suppbe<gltaim that not having exact machines

in the analysis has a negligible impact on the aanalysis.

4.4 Interpretation

There are three major conclusions based on thésedguhe impact assessment. The

first conclusion is that micro-milling and thin alesy is a more environmentally friendly
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construction practice than conventional millingdueing environmental impacts by
approximately 62% for energy use, water use, aobdajlwarming potential. Therefore, it
is recommended that micro-milling and thin overteyused whenever it is an option. The
second conclusion is that the highest environmemtphcts in all three categories comes
from the materials acquisition and production. BEfdo reduce environmental impacts in
the roadway construction industry should focushas part of the process. One well-known
method that significantly reduces the impacts ftbra sub-section is asphalt recycling. It
is recommended that up to 30% of RAP, as recomnietbg&DOT and Norouzi et al., be
used as much as possibB6,(37). Finally, emissions are sensitive to the travsfathce of
materials transported to/from construction sitesl &AP usage, but do not have a
substantial impact on the results of the microingllor conventional milling comparison.

However, using local materials and RAP as muchoasiple is highly recommended.

Although these recommendations have been gendwadlyn in the industry, it is
beneficial to quantify these impacts for a bettedterstanding of how construction impacts
the environment and more specifically, to gainrargier understanding of micro-milling

and thin overlay for pavement preservation.

4.5 Social Sustainability

A sustainability analysis would not be completehwiit an analysis of the social
sustainability of the system. This is rarely coesal in pavement preservation, likely
because it has little to no impact on equity. Cartéton can have impacts, however, on

safety, traffic, and noise. An understanding ofgbeial impacts of pavement construction,
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even a qualitative one, can benefit public relatiand perceptions of the projects, which

can, in turn, save money and reduce environmemighcts.

451 Safety

Micro-milling has two safety benefits over convemial milling. For drivers, the
small drop-off that allows the roadway to be operraffic prior to the overlay increases
safety. It is only possible that this be openetidffic because the drop-off between lanes
is too small to cause concern that a driver wdel@ontrol when traversing it. The second
safety benefit is for the construction workers. &ese micro-milling can be performed
more quickly, they are exposed to interstate tdfir a shorter period of time, reducing

risk of being hit by a passing vehicle.

452 Traffic

Because the micro-milled surface can be openeghffict construction staging is
more flexible, and the overall construction carpbdormed more quickly. Because night-
time construction has little impact on traffic (anmkis project only had nighttime
construction), and overall construction time isueel, reduced traffic congestion is
expected. This has not been quantified in thisyasimafor the reasons mentioned in Chapter

3, but future research could quantify this benefit.

45.3 Noise

Construction is always noisy and can have impaotgp@ople or animals in the

surrounding area. The noise difference betweenammulling and conventional milling
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was not discernible to the contractor and is careid negligible. However, micro-milling
has the benefit of having a potentially shorterstarction time, which reduces the total

amount of time noise pollution from the constructarcurs.

4.6 Summary

Overall, it was found that micro-milling produce$.B% percent fewer greenhouse
gases, uses 61.8% percent less water, and usés pérbent less energy than conventional
milling operations. The drive-able surface and ifdx construction schedule allow for
improvements in safety, traffic flow, and noiseuetion. Micro-milling and thin overlay
is both environmentally and socially more sustai@aban conventional milling. It is also
more cost-effective, although it is important toneamber that it can only be used under
certain circumstances. When a road qualifies faroamilling, it is strongly recommended

that the option be used.

This treatment is favorable for transportation ages and the public because of its
performance and its economic, environmental, acdbkbenefits. However, it may not be
favorable to construction contractors becausedtaation in paving material use reduces
profits. There is potential to offset this by optzimg how contractors use their personnel
and equipment, as micro-milling only needs theimgliequipment during the milling night
and the paving during the paving nights, so thesadueams can work on another project
at the same time. Training is needed to promoteafh@ication of this new treatment
nationally and globally. In addition, further pemitance analysis beyond Chapter 2 of this
thesis is needed to better understand which pighegiconditions qualify a road for micro-

milling and thin overlay. There is still room to pmove the treatment and optimize
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performance. The next chapter will refine the 3Mexbion of the quality control measure

and provide initial findings regarding the validatiof the measure.
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CHAPTER 5. RIDGE-TO-VALLEY DEPTH AUTOMATIC

COMPUTATION USING 3D SENSING AND INITIAL FINDINGS

Ridge-to-valley depth (RVD), described in ChaptgsX quality control measure used
by GDOT for its micro-milling and thin overlay o@mions. It measures the difference
between a pavement surface’s highest peak and ioxallsy over 100 mm, as shown in
Figure 1-2. This value was designed to evaluatelfigy for water to run off the surface
without being trapped. Tsai et al9j have shown that RVD can be measured using 3D
sensing technology, but the process still neeolée automated to be useful. Additionally,
as mentioned in Chapter 1, the cutoff point of B/ was originally set by statistics and
engineering knowledge and was not based on pavepeeftrmance data. With the 3D
sensing images collected in 2011 from the firstroymilling project on [-95 and the
performance data collected from 2012-2017, it issgae to begin assessing whether this
value is reasonable. Due to the high resolutioB@fsensing in comparison to the point
lasers used for gathering RVD previously, some agatpn adjustments needed to be

made, which will also be detailed in this chapter.

This chapter will accomplish two goals. The first to detail how the RVD
computation was automated and adjusted. The sasdnddescribe the general findings
from the 1-95 data to determine whether a meanevalu3.2 mm is a reasonable micro-

milling construction quality control value.
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5.1 Automation

The automation of the RVD measurement was cartedisby many people as the
Matlab® code was passed on. The original code watew many years prior by Dr. Feng
Li, but the next author determined that the cods ma@ sufficiently robust and was written
in a manner that made it excessively difficult thteTherefore, a new RVD code was
rewritten from scratch. Ms. Segolene Brivet wasgheary author of the newly-written
code, which calculated both faulting and textunees, named the Faulting Evaluation and
Texture Analysis (FETA) code. When Ms. Brivet paksen the code, it did not
automatically calculate RVD for multiple images blcking one button, so a batch
processing capability was added. In attempts teimidile computation to ground truth, the
outlier removal and filter portions of the code wadjusted. The output formats were also
changed to be more useful, and a code was writprotess the outputs to give aggregated
RVD values and histograms as needed. In this chahteoverall code will be described,
but it will focus on the parts added or manipulatedmprove the code after Ms Brivet
passed it on. Figure 5-1 is a flow chart of thee;dtie parts will be described in this

chapter.
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Figure 5-1 — Flowchart of the code

68



Automation is necessary because the quality meisthiecked quickly to reduce
the amount of construction that must be re-dotigeifmeasures are not met. The data used
to test this varied, but the final data sets wesenfan approximately one-mile section on
the first 1-95 micro-milling project, the same dentused in Chapter 2, and asphalt boards
that were produced in-house and scanned usinghdyhagcurate 3D scanner as ground

truth.

5.1.1 Interface

Before discussing the details of the code, anainitescription of the user interface
and inputs and outputs is needed. A screenshbeafder interface is shown in Figure 5-2.
There are two major components to the code: agoattiat calculates faulting and another
than analyzes texture. The faulting componentgatke right of the LCMS images and
are not used in this analysis. In the upper lefttdns to open the two types of data (LCMS
and LS40) this code accepts are given. LCMS data uwsed for this analysis. For
visualization purposes, the left and right intensitages are shown. The yellow lines on
the images show the boundaries for analysis fromm@aut comma-separated value (CSV)
file. Underneath the images, the image of intazastbe selected or a profile can be viewed.
In the results box under this is where the textoeasurement information exists. When a
CSV file is included, the user can choose whetheatculate over the whole image or the
area. The “Run” button will calculate for just 1age, whereas “Process All” is available
if a CSV file is added. “Process All” will startétbatch processing algorithm. To input a
CSV file, the “Select File” button needs to be stdd. There are also a variety of options
for the RVD computation shown here. These incluseliaseline and where to calculate

within the area (drop down menus), whether to ustien removal and the number of
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standard deviations to consider as an outlierfittez type, and the baseline orientation.
The results for MPD, RVD, and MTD are also showhne histogram shows the histogram

of MPD results. The outputs include these results saved MAT files of RVD for each
image.

Conversion

Open LS40 data | Open LCHS data Show 3D image o | = e
E:\Rutting GeneralRoutine Data\i95\SB\20170101\L.cmsData_000315.fis Measurements
. © Select on profile figure Export values |

Horizontal Distance Select points. Clear Line
Vertical Elevation Select points Clear Line
Area on image Select rectangle Clear Area

Calculate fauting 2D
Export values
Surface separation: | 80
CAnpens Clear selection

Surface width: 200

Surface height: 600 Elevation

Caluculate fautting 1D
1-point selection (center of fautting) |Length on siab... v MJ
A
[ethod A
Iitethad 22 Elevation

© Manual Computation
Regression Computation

Select S points & press Enter woin
Height
Y e

)
Select : L) Horizontal Profie Enter rawe... Vertical Profile Enter column

Right image

Results
] Low pass fiter Base lines horizontal B3 Export values
|vertical -~

Over whole image  © Overarea 100 v||wholetane | [¥]Outierremoval
4 . [¥] Savitzki-Golay fiter  Orientation
Run MPD: Batch processing: Clear selection
RVD:  Mean: 314238 MTD: 1.19662 - ’
Mean: 12043 ] Next image
std: 0772418 Var: 0617565 tdicsv fle
std: 0.021288 (] Display RVD Plot  or jet & right limits Select file |
0 2 4 6 EXort VI dirix Lane_Mark_Detect Result_195_SB_Test Ra

Figure 5-2 — User interface for the FETA code
5.1.2 Pre-Processing

Some minor pre-processing is needed to run thén lpmtressing part of the FETA
code. The main pre-processing step is to definenifiing area, which is approximately
defining where the lane markings would be if thad Imot been milled off. To do this, the

user must input a CSV file that defines the left aght edges of computation. This can be
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created using an in-house, lane-marking detectole cbut no markings will be detected,
as none exist. However, the code does have affidogetor visually selecting the location.
Another option is to create a CSV file and assuredtand right edge of the milling area.
The values range from 0-5160 pixels. Next, the oagst test the assumed values on a few
images to see the accuracy, which can easily bewben choosing to display the RVD
values; then, the user can adjust accordinglg. ilnportant to note that the chosen edges

are also from where the wheelpath locations autatked.

The code does not do analysis for a small are@giom of interest, but this can
easily be done if one knows the region using theuwttRVD file. The output RVD file is

a matrix, so the region of interest can be extchfriam the output RVD by indexing.

5.1.3 Calculating RVD for a Sngle Image

The user interface for FETA gives a variety of op. Most buttons for processing
a single image were set up by Ms. Brivet. Theseaptinclude selecting which image to
calculate over (right or left), the baseline toused for the measurement (typically set to
100 mm), a toggle for the outlier removal, and tegdor the different filter options. These

were discussed above for Figure 5-2.

5.1.3.1 Quitlier Removal

When calculating over a single image, the firspgtethe pre-processing of the
image. This was implemented by Ms. Segolene Briwet,it is briefly described here for
completeness. This includes rescaling the imagleesminimum value of the image is zero
and setting the missing values to NaN. Next, titeesuemoval is performed. This process

is first performed on each profile. Each profilangially smoothed to remove the slope.
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Then the standard deviation and median are caéil&/hen a missing value is found or

a value that is more than 3 standard deviatiors tite median, the previous value in the

profile (aka vector) is used replace the value.e€hstandard deviations are used when
assuming a normal distribution, which was done HEnés was also used in the initial code

by Dr. Li. When the first value needs to be repthdbe first valid value of the profile is

used. When an entire profile is missing, it is &ftNaN.

5.1.3.2 Smoothing

After the outlier removal, a smoothing algorithm applied. Three smoothing
algorithms were considered: Butterworth, low-paasd Savitzky-Golay filters. The
Butterworth filter is the filter used by Proval foalculating the International Roughness
Index (IRI). It was, not implemented because IR&igery different measurement from
RVD in the area used to calculate it and the tyjpgignal. A low-pass filter was initially
included in the code by Ms. Brivet. The low-padi®fiignores values below a certain cut-
off frequency and attenuates those above it. Bectgsnoise caused spikes, this seemed
a reasonable filter choice. However, the Savitzkya@ filter was considered more
effective for this computation because it smoaotiesdtata with minimal distortion, resulting
in smoothed data that is more like that of the sudace. The Savitzky-Golay filter was
also originally included by Ms. Brivet and was recoended by her. However, the filter
still needed the parameters refined. Both filtpasameters were refined to give the closest
values to ground truth, then the choice of the t3kyiGolay filter was confirmed.
Examples of the same profile filtered by the Sa&wit&olay filter and low-pass filter are
given in Figure 5-3. Note that the shape of thdileres not as well kept with the low-pass

filter, especially at the peaks. Some notable looatare circled in Figure 5-3.
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Figure 5-3 — A comparison of the Savitzky-Golay Fier (a) and the low-pass filter (b)

To smooth the data most correctly, a ground trigk meeded. Asphalt boards made
in-house for a previous project were used, as tiay already been scanned and pre-

processed to create the best representation oftyredlhese asphalt boards are
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approximately 1’ x 1’ squares of asphalt pavemé&hese also had true ground truth tied
to them as the boards were used to test a codste¢otchggregate loss. So, there is ground
truth in terms of calculated aggregate loss orbtads and an actual volume of aggregate
removed. Five scans were taken, each with moreeggtg removed, resulting in
progressively higher RVD values over the board hHaxard is 250 mm wide, so only two
RVD readings were possible along the board. Thedsoaere scanned using a FaroArm
scanner. The scans were then pre-processed tm filissing values using an outlier
removal process similar to the one used in the Rdihputations. The board is also
corrected for any tilt in the surface by using tesguare minimization. The end result of

the pre-processing was used for this study ankas/s in Figure 5-4.

Figure 5-4 — End result of the pre-processing of #hFaroArm data

In addition to the 3D scanner, the Georgia TechslBgnvan was used to collect

LCMS images of the boards. The FETA code was usezhiculate RVD based on the

74



FaroArm scans without using any filtering. Therg ffection of the LCMS images with the
board was used to calculate the RVD. The filtersewapplied to the LCMS images and
adjusted until the results most closely matched fibe FaroArm scan RVD results,
although a perfect match for all scans was notiplesg-or the chosen Savitzky-Golay
filter, the results showed that the best parameterse third order with a frame length of

15. Some example outputs are shown in Figure 5-5.

Filtering step Filtering step

0 500 1000 1500 2000 2500 "o 500 1000 1500 2000 2500

Figure 5-5 — Examples of profiles before (blue) andfter (red) using the Savitzky-
Golay Filter

5.1.3.3 RVD Computation

Once the profiles have been smoothed, the RVD ctatipn can be performed.
As mentioned, it is performed based on a specli@skline measurement; however, the
baseline is always 100 mm. This value was chosaligo with the MPD computation
specified in ASTM E18452Q). GDOT uses a point laser to calculate RVD, buemvh
calculating it using full lane width 3D sensingaahe transverse direction is used for two
reasons. The first is that this better represdrgsdirection of water flow, which is the

original basis behind the development of the measant. The second is that the 3D
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sensing data has a better resolution in the trassvdirection (1 mm) than in the
longitudinal/driving direction (5 mm). When takirggrictly the highest and lowest point
over 100 mm, this computation can be very senstbuaoise or other unusual changes in
the signal. It is more likely when having 100 psitd calculate over than 20 points to
calculate over that a higher or lower point willfoend. Compounding this problem, the
GDOT point laser calculated just in the wheelpatimg a single line, but with the GTSV,
analysis over the whole lane width is possible. thaise reasons, some more measures
were needed to ensure the computations on sedtansd to be less than 3.2 mm in the

field; these gave values less than 3.2 mm witlBibesensing data.

The first extra measure employed was to includecarsd outlier removal, this time
on the 100-mm scale, to find any more local owutlidihe next was to calculate a mean of
an upper percentile of the highest and lowest pdmiadjust for the increased number of
data points and the higher results in the transveirection. The percentile was chosen by
first interpolating the images so that the samelmemof points were in the transverse and
longitudinal directions. Then, the RVD was calcethin both directions. The results of
this analysis were consistent with the previousepéy Lai et al. 18) that observed a 22%
difference in the transverse and longitudinal dicec using the Circular Track Meter
(CTM) test. This was put directly into the codetbiting the mean of the upper 22% for
the peaks and the lowest 22% for the values apdhk and valley for calculating RVD.
The mean is taken rather than the strict percefailénvo reasons. The first reason is that
taking 22% from the high and low points removed 4f%he entire set. The second reason
is that, taking just 11% from each resulted in jusir 2 peaks, so the mean of 22% can

better represent the range of values in the 22epéte. This was tested by calculating in
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both the transverse and longitudinal directiongrpolating the points to have the same
number as in the transverse direction. The trassveirection had the 22 percentile
applied, but this was removed for calculating thrgitudinal direction. The results came
out with a difference of 1.6%. However, a 1.6%eléince is negligible when discussing it
at the mm scale. The entire final code was alsedesagain using a different half mile

section and comparing the results to GDOT's lisetaThe results for the 1 mile used to
develop the code and the %2-mile test set werenaléu10% different from GDOT. The

results are shown in Table 5-1. MP 95-94.5 is dst $et. More data would have been
helpful to further confirm the code, but it was mpaissible to locate another half mile of
the 2011 data. The results of this test supporusigeof the chosen filter and the mean of

the percentile.

Table 5-1 — Comparison of half-mile RVD values foGDOT and GaTech

Mile
Point GDOT GaTech | Difference

95-94.5 2.141 2.326 8.60%
95.5-95 2.092 2.232 6.69%
96-95.5 2.538 2.297 -9.50%

Another consideration for the computation was weetb use just the wheelpath
or the entire image for computation. To test tthe, RVD was calculated along the 3.5-
foot wheelpath on each image as defined by theedhékdge drop-offs. The results showed
little difference between the two options when camep for median, variance, and

skewness. The medians were 0.04 mm different, meiad.09 mrh different, and
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skewness 0.1 miifferent. Due to the closeness, either couldhmsen. The full-width
is considered preferable for two reasons. The fssthat the milled edge does not
necessarily represent the lane-marking locatiothesevheelpath location is uncertain. The
second is that the measurement is meant to mets@ility of water to flow, which

would flow beyond the wheelpath. Therefore, thévutith should be used.

The final output is a matrix of RVD values calcelhtevery 100 mm in the
transverse direction and across each profile thrdbg image. A display can be toggled
that looks like the one in Figure 5-6. The bluesvgla low RVD and the reds a high RVD.
Note that Figure 5-6 does not have the milled eggeoved, resulting in the high RVD

values in columns 1-6.
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Figure 5-6 — RVD map output
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5.1.4 Batch Processing

Once the single image RVD computation was finalizesvas simple to include
the option to batch process. The milled edge remmswanly used when batch processing.
When batch processing, the milled edge details tmigtcluded and the first image in the
folder chosen. The code will then determine the lbemof images in the folder and create
a vector of file numbers starting with the firstage number in the folder. Once an image
is opened, it is removed from the vector of filemhers, and the next file number is ready
to be chosen after that computation is performedthis way, the code will iterate through

all the images in a folder as long as none of leentimbers are missing.

In addition, some minor changes were needed to ntakeprocess more user
friendly. A new way of saving the files was createdid in the ease of manipulating the
files. The left and right images are saved seplgrédeavoid overlap causing problems in
any later processing. They can be saved as botB\aabd MAT file. Additionally, the
ability to toggle the RVD display was added soubker would not need to close hundreds

of RVD graphs after batch processing and to speetieiprocess.

5.1.5 Post-Processing

A post-processing code was written called simplycBssFiles. This code takes the
matrix of RVD values and calculates the median Rs$tandard deviation, and skewness,
and it can save histograms for each image. Thsiaid more aggregated final analysis of
the data. The output is a CSV file containing tasuits in this order from the first row:
image number, left image median, left image vaeameft image skewness, right image

median, right image variance, right image skewness.
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5.2 Example Computation

An example of the RVD computation for the first igeeof the 1-95 data is presented
here. It will be discussed as if the code wouldticwre to batch process the rest of the files,

but the computation is the same for each imagenscshould be sufficient.

The first image shows a clear milling drop-off dre tleft image, but it is not as
clear on the right image. This can be seen in Eigudr. The first step is to determine the
limits CSV file with the area to calculate. Thisadae done using a lane marking detection

code. It can also be done using the RVD display.

Figure 5-7 — Image used for this example

Figure 5-6 is the output for the left image herbe Tirst six columns of RVD
readings show abnormally high RVD values, so tloasebe removed by inputting a limit
to the left into the CSV file. For example, sin@ele column is 100 mm wide, removing
the left 600 mm could solve this issue. After finglithe best one for the first image, it is

good to check that this is reasonable for imagesitihout the section. In this case, it was,
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so the CSV file looks like that shown in Figure 5T8e first column (A) is the left limit;
the next (B) is the right limit. The next two colom(C, D) are not needed by this code and
could have any values. The fifth column (E) digpléahe image number. This quality

control check must be done using the lane markatgation method, as well.

A B C D E
1 600 3780 1 8 315
2 600 3780 1 8 316
3 600 3780 1 8 317
- 600 3780 1 8 318
5 600 3780 1 8 319

Figure 5-8 — CSV file used for showing the limitsfoRVD computation

After the area selection, the resulting image isrenmeaningful, and more
gradation can be seen. The output after selechiagatea is shown in Figure 5-9. The

median and standard deviation are displayed im$kee interface, as shown in Figure 5-2.
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Figure 5-9 — RVD output after area selection

Next, the RVD is calculated for each 100-mm profilais can be changed using
the drop-down menu for the baseline shown in FiguBe The most important portion of

the RVD computation code is shown below:

fork=1:m

% find peaks, both high and low
[pks_max,locs_max] = findpeaks(submat(k,:));
[pks_min,locs_min] = findpeaks(-submat(k,:));

%find the number of values to take for the top 22%
Ix=floor(.78*length(locs_max));
In = floor(.78*length(locs_min));

% sort the peaks from highest to lowest
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pks_max = sort(pks_max, 'descend’);
pks_min = sort(pks_min, 'descend’);

%find the minimum and maximum value and save to the matrix maximum and minimum
values

maximum = mean(pks_max(1:end-Ix));
minimum = mean(pks_min(1:end-In));
maxmat = [maxmat ; maximum];
minmat = [minmat ; minimum];

End

%calculate RVD across the matrix

RVD(:,i) = maxmat + minmat;

Submat is a 100-mm-wide column of the image, aiglghrt of the code iterates
through the column to calculate the RVD for each.rdhe findpeaks function is used to
determine the maximum and minimum values. The mimnpeaks are found by negating
the submat input, which makes the most negativeelaécome a high peak. This requires
there to be a negative value in the vector, bt $eems to always be the case. Next, the
locations vector is used to find the number of galto separate to get just the top 22%.
The maximum is found using the mean of these tdy p2aks for each. Then they are
saved to a matrix. The RVD is calculated using maiperations (maxmat is the matrix of
maximum values for each 100-mm segment; likewisepmat is the minimums) to reduce
the needed loops. Typically, the maximum and mimmwuould be subtracted, but the
minimum value has been negated, so it must be adoedubtracting the negative

minimum value). This is iterated through each 10@-roolumn of the overall area
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calculated. This produces a matrix of RVD valuebicl is saved for each image in the
format "RVDMatrix####side.mat" where the #### reygr@ts the last 4 numbers of the

image number and the side is either left or right.

The next step is to call the ProcessFiles (filghtrleft,histogram) function. The
inputs for this function are the vector of file nbems, then whether the right and/or left
calculation is desired. Using a 1 means that tde should be calculated. A 1 for the
histogram input means that the histograms of RVIDesfor each image should be made;
this is always done for both the left and right R¥fiatrices. For example, ProcessFiles
(315:350,1,0,1) would calculate the parameterdilies 315-350 for the right-side images
and save the histograms for both the left and righges for files 315-350. This saves files
of histograms named "histogram-####.fig" with thet## representing the last four digits
of the image number. An example of a saved histogsagiven in Figure 5-10. The colors
have no meaning and are just how Matlab® plotsurfei¢gp-11 is a screenshot of some of
the output table from ProcessFiles called "proareseilts.csv”. As mentioned, the rows
are 1: image number, 2: left median, 3: left vacegri: left skewness, 5: right median, 6:

right variance, 7: right skewness.
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Figure 5-10 — Example of histograms from an RVD fé

| processedresults.csv i |
A B G D E F G H 1 1) K
VarNamel VarName2 VarName3 VarName4 VarName5 VarName6 VarName7 VarName8 VarName9 VarNamelO0 VarNamell
NUMBER YNUMBER YNUMBER YNUMBER YNUMBER YNUMBER YNUMBER <YNUMBER YNUMBER YNUMBER <YNUMBER ~

1B15 316 317 318 319 320 321 322 323 324 325

2 28123 2.5222 26775 2.5989 21247 2.5368 2.5634 2.5809 2.2903 23475 24085
3 B.3726 0.46213 0.57033 0.64021 0.46537 0.49554 0.44406 0.49947 0.56444 0.40954 0.41395
4 19108 0.64963 0.65399 0.62668 0.61337 0.47785 0.49136 0.65339 0.31363 0.41921 0.69559
5 [2.9473 2.4192 2.2925 2.3636 23256 24139 2.5447 24236 2.3714 23211 2.252
6 |3.3169 0.42519 0.39387 0.43623 0.39769 0.59534 0.80902 0.846 0.41896 0.37981 0.36432
7 |L6773 0.56193 0.61574 0.62532 0.60596 0.78163 0.98622 1.0888 0.58927 0.57566 0.68447

Figure 5-11 — Screenshot of processedresults.csv

These outputs can be manipulated to get many difteparameters about the

roadway. Some of the initial findings using thisthoel are described in the next section.

85



5.3 Initial Findings

The batch-processing algorithm was used to analyme RVD along an
approximately one-mile segment on [-95 from theroymilling project in 2011. This is
the only project with 3D sensing data on the mimitled surface. Mile 95-94 in the
southbound direction was chosen because it hadhHeaBection with little distress on the
surface in 2016 and half with the most distresshensurface along the project in 2016.
The half with the most distress of the projecfaict the only section with cracking reported
in GDOT’s PACES, starts right after a construcfmint, so it is possible that the difference

in performance can be attributed to a differenceoimstruction.

The analysis was performed in two directions tatlioias from one aspect. One
way the analysis was performed was by looking a&ges/sections of images with the
RVDs above 3.2 in 2011 and observing their perforcean 2016 to see if the high RVDs
correlated with poor performance. The other diectiooked at the poorly performing
areas in 2016 and observed the RVDs in 2011. Iitiaddo the two directions, several
measurements of the RVD were considered. The ttuesidered were the median RVD
value, standard deviation, and skewness. The st@odaiation showed no correlation to
the performance, but the median RVD and skewndsbevdiscussed in this section. The

median isn't as impacted by outliers, which is uthy used here.

Looking at the median RVD, there were 12 image$ wit RVD over 3.2 mm.
These images were clustered at the beginning cfebigon with only 1 image in the latter
half. As discussed previously, no cracks were c&dié in the beginning half of the section.

This hints that cracking may not be correlated WDRvalues. To further check this, the
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RVD of heavily-cracked sections was consideredsé&lsections did not show a high RVD.
For example, this crack, shown in Chapter 2 and heFigure 5-13a, only resulted in an
RVD of 2.2 mm. Further, the length of propagatedcking aggregated at 10 m was
compared to the RVD averaged over 10 m, and thatirgg graph is shown in Figure 5-12.
As can be seen, the segments with no cracking daingen an RVD of approximately 1.5-
3.5 mm. The few sections with cracking were cliesiearound an RVD of 2-2.7, but having
so few sections with cracking and so many more wiithilar RVD values and no cracking
further supports that RVD and cracking are notedated. Future studies when there is
more cracking are needed to confirm this, as imseeracking may be associated with

RVDs in the range of 2-2.7 mm.

RVD (mm

0 2 4 6 8 10
Length of Cracking (ft)

Figure 5-12 — Comparison of RVD with cracking lengt

Looking again at the image in Figure 5-13a, althotige RVD was low, the
skewness was interesting. The more severe the iogaék an image, the higher the

skewness. For example, for this image, the skewis&sd mni, but the average skewness
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for the mile is 0.9 mrh The histogram is given in Figure 5-13b and shtvespositive
skew and the tail in the higher range from the lara The skewness relating to cracking
seems logical, as the RVD along the crack is ghpver the image, it is a small area that

would only have a minor impact on the median.

350

250

150

100 [

| "”‘ |
0 | JJ”JJ‘“l]“lhuu_.a.,u-l_
4 6 8 10

12

(@) (b)

Figure 5-13 — a) intensity image with bad crackindp) histogram for this image, x axis
is RVD values

The raveling per image was also considered, buselerity of raveling is still very
low with only one image with Severity Level 1 rawg. The spatial distribution of the
raveling was considered along with the spatiakitigtion of the high RVD values. There
were 4 major clusters of raveling. The median R\ matched the clusters however,

were not any higher than the sections without ragellhe raveling severity was found by
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averaging 6 raveling severity readings per imagest\f the raveling clusters showed
raveling at a level of 0.5 or less. There was osaien of the first cluster with many

readings above 0.5, and 10 of the RVD readings@B®& mm were within this sub-cluster
of higher severity raveling. More raveling may beeded to really determine the
relationship between RVD and future raveling, bus tsuggests that high RVD can
contribute to raveling in the future. It is recommded that this study be continued in the
future when more raveling has occurred to see hghein RVD impacts raveling in terms

of both time to start and spatially. This couldegfurther insight into whether 3.2 mm is

the best choice of limit. At this point, it seemde a reasonable value.

5.4 Summary

This section detailed how the automatic computatioRVD was performed and why
it is performed that way. Further improvements e tode could improve the speed,
combine the right and left images so the overlapds a concern, and improve user
friendliness. The code is currently capable of poddg RVD results similar to those
obtained by the GDOT point laser, which is congdehe goal, so the code is considered

accurate for measuring RVD.

This section also described the method and sorial ir@sults of the analysis of RVD’s
current standard. With only a half-mile segmentvwghg distress, the sample size was too
small to determine anything with confidence. Howetee initial findings show that the
3.2 mm median value does not have an impact ok prapagation, but it may have some
impact on raveling when the RVD is above 3.2 mme $tandard deviation showed no

correlation, but the skewness showed some comwalaticracking on a milled surface. The
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sections with a lot of cracking had more highlywskd distributions, as expected. Overall,
it was not possible to say with confidence whettier 3.2 mm 56 percentile RVD
requirement is the best choice of value, but itnghao evidence to be ineffective at this

point.
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS

6.1 Summary of Contributions

This thesis assesses the sustainability of a nexnpent preservation treatment,
micro-milling and thin overlay, and improves a nethof automatically measuring the
primary quality control measure. The main contridmog of this thesis include the

following:

* A review of how micro-milling is used in the Unit&lates
» Performance assessment of the method that shoveed-milling and thin overlay:
0 has an expected service interval of 10-12 yeaesséme as conventional
milling
0 may be a good crack relief treatment, as evidebgezhly 5% of cracking
reflecting in 5 years on 1-95
0 can ameliorate rutting for a short time (approxiehaé years)

* LCCA showing that micro-milling and thin overlayrcaave 53% the cost of
conventional milling. This is a savings of $6,56€ fane-mile per year over the
lifetime. If used on all the asphalt interstatesSi@orgia, it could save over $500
million per year.

* A break-even analysis showing that the treatmerst tast 5 years to have the same
life cycle cost as conventional milling

o0 This was somewhat sensitive to the cost of micrlbingi a sensitivity study

showed the break-even life being 8 years if theesprite difference as that
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of the first micro-milling project is employed. Hhis still below the service
interval.

* LCA demonstrating that micro-milling and thin oweylproduces 61.7% percent
fewer greenhouse gases, uses 61.8% percent less watl uses 61.9% percent
less energy

0 These values were sensitive to RAP use, so usinguiak RAP as possible
in pavement construction is recommended

» A qualitative review of social impacts, such as tbe@uced construction time and
increased flexibility that improves the safety oivdrs and workers

* A refined code for calculating RVD, which has bemd to ground truth and is
capable of batch processing

» A preliminary study of RVD showing a procedurefigture studies, that RVD does

not impact cracking, and that the current standapioducing good performance

Collectively, these contributions will aid decistarakers through the quantification of
the performance and sustainability of the methadther, the code will aid those

interested in implementing the method. These reswltld be used to support and aid
in the development of a national standard for tt@atment, which has been shown to

be effective and sustainable compared to the pusstandard practice.

6.2 Recommendations

The following lists recommendations for future work

» Extend performance analysis once more projectsesagng the end of their service

interval
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Study what pre-conditions make a project a candidi@t micro-milling and the
necessary pretreatments for micro-milling using erfnojects

Include user costs and traffic control in LCCA

Refine LCA with data from the actual constructiqugpment, especially between
milling machines to test how milling intensity aspeed impact fuel consumption
Adjust LCA to include OGFC and SMA because they sfsecialized binders and
aggregate that may not be currently representdeblbATE

Use an LCA model that is more flexible and can espnt the difference in
construction flow and timing between the methods$the other minute differences
between the two methods

Quantify the social results, including modeling ¢heeue formed from construction
traffic

Add an automatic edge drop-off detection to the Rddide

Transfer the code to another language that wilbkné to run faster. When doing
so, separate the RVD code from the faulting codeR¥D is only measured on
asphalt pavement and faulting on concrete pavement

Develop a national standard for micro-milling ahéhtoverlay, an effective and

sustainable pavement preservation treatment
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