ABSTRACT

IM, EONGHYUK. Performance Evaluation of Chip SefalsHigh-Volume Roads Using
PolymerModified Emulsions and Optimized Construction Procedutésder the direction
of Dr. Y. Richard Kim)

This dissertation presenmtssearcho develop guidéhes for chip seals undérigh-
volumetraffic. It examineghecharacteristics of asphalt surface treatm@h&T s) that
includetheir material propertiegcuring andadhesivebehavioj as well as theilaboratory
performance (aggregate retention, bleedmging, skid resistance, and surface texture) and
field performance (visual observation and surface textlired.airing and adhesive behavior
of ASTsis evaluatedisingthe evaporation tedbjtumen bond strengtiest, and Vialit test.
Laboratoryperfamance is investigatagsingthethird-scalemodelmobile loadsimulator
test, Vialit test, and laser profildfield performance isvaluatedusingthe laser profiler and
visual observatiosbased on theICDOT Pavement Condition Survey Manual.

This studyalsouses laboratory performance tests to evaltdenefits of polymer
modified emulsions in ASTSRefined AST construction procedures are develdyzesd on
previous research results anébrmation gleaned from l&erature reviewBased on this
information,atotal of 12 field test sections are constructedthree traffic volumes (5,000,
10,000, and 15,000 ADT)n order to evaluate the performance of the ASTs constructed in
thefield, samples are extracted after construction and then testedabdinatory.The field
test sections are monitored periodicatiy the day otonstruction and before and after the

first winter) toevaluatehe actual performance of ASirsthe field in terms ofraffic volume.



Fog seals aralsoevaluated in this stydas a means of reducing potential aggregate
loss problems of ASTs in high traffic volume roadways. Curing behaviors of unmodified and
polymermodified emulsions are investigated using laboratory tests. These tests include the
evaporation test and two ngmndevelopedn-situ test methods, rolling ball test and dangp
test.

Guidelines for chip seals undeigh-volumetraffic aredevelopedased orthe
determinecperformance characteristics of ASTs in both the laboratory and thedineldhe
field monitoring results However a fewadditionalfactorsthataffect chip seal construction,

e.g, the condition of old pavement, performance uniformity coefficient analysis, and
maximum allowable traffic volume, should be studied in more depdhare recommended
for future researclAlso, this research developsnethod to predi@ggregate loss ithe

field usingmean profile depth (MPD) analysis, whiemploysthe aggregate loss results and
theMPDsobtainedfrom boththe laboratory tests and the field monitorifige resul of the
predictiors aresimilar to field performance ratisgbut further research is needed to verify

the predictios.
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1.1l NTRODUCTI ON

1.1 Research Needs an@ignificance

As the general performance of roadways in tingédl Stateshasdeteriorate over
time, an increased interest in preventive maintenanckerehabilitatiornas come to the fore
Without appropriate preventive maintenance over the couse op a v elife eycle, thes
cost to restoréhe pavement more than quadrupl€bip sealsareamong the most efficient
and costeffective methods utitied by state highwaggencies to preserve and rejuvenate
existing pavementsor example,n North Carolina, although approximately 8% of roadway
pavement expenditures are spent on surface treatment constructiperteatage
constitutes about 50% ofdhmiles paved. Thus, it becomes imperative for agencies to
optimize the use of #se treatmenti terms ofprolonged service life, decreased life cycle
costs, increased operational efficiency, anlancedafety

A series of researelsfunded by the NOOT has shown various ways to improve
chip seal performance. These improvements include the use of: (1) lightweight aggregate
with uniform gradation, (2) polymenodified emulsions (PMEs), and (3) optimized rolling
protocols. Specifically, the findings frothe HWY-200706 researchPerformancdased
Analysis of PolymeiModified Emulsions in Bituminous Surface Treatments, clearly indicate
a significant improvement in the performance of chip seals constructed with PMESs, and that
the curing behavior of theseodified chip seals is quite different from that of unmodified
chip seals

With the increased levels of effectiveness that Plglieside, as compared to their
unmodified counterpastthe use othip seals on highiolume roadss now feasible and
provides some of the same benefits ticaip seals havbeen shown to provide for low
volume roads. NCDOT Road Maintenance Supervisors have already begun constructing chip
sealsfor higher volumes thahave beemisedsuccessfullyn the past. Thisapabilityis



increasingly important as traffic levels steadily increase and state buldgetsaseThe
economidbenefitsof using chip sealon highvolume roads is thaheyextend the life of the
pavement and thus maximize fiomdsthat wereinitially invested into tle road construction.
This extensiorof thepavement lifan turndelays the timéy which major rehabilitation or
complete reconstruction would be necessary, thus stretching state tax datensdn high
volume roads where major rehabilitation and restruction are very costly

Moreover, the HWY¥Y2006:06 researclshows that changes in rolling patterns can
greatly improve aggregate retention performance. However, the emulsion used in that
researclwas CRS2 emulsion, not PME. The very different curingdeadhesive behavior of
PME demands that the construction procedure must be optimized for the modified chip seals
in order to maximize the benefits of polymer modification. The respective findings from
these twaesearchestrongly suggest that by using Bsland by optimizing the construction
procedures for modified chip seals, chip seals can indeed be used for roads that have a higher
traffic volume than unmodified chip seals can handle

One of the primary concerns regardthg use othip sealsn high-volume roadss
the presence of loose stone. A fog seal, which is an emulsified product placed on top of a
chip seal, is designed to mitigate (Thei s prob
Asphalt Emulsion Manufacturers Association (AEMA) de§inea f og seal as fia
application of diluted asphalt emulsion used primarily to seal an existing asphalt surface to
reduce raveling and enrich dr @theastattshavwat her ed
employed fog seals in their respective cléploperations and, most recently, the Federal
Highway Administration (FHWA) and the Foundation for Pavement Preservation have co
sponsored a research that evaluates the sprayed application of polymer surface seals. The
research results show that such @etsl add new asphalt to seal the surface, and rejuvenators
soften agenardened asphalt to restore the desired mechanical properties of the mixture in the
upper 3/8 ishto 1/2inch of the pavement surface (King et al. 2007). Other styllied et
al. 2006 Jahren et al. 2007) alseport theadvantages of fog seals, including their low cost,
ease of construction, and desirable black appearance, to name a few. A few reported



disadvantages include the delay in opening to traffic and reduction in skidrresi§lahren
et al. 2007)

At this time, the NCDOTarelyuses fog seals in conjunction with its chip seal
operations. Recognizing the significant proportion of chip seal pavements in the NC highway
network and that the main problem with the chip sealdsdastone, it is deemed important to
investigate the potential of fog seals as a-effgictive method to improve the performance
of chip sealsThis dissertatiorherein describesr@search effort based deld and
laboratory experimental pgoam to deviep guidelines regardintpe maximum amount of
traffic that modified chip seals can support using improved construction procaddfeg

seals.

1.2 ResearchObjectives

The primary objectives of the research are:

to optimize construction procedures for polymeodified chip seals
to determine optimal fog seal applicati@tes for chip seals commonly used in
North Carolina
1 to compardgheaggregate loss and skid resistance of chip seals with and without fog
seals and
i to develop guidelines for the amount e&lvy traffic that the wdified chip seals

can support.

1.3 Dissertation Organization

This dissertatioris composed of eight chapters. Chapter 1 describes the research
needs and objectives. The literature review of modified chip seal and fog seal apglication
are summarized in Chapter 2. In Chapter 3, experimental test program, test procedures, and
analysis concepts are described. Chaptistribes thé&aboratory evaluation of the asphalt
surface treatments (ASTs) performanChapter Sorovides the field evahation ofASTs

performance including the field section informatiQinapter6 suggestshe guideline for



chip seals under high traffic volume. Chapter 7 oftensclusiors and recommendatiofer

further research. Chaptellists references cited in thiksssertation



2. LI TERATRRY¥I EW

2.1 General

For theasphalt surface treatmerfsSTs), there are several terms, such as chip seal,
seal coat, surface treatment, bituminous surface treatment, spray seal (Austria), and surface
dressing (United Kingdom). In thdorth Carolina Department of Transportation (NCDOT)
specification, the term ASTsis used officially.

The chip seal offers significant advantages, primarily as an economical and efficient
means to provide skid resistance and fast construcdenerallythe cationic rapid setting
(CRS) type of emulsion is the most commonly used asphalt for chip seals-golione
roads. Chip seals have proved to be cost effective due to their low initial costs in comparison
with thin asphalt overlays artilie toother factors thatffecttreatment selection decisions
where the structural capacity of the existing pavement is sufficient to sustain its existing
loads(Gransberg 2006).

Due tothelow-cost maintenance benefa$ chip sealsSHAs wouldlike to extend
thar useto include roadways witkraffic volumes that are higher than those currently used
For highvolume roads, PM&can beused in thehip seadesign because the polymer
modification decreasds h e p a \sesoeptihilttyfo shanges itkemperature, increas
adhesion to reduce aggregate loss, and allows the road to be opened to traffihaarlier
would otherwise be the caseogether, all of these benefits have led to the increased use of
PMEs bythe chip seal industry

The major concern with chip seatsaiggregate loss. Other states have employed fog
seals in their respective chip seal operations as a means of locking down the top layer of
stone in the chip seal. Several studies report the advantages of a fog seal, including low cost,
ease of constructip and a desirable black appearance, to name a few. However, a few
disadvantages, including delay in opening to traffic and reduction in skid resistance, have

also been reported.



2.2 Distresses in ASTs

In order to ensure satisfactory performance of AST dsatasign life, the
performance is primarily governed by theses distresses. In the same manner, for a sufficient
fog seal performance, the fog seal should not be applied on chip seal road that exhibit severe
distress. That is, it is important to find sevelistresses on chip seal pavement and to remedy
them prior to the application of new AST or fog seal.

In ASTs, the general failure types are summarized as follows; streaking,
flushing/bleeding, and aggregate loss. The streaking is explained by the dejairttie
existing surface and the new AST and caused by the failure to apply asphalt emulsion
uniformly. In the AST industry, the terms of bleeding and flushing are used commonly.
Simply, problems by the spread of fohulsion are called bleeding, anddoyexcess of
emulsion are called flushing. However, two failure types show the same behavior that is
reducing the skid resistance of pavement surface (McLeod 1969, Gransberg 2005). There are
some causes of aggregate loss of ASTs, such as excessive aggpptjaation, poor traffic
control during construction, inadequate embedment ddidigeegatearticles into the
emulsion, poor aggregate gradation qualities, and dusty aggregate (Shuler 1990, Gransberg
2005). Based on these causes, the aggregate lasiy waturs during initial traffic passes.
Skid resistance can be one of the parameters for a new AST because AST provides old

pavement surface with an increase in skid resistance (Gransberg 2005).

2.3 Emulsion Properties

In the early 1908, asphalemulsionsvere created to apply for dust control and
spray applications. Since asphalt emulsions have many advantages, today the use of asphalt
emulsions are increasing. For trerietyof field conditions physical properties of emulsions
can be changedror exampé, emulsions can be charged positively or negatively for
compatibility with aggregates. In order to improve emulsion properties, various modifiers,
such as polymer, latex, filler, ardirip, and stabilizer, can be added to basic emulsions. In

addition enulsions areepresentativeccfriendly product in paving industry.



The asphalt emulsion can be said a dispersed asphalt in water and consists of asphalt
(40 to 75%), water (25 to 60%), emulsifier (0.1 to 2.5 %), and minor component. These
physicalcomponats give a few advantages, such as low viscosity (easy application), lower
required temperature for both application and storage, and less sensitivity to application on
damp surfacedMaintenance Technical Advisory GuideAG 2003).

According to the AsphaEmulsion Manufacturers Association (AEMA) brochure,
the emulsion is classified by their ionic charge so thphalt emulsions are divided into
three categories: anionic, cationic and nonioflee name of emulsion begins witffi@o or
no ACO. LetteriiCoO means a cationic emulsion, andfi@ is normally an anionic or nonionic
emulsion but the nonionic emulsion is used rardlizge emulsion charge is important for
compatibility with aggregates. In North Carolina, cationic emulsion is proper for AST design.

Set time, which is also called #iscculation and coalescenaaf emulsion is
designated by second letter. The letter presents the speed with an emulsion breaking after
contacting the aggregate surfacbere are four terms, such as RS (Rapid Set), MEIium
Set), SS (Slow Set), and QS (Quick Set). RS emulsions are not stable and break quickly
when they are contacted with aggregate. It is hard or impossible for RS emulsions to mix
with aggregate so that they are usually employed for spray applicatamas chip seal. In
order to improve adhesion and open traffic earlyplgmercan be added. MS emulsions are
made for mixing with course aggregate not fine aggregate. Based on the design, MS
emulsions have workability during a few months. SS emulsisndesigned for fine
aggregateThey are the most stable so that the emulsions can allow sufficient mixing time
and extend workability. In order to reduce their viscosity, SS emulsions can be diluted with
water so they can be applied for tack coats andéads. QS emulsions are also made for
fine aggregateTheir breaking time is faster than SS emulsions so they can allow faster
traffic opening. QS emulsions are generally used for rsaréacing and slurry seals. HF is
placed preceding a letter of segfiime and indicates a high float emulsion, which is passed
the float test (AASHTO 350 or ASTM DB139).After HF emulsions are cured, ggpe
structure is formed in the asphalt residue. It makes HF emulsions to improve their

performance in a wider tempéuee rage and to be applied to dusty aggregate. They can be



used for chip seals and cold mixes. Next letter for setting tinfii&) @r fi20 is placed to
indicate emulsion viscosityilois lower viscosity emulsions, a0 is higher viscosity
emulsions. Irsome cases, emulsions may have the I&ti@or ASoin the last part of name.
The letterfiho means that the emulsion is made by a harder asphal{\Wasel et al. 2006).
In order to indicate the use pblymermodifier in emulsionsfiPo or ALO can be adedin the

last part of nameiPo andfiLo mean polymer and latex modifiednulsiongespectively.

2.4 Polymer-Modified Emulsion
2.4.1 Modified Emulsion Properties

The adhesion of the emulsion to the aggregate in a chip seal system is strongly
associated with the perfmance and service life of the chip seal. Wood et al. (2006) explain
that PMEs can enhance certain properties of asphalt emulsion. Generally, four types of
polymersmay beused inPMEs naturallatex, synthetic latex, styrene butadiene rubber (SBR)
and syrene butadiene styrene (SBS) polymers. Typically, approxiynaig% to 3%
polymer, by weight, is added to the emulsion. When polymer is added to the emulsion,
several benefits emerge: e.g., early aggregate retention raises the softening point of the base
asphalt, the chip seal is better protected,fangrmaterialsare wasted

Bolander et al. (1999) summarizedithenalysis and supporting test information used
to determine and evaluate the factors behind chip seal failure and then discussed the lessons
learned. In this research, two types of emulsion were used: 2KR3onic high float rapid
set emulsion) and HFRB1 (anionic high float rapid set emulsion modified with polymer).
Severe potholes developed where the H2R&as used.e., without polyme modification
or a lowtemperature additiveluring the first winter. Bolander et al. found that failure
resulted from interacting factors, including a dust coating on the chips, an incompatibility of
the emulsion and chips, cold and wet weather, ancdynenpervious base course. Five
important factors were found from thissearcho affectbituminous surface treatment (BST)
performance: (1) adequate and accurate quality co{@)ch drain in the base course under a



BST, (3) weather and dust on thgggegate( 4) an emul si onds ,ande ak i
(5) the compatibility between the asphalt emulsion and the aggregate

Takamura (2003) presents the properties of asphalt emumsidifiedwith SBR
latex. SBR latex was designed for asphalt modlifon to create a polymer film in the
presence of residual water, without coagulum, thus promoting early strength development.
The SBR latex polymer remains in the aqueous phase and naturally chamfjeagegcomb
structure surrounding asphalt dropleteeTiner the polymer structure, the more definitive is
the improvement in asphalt rheology. The latex particles in the emulsion spontaneously
transform to a continuous polymer film that coats the asphalt particles after water evaporates
from the emulsionas shown irFigurel. Also seen irFigurel, the unmodified residue
asphalt would normally fracture through the asphalt/droplet boundaries, but because SBR
latex film is hghly flexible, the SBR latex film surrounding these droplets reslexeess
stress through elastic deformation without causing permanent deformation to the bulk asphalt
phase. This microscopic polymer mechanism is the reason for significantly improgee fati

resistance of the emulsion residbat ismodified by the cationic SBR latex.

Figurel Schematiaiagram offully curedunmodifiedasphaltand SBRatexpolymer-
modified asphalt (Takamura 2003)

Gransberg (208) correhted individual chip seal performance ratings with reported
construction practices and found a number of strong correlations. The ambient air

temperature specification was commonly higher (average of 60°F (15°C)) for those

ng



respondents who reporteacellem or goodchip seal performance. For the best performance
of a fresh new chip seal, the newly sealed road must undergo an average wait period of 28
hours prior to allowing fulspeed traffic on the new surface.

Holleran et al. (2006) studied the differemeeuring times between bitumen or cut
back seals in chip seal construction. Curing tisteften associated with the notion that water
must evaporate or the seals must dry to gain initial strength. Many factors that affect the
curing characteristics ohaemulsion are associated with the physical form and chemical
composition of the emulsion. These factors have a signifeféettton the initial seal
strength. Holleran et al. measured the curing rates under a range of conditions, including
humidity and émperatureThey recomranded that emulsion curing be controlled under poor

conditions such as high humidity and cool temperatures to optimize performance.

2.4.2 Modified Emulsion Types

The two main types of modifiers used for emulsions are plastomers and elsstom
Plastomers exhibit quick early strength under loading but cannot exhibit strain without brittle
failure. Plastomers include low density polyethylene (LDPE) and ethylene vinyl acetate
(EVA) (StroupGardner and Newcomb 19p%&lastomers resist permanel@formation
because they are rubbése and can stretch and regain their original strength once the load is
removed. Some examples of elastomers that are most commonly used are SBR, which is a
synthetic rubber, and SBS, which is a thermoplastic rubber.

The use of emulsions is highly popular because emulsions do not require a hot mix
setup, they have a low sensitivity to temperature changes, and they are not likely to be
hazardous to the construction crew. Aside from these benefits, most sourcesadhese th
use of PME binder also provides benefits to the binder after modification. Most scientific
sources are also in agreement that the best and most effective concentration of polymers is
one that allows for the formation of a continuous polymer, andio38%6 is a generally
advisableapplicationrate for polymers (Voth 200&GtroupGardner and Newcomb 1995
Aside from these benefits that are generally agreed upon, it seems that no real understanding

of the best dosage rate or recommended concentraiigs &¢ polymer modification. As

10



Voth points out in his preliminary report (2006), a considerable amount of inforniation
available but no real consenstias been reached@his dilemma may be due to the fact that
the dosage rates are maintained asd kimtf GO0secr et reciped by the

manufacture emulsions

2.4.3 PolymerModified Emulsion Performance

Coyne (1988) researched PME chiplseA modified versiorof the Vialit balldrop
test andhe surface abrasion test were used for this study. Thefieddiialit ball droptest
was used to evaluate the setting characteristics of the seal coat. The durability of the seal coat
was evaluated using the surface abrasion test that was selected to assesssthetedféct
on aggregate retentiomhe surface abrasion test had been usedhitransfor many years to
evaluate the abrasive action of traffic on asphalt concrete mixtures. Coyne found from the
modified Vialit balldroptest that PME improves aggregate retentindercold temperatures.
The surfae abrasion tesevealedhatthebinder type and amounf binder moisture
conditioning, and test temperatwak affect the durability of the chip seal.

Shuler (1991) investigated the causes of dislodgement of chip seal coats on high
traffic volume paveent the application of chip seals generally had been limited to low
traffic volume road because therosteffectivenesgor high-volume roads@indthe amount
of vehicle damage from loose aggregatze both unknown factors at that tinf®r this
researh, the cationietype CRS2S modified emulsion that uses a styrene block copolymer
and special processing was used to construct six experimental test sections. The experimental
chip seals were constructed on a mhnoad with an AADTcountof 38,000. No velcle
damage claims resulted from these experimental test sections,subjpbrtshe potential
use and effectiveness of chip seal applications.

Serfass et al. (1992) researched the utilization and evaluation ein8Bi8ed
asphalt for aggregate surfacedtments. When SBS is added to the emulsion, the emulsion
exhibitsimprovedcohesion and reduced thermal susceptibitigich in turn leads ttess

aggregate dislodgement and better resistance to bleeding. However, very high SBS rates (up
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to 5%) indicatesome degree of failure in the form of aggregate loss due to early trafficking
before the emulsion hdmd time tdorm enough viscosity.

Janisch (1995) researched the constructianobiip sealwith improved quality,
because the MNDOT had receiveaimplants (leading to some claimsjpout poor
performing chip seals. EhJanisclstudy includs an examination of the current MNDOT
specifications andninvestigation into the performance of chip seals designed according to
Asphalt Institute MSL9, A Basic Aspalt Emulsion Manualwhich was used by the Strategic
Highway Research Program (SHRP). Five factors wraeninedn this study: application
rate, sweep time, aggregate type, gradation, and binder type. Field test sections were
constructed and monitored@vsubsequent years to evaluate their performance.

Temple et al. (2002) performed a fiyear field performance study of 199996
chip seal and micrgurfacingresearchsusing a summary of data generated by the Louisiana
Department of Transportation aBévelopment'$avementManagemen&roup. For this
study, four performance indicators were involved: the International RoughnesgIRtex
crack analysis, rut depth, and groypehetrating radar thickness. The pavement conditions
were rated annually fro the point of pretreatment until spring of 2001. Observations from
the chip sealesearcheare as follows: the median Pavement Condition Index (PCI) was 75
after 52 months with a significant reduction in cracking; 20% ofd¢kearcheshowed
moderate tdeavy bleeding; rutting was not evident; and measurements for skid resistance
indicated very good performance. The equivalent annual cost (EAC) of the chip seal was
nearly 27 cents a year when five years was the anticipated service life

One of the mostnevalent failures of chip seals is aggregate fbasoccurs from
traffic loadng. One of the benefits of using PMor chip sea is that PMEs mitigatsuch
aggregatdoss. Takamura (2003) compared the aggregate retention performance of
unmodified emul®n and PME (3% cationic SBR latex). He used the brush test that was
developed to reduce problems associated with loose aggregate in chip seal operations. He
conducted the brush test using eight different aggreégaésafter five hours of curing at
95°F (35°C). A comparison of the unmodified emulsion andehmilsion modifiedvith
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SBR latex showthat the SBR latexnodified asphalt emulsion provides faster strength
development, with above 80% aggregate retention, than the unmodified emulsion.
Kuennen (2006) alsodescribes the benefits of Pdior chip seals. Polymer
modifiers generally enhance the bond betwibermggregate and binder atitereforeare
commonly useds the binder modifiers. The typical price of polyrmerdified binders is
higher than thadf unmodified emulsions by about 30 percent. Howexdrenefit ofPMEs
is that theyreduce bleeding and flushing in warm weather due to enhanced binder stiffness.
Khattak et al. (2007) evaluated and compared biadgregate adhesion atice
mechanistic lsaracteristics of polymenodified asphalt mixtures at low temperatures. The
lap-shear test and environmental scanning electron microscope (E8EM)tensile test
were used to test the adhesion and fracture morphology of neat and modified binders. The
indirect tensile (IDT) strength test and IDT cyclic load test were used to obtain the
mechanistic properties. The tapear strength and toughness enegjyeschanged as
functions of temperature and polymer concentration. The EfBEu tensile test rgults
indicatethat modified binders exhibit improved adhesion properties and have more and
longer asphalt fibrils relative to the neat asphalt. The improvements in4aiggexgate
adhesion at low temperatures stem from the enhancement of the mecpamisities. Also,
Khattak et al. found that the plastic deformation rates of the modified mixaarésver than
for the neat ones araile related to the laphear strength and toughness energy.
Lawson et al. (2007) identified maintenance solutions feedihg and flushed
asphalt pavements surfaced with seal coats or surface treatments. THadedimgand
flushingare both used, although the basic mechatismunderliedoth terms is the same,
referring to the excess asphalt binder that fills thdssbetween aggregate particles. The key
factor of bleeding is that the binder is in liquid form. Numerous factors converge to create
both bleeding and flushed pavemeilt®se factors involvaggregateype, bindertype,
traffic conditions environmetal conditions and constructiomariables Bleeding requires
immediate maintenance, such as removingldreagedsphalt and rebuilding the pavement
seal. In contrasflushed asphalt pavements are not a maintenance problem. To treat flushed

pavement, a nevextured surface isonstructeaver the flushed pavement. The PME
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surfaceprovidesan improved seal coat and surface treatment performance that make
bleeding andlushing problems less common.

In the summer of 1998, the Minnesota Department of TransjporfANDOT) built
a test site to test different types of chip seals amotgpare and estimatiee performancef
aPME (CRS2P) and unmodified emulsion. The PME showed a dramatic improvement in
early aggregate retention performance. So, the MNDOT bega&tdmmend the use of
PME on any roadway with aannual average daily traffidADT) countof more than 500.
The MNDOT currently requires CRZP for allits chip searesearchesAlso, the MNDOT
recommends sweeping no earlier than the next mofalloyving constructionbecause even
this slight delay dramatically reduces the number of claims for vehicle daraaged by
flying loose aggregate particleBhe use of PMBasalmost completely eliminated the
bleeding of chip seals due to an increase in tftersag pointof the binder Therefore, the
binder application ratior the PMEcould be increased by as much as 15% theer
unmodified emulsion without fear of bleeding. Based on these improved performance results
and advantages, the use of PME for &gpls in Minnesota has increased dramatically, from
8% in 1999 to more than 50% in 2005 (Wood et al. 2007).

J a n is stedy(1®95) which was mentioned befoled to changes in the current
MNDOT bituminous seal coat specificationhhéeTMNDOT bituminous sd coat
specification (2356 bituminous seal coat) that was revised in 2008 lastly suggests that the use
of the CRS2P emulsion produced by using polymer modified base asphaltldrdyuse of
latex modification is prohibited for seal coat. Based on theopet discussion with Mr.
Thomas Wood by email (2013), the latex modification cures slower as latex tend to float up
to surface and trap water underneath latex layer so extra rolling is required to accelerate
curing if latex modification is used.

Kim et al (2009) compared the aggregate retention performance e? k@ (CRS2)
and PMEs (CR&L and CR&P). The MMLS3 test FOT, Vialit test, the bleeding test, and
the rutting test were performeah both laboratory and fieldbricated samples under
differenttemperature conditiaThe benefits of using PME in chip seal construction were

supported in this studfthe CRS2L emulsion manifests a reduction in the amount of
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aggregate loss during early curing times, less curing time needed to obtain the desired
adresion, and the ability to allow traffic on the newly constructed road safely and sooner.
Also, the CR&L emulsion improves the aggregate retention performance at low
temperaturesThe CRS2L emulsion tested by the Vialit test meets the criterion of 10%
maximum allowable aggregate loss by Alaska specificatior8®€ and 5C . Based on the
results fronthe bleeding performandestsand visual observation, the PME improves the
bleeding resistance regardless of chip seal tyfiles PME has a benefit fane significant
rutting resistance against the traffic loading. Specially, the PME provides a benefit of the
rutting resistance at the high temperatures@4The PME is cost effective in life cycle cost
analysis on condition that PMgervicelives is 2 years longer than that of nétME chip

seal road althougRMEscosttypically about 30%nore thamonpolymer modified

emulsiors.

2.4.4 Curing and Adhesive Behavior of Polyméviodified Emulsions

Proper curing and adhesion are critical to the performance o$ehip. The curing
time needed in chip seal construction is an issue of concern for high traffic volume roads,
because the length of the curing time determines the duration of the traffic closures that cause
delays. The adhesive behavior between the emuisid the aggregate is likewise important
to chip seal performance. To construct well performing chip seals, it is important not to allow
other factors to contribute to poor adhesive behavior. For example, if the aggregates used for
construction are too dty, the adhesion between the aggregate and emulsion will not be
strong due to the amount of fines that would limit the bonding ability of the two materials.
Becausd’ME has stronger adhesive strength than unmodified emulsion, it is less susceptible
to issies caused by dusty aggregate and, therefore, is recommended for use in chip seal
construction.

Onewayto increase adhesive strengtha treated pavement surfasdo construct a
fog seal on top of the chip seal layer to ensure that the chips are ipidde and that flying
aggregate cannot cause windshield damage. The California Chip Seal Association (CCSA

2005 suggests that too many small chips in the gradation can prevent the larger chips from
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reaching the emulsion and thus could lead to the lobgedarger chips. Therefore, as seen in
the NCDOTFHWA/NC/2006-15 researchthe gradation of the aggregate is important to
adhesion.

Furthermore, the CCSA suggests that premature failure of chip seals is associated
with poor binder quality, which is coisgent with the experience of field supervisors at the
NCDOT. The CCSA suggests the use of a modified emulsion that is less brittle at low
temperatures and stiff at high temperatures. Also, the material should be adhesive and
durable at all temperatureshdse characteristics help protect the chip seal against not only
elevated summer temperatures where bleeding could occur, but also against cold winter
temperatures where cracking could occur, as well as the loss of aggregate due to weak
adhesion.

Adhesionhas also been found to be directly related to the compatibility of the
aggregate and the emulsion, and not just the emulsion characteristics alone. Therefore,
compatibility should be determined so as not to negate the improved adhesive benefits that

stem fom thePME used in chip seal construction

2.5 Construction Procedures Used for Modified Chip Seals at High
Traffic Volumes

With regard to the construction of chip seals on higlume roads, Schuler (1991)
reports that the construction guidelines summarizédde NCHRP Chip Seal Best Practices

(Gransberg and James 2005) and showiralrie 1 improve chip seal performance.
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Tablel BestPractices forConstructingHigh VolumeChip Seals (Gransbgrand James 2005)

Practice Reason
Reduce excess aggregate Increasesweeping proficiency
Reduce aggregate size Larger aggregate causes more damag
Use double chip seals Smaller aggregatis in contact with tires
Use lightweight aggregate Lower specificgravity causes less damag
Use choke stone Locks in larger aggregate
Use bg coat Improves embedment
Precoat aggregate Improves adhesion
Use polymer modifiers Improves adhesion
Allow traffic on chip seal Vehicles provide additional embedment
Controltraffic speed on chip seal Reducs whip-off

Tablel shows that in addition to the use of PME to improve adhesive performance,
other valuable construction methods exist that can benefit the performance &athiats
high volumes, such as the use of lightweight aggregate or a reduction in aggregate size. From
the literature review (Shuler 1990) it is found that sweeping is also an essential aspect of chip
seal constructioat high volumes. Sweeping becomes eweme essential for high speeds. It
is recommended that the road surface is swept before being opened to traffic after
construction.
It is also found that chip seals perform well on kigiume roads when used as a
preventive maintenance tool on roads relie distress level is determined to be moderate,
at worst, and where the pavement condition rating is used as the threshold to determine when
a pavement needs to be surfaced using a chip seal treatment (Gransberg and James 2005).
Furthermore, at highaffic volumes the adhesion and bond between the aggregate
and emulsion become even more pivotal. It is suggested that aggvegiaecompatibility
is tested in a laboratory setting before construction even begins to ensure that the

compatibility is strog enough for proper bonding (Yazgan and Senadheer 2003).
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Temperature is also an essential factor of adhesion and subsequent chip seal
performance. If the pavement temperature is too low during the emulsion application period
of construction, poor bondingetween the aggregate and emulsion may be evident. This
situation is remedied either by constructing the pavement within an appropriate temperature
range, or using low temperature PMEs, such as those tested and developed by Road Science,
LLC. The Road Sciece research team constructed a chip seal on a day in March when the
temperature was below 50°F, which is below the temperature suggested in chip seal
construction guidelines. For this construction, the Stylink Low Temperature Emulsion Seal
Coat, speciallygleveloped by Road Science, was used. The Road Science team reported
proper curing and adhesion even at these low temperatures (Road Science 2009).

Road Science has developed additional equipment to help address the importance of
the time that elapses beten spraying the emulsion and spreading the aggregate during chip
seal construction. Effectively, by controlling and limiting the time between the emulsion
being sprayed and the aggregate being spread, Road Science is able to ensure that the
bonding betwee the aggregate and emulsion is not hindered by cold emulsion that has
cooled during the time gap. The justification behind the development of such a machine is
that this time gap between spraying and spreading is even more critical at high volumes and
high speeds because poor aggregate retention is more likely to endanger drivers and damage
windshieldsat high speeds.

Kim et al. (2008) suggest optimum rolling patterns in chip seal construction based on
theresultsfrom aggregate retention performance tesid visual observatioihey
recommend the use obth the pneumatic roller and combination roller to improve chip seal
performanceWith regard to order, rolling should start with the pneumatic tire roller and
finish with thecombination roller to prod@ca smooth surfac&he optinal number of
coverages for both singland doubleseal construction is threEive coverages seem to
improve the aggregate retention performance, but extra time is negoedorm five
coveragesFor the optinal coverage disibution on the underlying layer of multiple seals
(double and triple seals), one rolling coverage of the layer immediately below the top layer

improves the aggregate retention performance. Atstelayed rolling timefter chip
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spreadingaffectsaggregée retention performance. Based on the findings, two optimum

rolling patternsare recommended for chip seal construction. According to the type A rolling
pattern, two combination rollers with three coveragesiseel tocompactheentire lane

width. For the type B rolling pattern, two pneumatic tire rollers are used to apply three
coverages to the entire lane width, and then the combination roller, as a third roller, is
employed to applanadditional coverage on the section. The advantage of typ&hR is
allowsmore coverages (four coverages in type B versus three coverages in type A) within the
same amount of rolling time. In addition, type B can fully capture the ability of both the
pneumatic tirgoller that rolls theuneven surface dheexistingpavement anthe

combination roller that provides a smooth surf&igure2 shows the schematic rolling

patterns.
Emulsion Combination
Sprayer Roller
Aggregate Pneumatic Tire
Spreader Roller
Type A Type B

Figure2 Rolling patterns
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Aggregate gradation is onetbe mosimportant factorghataffect chip seal
performance. The performance uniformity coefficient (P0&) beused to compare the
effects of different aggregate gradations. The closer the PUC is tothempre uniformis
thegradation of the aggregate sourcethe Kim et al. (2011) studyhtee different
gradations of both granite 78M and lightweight aggregate were used to make specimens, and
thenMMLS3 aggregate loss and bleeding tests were condugésed on the test results,
more uniform gradations (i.eqw PUCvalueg lead to betteperformance(i.e., less
aggregate loss and bleeding) than less uniform gradations (i.e., highahié@ (Kim et al.
2011).

TheMinnesota DOTIMNDOT) is one of the most expert agencies in seal coat
constructionIts publicaton, Minnesota Seal Coat Handbook 2Q00&ludes bituminous seal
coat specificationslhe following summary oftte use of modified chip seals on higblume
roadwaysds basedn thesespecificatiors (Section2356 Bituminous Seal Coat), whiarere
revisedmaost recently ir2008, antased also opersonakmaildiscussios with Mr.

Thomas J. WoodResearchProjectSupervisor athe MNDOT

First of all, traffic volume is an important issue chip seal construction. In
Minnesota, single seatan beconstructeadomfortablyup to 15,000 ADT. Also, singiseal
construction is scheduled ooads with30,000 ADT. Currentlythe MNDOT does not have
restrictiors on traffic level for singleseal construction. In ordép achievegood performance,
chip sealgypically are constructed on new hot masphalf{HMA) pavement no more than
four to five years after HMA pavement construction

The MNDOT specificatiols recommendnly CRS2P emulsionwhich isproduced
with polymermodified base asphafbr high-volume chip seal awstruction CRS2P
emulsion is used for all higholume roadwag, whereas CREL emulsion(latexmodified)
is not allowedLatexmodifiedasphalicures slowy becausdatex tend to float tothe surface
and trap water undernedatielatex layer Extra rolling is required to accelerate curing if
latex modification is usedherefore, it is not costffective and the MNDOT prohibits its use

for seal coats.
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For seal coat construction, the useoélity aggregate is important. Sound and
durable particles of ashed stone or gravsipically are usedThe MNDOT specificatios
recommendhe useof clean, uniformsized aggregatearticles that aréee from wood, bark,
roots and other deleterious materials. In order to measure the flattlesagdregate
particles used in chip seglthe secalledflakiness indexFl) is employedThe MNDOT
specifieshe use ohggregate witlamaximum 25% FI and average 12 Lightweight
aggregate is not used in Minnesota because singlkeaseabmmonly used for seal csat
The gradations of F&, FA-2 1/2, and FA3 are commonly used for chip seal treatmamnts

Minnesota; thesgradations are plotted Figure3.

N0200 No100 No50 Nol6  No8 No4 1/4" 3/8"  1/2"

--~-=-FA-2
FA-2 1/2
80 r _—.._FA-3
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-
-
-
-
-

-
P u—3

0.0750.150.3 1.18 2.36 475 6.3 9.5 12.5mm
Sieve Size Raised to the 0.45 Power

Figure3 Aggregate particle size gradatianMinnesota: FA2, FA-2 1/2, and FA3

The single seal is used exclusively in seal €eaénfor high-volumeroadwaysand
afog seal is applied on all chip seals the next day #fessweeping procedure. In general,
diluted CSS1 or CSS1h emulsionsvith a dilution rate of 50% are applied witates 0f0.07
to 0.12 gallyd(0.32 to 0.54 L/rf) for chip seals.
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However, double semtan be used on heavily cracked ro&iscausalouble seals
aremore susceptibleo bleedingwith chokingstone (Mrginia #9) a thesurfacethe
emulsion application rat@&AR) of thesecond layer should be cut down sufficientlya If
single seal cann@ichievets designspecificationgproperly,thensecond and third layers of
aggregate can be added to the sealtain the deed performance

In chip seal construction, several different types of rollers are tisesk includéhe
pneumatic tire roller, steel wheel roller, vibratory steel wheel roller, rudxdeed vibrating
drum roller, and combination roller. Currently, ti&DOT specificatiols recommend only
pneumatic tire rollers in chip seal constructi@minimum numberof three pneumatic tire
rollersis required for a 12oot lane, and three passes are appliethi®full paving width. In
orderto achieve adequat®mpaction,theroller should be applieth thesurface
continuously, and below 5 mpéthe recommendespeedor therollers.

Sweeping is conducted within 20 minutes of compaction. After 20 minaifekst car
travelingbelow 10 mph leads traffic acrogsefresh seal, and sweeper (aa low-sweep
intensity setting) followshe pilot car and traffic. This proce#isatcombines the use of the
pilot car and sweepercontinues t h t he sweeper 0s numbéradnsi ty
sweep passes increas€be early slow (below 10 mph) traffic helge embed and reorient
the aggregatparticlesof thechip seals. Also, early light sweeping removes excess aggregate
effectively, mainly from the area outside theheel pathbutalsofrom the wheel path.
Traffic control remains in place throughout the ddéigonstructionThe final sweep is
applied the next mornindlp to three brooms are commonly used for the sweeping
procedure

Theconstruction procedure for modified chip seals in Minnesmiatesa few
differencegrom thechip seal constructioproceduraused by th&NCDOT. Table 2 presents

a comparison of chip seal construction factors between the NCDOT and the MNDOT
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Table2 Comparison of Chip Seal Construction Factors

NCDOT MNDOT
Traffic | Single seal: 5,000 ADT 1 Single seal: up to 15,00ADT
Volume | Multiple seal: 15,000 ADT 1 No real restrictios
. 1 CRS2P
Emulsion | CRS2L (normally)  Fog seal: CS4 or CSSih
1 Granite and Virginia #9 (for
1 Granite and Virginia #9 (for choking material)
Aggregate choking .mate_rial) Wi Three uniforrrlgradatio'ns with
1 Less uniformity thaMNDOT different nominal maximum
specificatiors aggregate sizes
1 Max. 25% FI
. 1 Normally single seal
Seal Type |1 Normally multiple seals 1 Fog seal is applied on chip seals
1 3 pneumaticite rollersand 1 3 pneumaticite rollers
Compaction | combination roller
1 Total 4 coverages  Total 3 coverages
Sweeping |27 3 hours after compaction T ﬁ;tf?irc ;g d rg\'l\?:éf)zr tF))IeI?c;[wa(r) r'ﬁg;

2.6 The Use of Modified Chip Seals for Inceased Traffic Volume Roads

2.6.1 Modified Chip Seals for Higher Traffic Volume Roads

At one time, the prevailing assumption was that chip seal surface treatments are not

adequate for higlrolume roads. Now, with an improved understanding of the mechanics

behindchip seal performance, as well as improved material alternatives and construction
procedures, chip seal surface treatments are considered a viable option if designed and

constructed properly, even on higblume roads

For example, the Washington State DRas been using chip seals successfully on

the deck of the Tacoma Narrows Bridge for years. This particular bridge has an ADT count
of 178,000. Additionally, Caltrans (the California Department of Transportation) uses chip

seals on-b and 180, which arénigh-volume roadways, and has not had major issues with
them (Kuennen 2005).
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Specifically, the CCSA provides guidelines for designing and constructing chip seals
that perform well on higlvolume roads. To ensure chip retention early in the life of thg chi
seal, the CCSA suggests using polymerdified emulsion and waiting for appropriate
climate conditions. It also suggests that fog seals can be used to hold chips in place at high
traffic levels when necessary.

Schuler (1990) reports that chip seals usedhigh traffic volume roads in excess of
5,000 vehicles per day experience an average performance life of six to seven years, with
some chip seals lasting much longer. His study goes on to describe reasons for chip seal
failures on highvolume roads andedails the methods used to overcome those problems.
Specifically, Shuler describes a method for predicting the potential adhesive ability of chip
seal emulsions by using a modified Vialit testing procedure.

In the NCHRP Chip Seal Best Practices (GranshathJames 2005), it is noted that
California, Colorado, and Montana regularly construct chip seals on roads with ADT counts
that exceed 20,000 vehicles. It is reported that these chip seals performitther
excellentunder these traffic conditionseXas also has had success constructing chip seals on
high-volume roads. It is noted that tbkip seals that perform well tend to be polymer
modified seals. As stated previoudBME has better adhesion than unmodified emulsion,
which helps the retentiorf aggregate at high traffic volumes and speeds (Kuennen 2005).

Gransberg@nd Jame&005 report that in South Dakota chip seals using unmodified
polymer perform poorly in higlrolume/highspeed road application&ggregateretention
was found to be the pblem associated with most of the seal failures, with broken
windshields cited in many cases. The South Dakota DOT then embarked on a research effort
to determine the specific factors that could improve the performance of chip seal surface
treatments on gh-volume roadways. In this study, twelve chip seal designs were used to
compare higkvolume chip seal sections using modified and unmodified emulsion. The
results of the study, reported in a January 2002 Transportation Research Board presentation
on theEvaluation of Chip Seals on Higbpeed Roadways s uggest -motifed #Apol yi
bi nders are the key to succes-$ypeunighspeed p seal s

p a v e maMade®tal. 2001 In short\Wade et alfound that performance was enhadc
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on highvolume roads by usingME. As previously mentioned, they reported adhesive
benefits as the main factors behind the improved performance.

Zaniewski and Mamlouk (1996) report that some agencies use PME in the design of
chip seals, particularly omgh-volume roadways, because the polymer modification reduces
temperature susceptibility, provides increased adhesion to the existing surface, and allows the

road to be opened to traffic earlier than would ordinarily accur

2.6.2 Fog SealApplication

2.6.2.1 Fog SealGeneral

Fog seals have been used as an effective means of preserving pavements for many
yearsFog seal s ar e aggmegthhptacdng & lght applicatidn ofia n 6
dilutedasphalt emulsion over a chip sebb. achieve this seal, the fog sealusiopn must
fill the voids in the surface of thexistingpavementThe fog seal emulsion also must
have sufficiently low viscosity so as not to break before it penetrates the surface voids of
the chip seal pavement during the fog seal application. A-s&tting emulsion that is
properly diluted with water is used for a fog seal. An improperly diluted emulsion may
not adequately penetrate the chip seal voids, resultiegcess asphalt on the surface of
the pavement after the emulsion breaks, which caultrim a slipperysurface(California
DOT 2003).Fog seals should not be used when a pavement has poor surface texture,
large cracks, rutting, shoving, structural deficiencies or low friction nuntkiérg et al.

2007)

The purpose of the fog seal isibaprove aggregate retention and extend the service
|l ife of the pavement by increasing the paven
small cracks can be sealed by a fog seal applic@fimod et al. 2006). For a proper fog seal
application, the exisg pavement surface must be clean and dry. As part of a new chip seal
application, the fog seal should be applied immediately after sweeping. To be effective, fog
seals need to form a cohesive film once the water evaporates from the emulsion. This

cohesve film does not form properly at temperatures lower than the minimum air
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temperature of around 60°F. Therefore, the fog seal application process should not begin
when the air temperature is below 60°F or if there is a possibility of precipitation (Wabd et
2006). Also, environmental factors (i.e., high temperature, humidity, and wind) affect the
length of time the fog seal emulsion takes to break (FHWA 2003)

The Minnesota DOT (MnDOT) has had success with fog seals on new chip seals
(Wood et al. 2006)n the MnDOT roadesearcheghe fog seal controlled dust, locked down
the chips, and created a black surface. The fog seal reduced the likelihood of shelling and
also protected the chip seal against snow plow damage. The black surface serves to improve

visibility and public acceptanci/ood et al. summarize the benefits of fog seals as fallows

1 The traveling public thinks it is driving on a new HMA surface rather than a chip
seal.

1 The emulsion is diluted, which yields a very low viscosity that allows ,nfast
all, of the additional asphalt binder to fill the chip voids increasing embedment by
up to 15percent with no bleeding.

1 The fog seal reseals any chips that may have partially brokea turing
sweeping operations.

1 Darkening the pavement surfagéh a light application of asphalt emulsion allows
the pavement surface temperature to rise. The subsequent softening of the binder
allows the chips to orient to their least dimension more quickly. This factor is very
important in Minnesota where late sea chip sealesearcheare more susceptible
to failure d to colder weather conditions.

1T Fog sealing can provi de -dao od ecsfi gan ecrh iwg tshe
application. If, after traffic has driven on the surface, it appears that embedment is
low, an engineer can add additional binder to the chip seal by increasing the fog
seal amount. In some cases, the amount of fog seal emulsion applied increased to
over 0.20 galyd?® (0.91 L/nf).

1 When a fog seal is applied, a reduced amount of paint isgaegds make

pavement rarkings visible on the surface.
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f  The low cos{i.e.,average cost of a fog seal is $0.$8.80/yd ($0.22- $0.97/nf))

andease of constructioadd to the benefits of fog seals

Despite their advantages, however, fog seals have disagvantages as well. These
problems include the fact that traffic cannot be allowed on a road with a new fog seal until
the binder has cured completely, which can take 6 to 8 hours depending on weather
conditions. Also, the fog seals may have low frictrmumbers until the binder wears off from
the surface of the aggregate that contacts the vehicle tire (Jahren et al. 2007

When fog sealing chip seals, proper embedment of the aggregate particles requires a
given volume of emulsion whether that emulsiois applied before or after the aggregate is
spread. Chip seal designs should be adjusted by reducing the initial shot rate accordingly
(King et al. 2007.

Nikornpon et al. (2005) describe a procedure for estimating the fog seal EAR-: A one
liter can of diuted emulsion (usually 1:1 dilution rate) is poured evenly on an area of one
square meter, i.e., a diluted EAR of 1 litef/ihe EAR is reduced if the emulsion is not
absorbed into the surface after 2 to 3 minutes and is repeated until the approximae EAR
found. If, after the first test, the surface appears to be able to absorb more emulsion, the EAR
is increased and tested over a new’hrea. The process is repeated until the approximate
EAR is found. This same procedure can be followed using galhsquare yards (S)to
determine the EAR in US customary units

The AEMA (2004) offers a guide for fog seal applications. This guide shows
suggested EARs for the fog seal, as sedirable3. The objective oftie fog seal is to apply
a uniform coverage of emulsion aselal the pavement pores, small cracks, and voids against
water and weathering. If an emulsion is over applied, a light cover of clean, fine sand may be
applied onto the uncured fog seal at the cd@ to 10 Ib/yd (3.3 t05.4 kg/nf) to provide a
safe, skidresistant surface. Then, one pass of a pneumatic tire roller should be made to
firmly embed this light dusting of sand. The fog seal should be allowed to cure completely
before opening the roadw to traffic. Traffic control is necessary during the application

process to protect the freshly sprayed emulsion until it is overlaid or cured to a safe condition
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The normal EAR used by the MnDOT ranges from 0.06 to 0.12 §40y2i7 to 0.54
L/m?) of diluted CSS1h (cationic slowsetting) emulsion, depending on the size of the chips

used. A higher rate of application is used for coarse chips, and a lower rate is used as the

chips become finer. Minnesota requires a dilution rate of one part em(M¢amal et al.

2006)

Table3 Suggested\pplicationRates forFog Seals (AEMA2004)

. Type of Surface to Be Fog Sealed
Rate of Dilution
Dense Surface Open Surface
% Emulsion (emulsion + Low Absorption High Absorption
water) gallyd? (L/m?) gallyd?® (L/m?)
Net residual asphalt desir¢ 0.01 to 0.030.05to0 0.14) | 0.03 to 0.050.14 to 0.23)
50% (1+1) 0.03t0 0.110.14 to 0.05) | 0.09to 0.230.41 to 1.04)
40% (2+3) 0.04 t0 0.130.18t0 0.59) | 0.12 to 0.3(q0.54 to 1.36)
25% (1+3) 0.06 t0 0.21(0.27 t0 0.95) | 0.19 to 0.470.86 to 2.13)
20%(1+4) 0.08 t0 0.250.36t0 1.13) | 0.24 to 0.591.09 to 2.67)
16.7%(1+5) 0.09 to 0.31(0.41 to 1.40) too high
14.3%(1+6) 0.12 to 0.41(0.54 to 1.86) too high
12.5%(1+7) 0.13t0 0.470.59 to 213) too high

Estakhri et al. (1991) studied the effectiveness of fog seals for bituminous pavement
surface treatments, i.e., chip seals. They employed two experimental programs: laboratory
and field evaluations. For the laboratory study, Estakhri epalducted Vialit testing to
determine appropriate fog seal EARSs to improve the aggregate retention performance of the
chip seal. For the Vialit tests, the chip seal samples were fabricated using a binder application
rate that was less than the optimaérso that the aggregate was embedded into the asphalt to
approximately 20 percent. MBasphalt emulsion that was diluted with water at a 1:1 ratio
was applied to the chip seal sample. Four different residual binder rates were employed for
this study: 0.0, 0.05, 0.10, and 0.20 galA@.00, 0.23, 0.45, and 0.91 LImFrom the
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Vialit test results, the fog seal applied at the residual asphalt application @té gal/yd
(0.45 L/nf) showed significant improvement in aggregate retention.

For the fieldtest part of the Estakhri et al. study, four test roads under low traffic
volume were constructed and evaluated to determine the effectiveness of fog seals at
improving aggregate retention. Each fog seal was applied before the first winter after the chip
seal was constructed. To compare a fog seal with dagpseal, a portion of each chip seal
was not fog sealed. The aggregate loss, determined fromugqgeotographs, was used to
evaluate performance. The performance evaluations were made aftestthventier that the
fog seal was applied and again after the second winter. The fog seal sections showed
significantly less aggregate loss (i.e., better aggregate retention) than the sections that were
not fog sealed. A large amount of aggregate loss catimrthe noffog sealed sections,
particularly between the wheel paths, over the first winter.

The preliminary literature review on fog seals reveals that the criteria used to evaluate
fog seal performance focus on aggregate loss. The aggregate lossipace of the fog seal
application process can be evaluated using various laboratory test methods, including the
Vialit test and the sweep test (ASTM D 7000) (Barnat 2001, Yazgan 2004). However, each
of these methods applies a different form of mechaeigaigy to assess the aggregate
binder bond interaction; and neither of these methods simulates the mechanical force
imparted on the pavement by traffic wheel loading. To alleviate this shortcoming, a
performancebased AST test method was developed artddess part of the
FHWA/NC/2006-15 research{Kim andLee 2005)This accelerated test method uses the
MMLS3, which is a scaledown unidirectional vehicle load simulator that uses a continuous
loop for trafficking. The wheels travel at a speed of aboui(®bysheel applications per hour,
thus allowing an accelerated evaluation of pavement performance under more realistic
loading conditions than that of other available AST tests

In addition to existing AST test methods, such as the Vialit test and trevéiptest
(FOT), the NCSU research team has developed several other AST performance test methods,
including: a digital imaging technique to evaluate bleeding, the modified sand patch test, a

digital imaging technique for examining cressctions of epoxyeinforced chip seal samples,
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and a laser surface profiling system to determine the aggregate exposure depth (Kim and Lee
2008). These test methods are designed to be applicable under both laboratory and field
conditions, with the exception of the digitalaging technique, which is applicable to
laboratory samples only. Some of these methods are reviavedig in the following
sections

Based on the literature review, the pros and cons of fog seal application can be

revealed as seen Trable4.

Table4 Pros and ©ns ofFog Seal Application

Pros Cons
1 Costeffective method 1 Long curing time (delayedaffic
1 Ease of construction opening)
1 Extension the service life tiie ' Reduction of skid resistance
pavement
91 Desirable black appearance

2.6.2.2 Review of Existing Fog Seal Guidelines

One of important goalsf thisresearchs to develop a fog seal application guideline
for use in North Carolina. As a result of the literature review of fog seals,rée th
appropriate guidelindsas been fountb consult for this workEFog Seal Guidelinefor
California), theMinnesota Seal Coat Handbook 20@&dFog Seal Applicatioiifor the
FHWA), as well as other studies on the topic

Fog Seal Guidelines (State @&lifornia Department of Transportation)

Asphalt emulsion and water typically are used in the construction of fog seals. In
some cases, the emulsions are made for special purposes, but the primary types used are
CSS1h and SSLh. Asphalt emulsions contaip to 43% water, but must be diluted further
before use to reduce their viscosity. Typically, the recommended dilution rate is 50% (1:1).
Typical EARs for diluted emulsions range from 0.15 tol@? (0.03 to 0.22 gal/\i)
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depending on the surface condiits(seeTable5). To estimate the optimal EAR, a method
that uses a onlter can is employed, as follows. Take a diter can of diluted emulsion and
pour it evenly over an area about 1 iffithe emulsion is ncabsorbed into the surface,
decrease the amount and apply to a new arem. If the surface looks as though it will
absorb more emulsion, increase the amount and apply over a néardamRepeat the trials
until the approximate EAR is found. This prdoee for estimating the fog seal EAR is noted
also in Nikornpon et a(2009. The fog seal guidelinemrediscussed iMMaintenance
Technical Advisory Guide (TA§XCaliforniaDOT 2003.

Table5 AEMA Recommendations fokpplicationRates

% Original Dilution Tight Surface* Open Surface**
Emulsion Rate (L/m?) (gallyd?) (L/m?) (gallyd®)
50 1:1 0.157 0.5 | 0.037 0.11 0.47 1.0 0.097 0.22

*A tight surface is of low absorbance and is relatively smooth.
** An open surface is relativglporous and absorbent with open voids.

To be effective, fog seals need to break quickly and cure completely. To achieve this
behavior, an asphalt film must form properly. Thus, warm weather conditions with little to no
chance of rain are necessary, angl $eals should not be applied when the atmospheric
temperature is below 10°C (50°F) and the pavement temperature is below 15°C (50°F).
Furthermore, the pavement surface must be clean and dry before applying the fog seal. After
applying the fog seal, theugng time will vary depending on the weather and surface
conditions. Under ideal conditions, traffic should not be allowed on the roadway for at least
two hours and only after acceptable skid test (CT 342) values, over 0.30, are achieved. To

allow early @ening to traffic, sand blotters may be used at approximately £kg/m

Minnesota Seal Coat Handbook 2006 (Minnesota Department of Transportation)

TheMinnesota Seal Coat Handbook 20t#s been used extensively in Minnesota

and has served as a model fdreststates and jurisdictions around the United States. This
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handbook also includes several advances in the seal coating process, and fog seals in
particular are discussed in Chapter 5. According to this handbook, fog seals are used
commonly to ensure thetention of stone and to add service life to the pavement by
increasing its impermeability to water and air

The normal EAR range is from 0.06 to 0.12 gal/§@i27 to 0.54 L/rf) of diluted
CSS1h emulsion, depending on the size of the €bged. A higherate of application is
used for coarse chips, and a lower rate is used as the chips become fine. Like the California
guideline, the Minnesota handbook also requires warm conditions with little to no chance of

rain to ensure successful applications. ltgasggs that the air temperature is below 60°F

Fog Seal Application (Federal Highway Administration)

Fog Seal Applicatioms one of a series of documents created to guide state and local
highway maintenance and inspection staff in the use of innovativerEat preventive
maintenance processes. Because this document is not a complex paper but a simple checklist,
it is easier to apply in actual field construction than some of the other fog seal guidelines
Asphalt emulsion and water are the main materiadd @isr fog seals, but this
checklist does not mention specific emulsions or dilution rates. To determine the appropriate
EAR, the onditer can method is used. The steps of this method are the same as those
outlined in theFog Seal Guidelinegsed by the @lifornia DOT. The FHWA checklist
recommends that fog seals should be applied when the minimum surface and air temperature
requirements have been met (default 15°C, $9Fable6 summarizes thegtree primary

guidelines for fog seals
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Table6 Summary ofGuidelinesUsed forFog Seals

Foa Seal Guidelines Minnesota Seal Fog Seal
Index (?or California) Coat Handbook Application
2006 (for the FHWA)
Type of Emulsions| CSS1h and SSLh - CSS1h
. Recommendation 0.060.12 gallyd
Appliseion et of AEMA - (0.27 to 0.54 L/
E'_stlmatlng 1 Liter Can Method | 1 Liter Can Method -
Application Rate
Curing Time At least 2 hours - -
: : At lease 0.30
Skid Resistance (by CT 342) - -
Applying Sand Yes Yes -

Note: Blank cellsndicateno mention in the guidelines.

2.6.2.3 Factors Affecting Fog Seal Performance

Emulsion Properties

The materials used in fog seals typically are slowmediumsetting emulsions
diluted with water to produce a low viscosity that will aibow the emulsion to break before
penetrating the voids in the pavement. Standard emulsions are catioricdZ €5 S1h and
anionic SS1, SS1h, or MS2 (although MS is slowly being replaced by better products)
(TXAPA 2008.

In theMinnesota Seal Coatahdbook three grades, cationic, anionic, and nonionic,
are used to classify emulsions based on the electrical charge of the emulsifier surrounding the
asphalt particles. For pavement construction and maintenance, only two classifications,
cationic and aminic, are used. In order to prevent failure, cationic emulsions must be used
with negatively charged aggregate, and anionic emulsions must be used with positively
charged aggregate

Emulsions also can be classified according to setting speed. Afterdpghed in
the field, emulsifiers begin tattract toaggregate surfaces that are oppositely charged, and
then the asphalt particles settle to the bottom of the emulsion. The terms RS, MS, QS, and SS
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stand for rapiesetting, mediunsetting, quicksetting ad slowsetting, respectively. The
quick-setting designations have been introduced for emulsions that are intermediate in
reactivity between the MS and SS designations (James 2006).
The viscosity of an emulsion affects its ability to penetrate the vattdgwhe chip
seal, and, therefore, viscosity is one of the most important properties of emulsion. Emulsions
are classified by the numbers 1 and 2. The number 1 indicates emulsions with lower viscosity
and more fluid, and the number 2 indicates emulsnatishigher viscosity and less fluid. In
some cases, emulsion designations may have t
indicates that the emulsion is made using a hard asphalt base (Wood et)alT R@@etail
information was mentioned in secti@rB.
In order to improve certain emulsion properties, polymedified emulsions (PMES)
are used in chip seal and fog seal construction. Polymer modification brings some advantages,
such as adecreaseintheemulsn 6 s susceptibility to temper a:
the emulsion, and allowing the road to be opened to traffic earlier than is the case when
unmodified emulsions are used. Due to the ability of PMEs to enhance pavement
performance, their useylthe chip seal industry has increased in recent years

Emulsion Curing Time

The curing time of an emulsion can affect the overall performance of the fog seal. In
order to find the appropriate curing time for emulsions, the first step is to understand the
curing procedure, shown Figure4. The curing process takes two steps, i.e., breaking and
curing. The breaking process is when the emulsion changes from a dispersed form to an

asphalt form, and curing is wateragoration from the emulsion
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Emulsion Application Rag

Proper EARs depend on the size of the air voids, size of the aggregate, and porosity.
The EAR plays an important role in emulsion cgrirme and fog seal performance. A low
fog seal EAR, for example, can lead to a short curing time, but it can also cause poor
performance of the fog seal. Hence, it is necessary to determine proper fog seal EARs prior
to fog seal construction. Nikornponaet . (2005) recommend the AEM,.
(seeTableb), and in the case of TXAPA (2006), a few specific rates are recommended,
depending on the aggregate grade: 0.08L0 gal/yd (0.36i 0.45 L/nf) for Grade 5, 0.01
0.12 gal/yd (0.051 0.54 L/nf) for Grade 4, and 0.120.14 gal/yd (0.541 0.63 L/nf) for
Grade 3Two studies (Jahren et al. 2007, Wood et al. 2006) do not provide a specific fog seal
EAR.
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3. TEST PROCEDURBRXALANMD S CONCEPTS

3.1 Materials
3.1.1 Aggregate

Two types of aggregasreusedfor this study based on the most common usage for
chip seal construction in North Carolire78M graded granite aggregate arightweight
aggregate with 3/8 ah nominal maximum size of aggregate (NMSA). ld@rto verify the
gradation othetwo aggregate stockpiles, dry sieve analysis was conducted in accordance
with ASTM C 117 .Figure5 shows the gradations of the two aggregate types plotted on the
0.45 power charfor comparison, the gradationstbéchip seal aggregate specifiedthg
NCDOT and MNDOTare plotted as well. In Minnesota, the gradations of FAA-2 1/2,
and FA3 are commonly used for chip seal treatments, but th& ER gradations plotted

becaise it covershetwo aggregate gradations used in this research.

No0200 No100 No50 Nol6 No8 No4 1/4" 3/8" 1/2"
100
—B-- Granite 78M
N r o Lightweight
80 F——FA21/2
70 - —--78M NCDOT
o
£ 60 ¢
7
S 50 F
40
N
30
20
o e
0 GM

0.0750.150.3 1.18 2.36 4.75 6.3 9.5 12.5mm
Sieve Size Raised to the 0.45 Power

Figure5 Aggregate particle size gradations

36



Figure5 shows thathe NCDOT specificatiamrecommendess uniform gradatio
than the MNDOT specificatianThe granite 78M and lightweight gradatidhat areused in

this studyhavesimilar gradatiors, but the lightweight aggregate includes more fine aggregate.

3.1.2 Aggregate Performance Uniformity Coefficient (PUC)

Aggregate gradan is one othe mosimportant factorshataffect the performance
of chip seal surface treatment$eliterature and field surveyemphasizéheimportanceof
uniform-sized aggregatearticlesin chip seal constructiohe Minnesota Seal Coat
Handbod recommendsingle sizedaggregate as the best seal coat gradation for good
performance (Wood et al. 2006). Gransberg and J&200%) alscsuggest singksized
aggregate with less than 2% fine passing the No. 200 sieve as an ideal aggregate source
McLeod (1960 provedthat usingclose tQ one size of aggregate, even it may cause higher
initial construction costdeads to good performaneadis aneconomical option in surface
treatments.

In order to indicate the uniformity of chip seal aggregeateicles Lee and Kim
developed the concept of the performance uniformity coefficient (PUC) (Lee and Kim 2009).
The PUC combirgthe uniformity coefficient (UC) concept andcheodss failure criterigor
chip sealsandis employed as a performance indicatoclop seals byepresenting the
uniformity of theaggregate sourdbat isused in chip seal surface treatments. In Equation
(1), the PUC is expressed as th#a of the percentage passing at a given embedment depth
(g) of median particle sizej to thepercentage passing at twice the embedment depitie of

median particle size in a sieve analysis curve.

PUC= L'
Poem 1)
where

Pem = percentage passing at a given embedment dgptf median particle siz§y) in
sieve analysis curyand

P,em = percentage passing at twice the embedrdepth of median particle size in sieve
analysis curve
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The closer the PUC is to zetbg more uniformis thegradation of theggregate
source. In the previous mix design resedMGDOT HWY-200804), more uniform
gradations (i.e., lower PU@lueg lead to betteperformancethan less uniform gradations
(i.e., higher PUGvalueg in terms of characteristics such as aggregsentionandresistance
to bleeding.In order to comparthe systematic gradation variatgof aggregate sources in
terms ofperformance testinfpr this research, three gradatioae usedA gradation(lowest
PUCvalug, B gradation (natural gradation), and C gradation (highest\rili@ for both
lightweight and granite 78M aggregate.

3.1.3 Emulsion Type

3.1.3.1 Emulsion for Chip Seals

For the performance evaluation of polyra@odifiedasphalt surface treatments
(ASTs) usedor thisresearchRoad Science, LLE" hasproducedwo PMEs:HP CRS2P
and SBS CR&P. In order to compare the emulsion properties of bbthesePMEs withan
unmodifiedemulsion, CRE emulsion was selected th® unmodified emulsion becauge
best matches the surface charge ofgitamite and lightweight aggregdiges that are
commonly used in North Carolinbn addition CRS2L, which is & SBR latexmodified
emulson, was selected amnother modified emulsiaim be used for comparative purposes
due to its popular usage in North Carolifaus, four emulsion types are tested in this
comparative study: HP CR&?, SBS CR&P, CRS2L (the three modified emulsions), and
CRS2 (the unmodified emulsion).

3.1.3.2 Emulsion for Fog Seals

The CSS1h (cationic slowsetting) and S8h (slowsetting) types of emulsions are
commonly used in fog seal applications (California DOT 2003). For the granite and
lightweight aggregates commonly dse North Carolina, the CS8h emulsion best matches
the surface charge of these aggregates. From the literature rieviasalso found that the
Minnesota DOT uses PME for its fog seals. Speciiliyted CRS2Pd (cationic rapid
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setting, polymemodified) emulsion has replaced-38/CSS1 h e mul si on as t he
standard for fog sealing, and essentially serves ascth#itol emulsion. The emulsion is
diluted by the manufacturer as 3 parts emulsion to 1 part water for a specified residue content
of 51% (King et al. 2007). During the early stages of its rese#nelGRS2Pd emulsiowas
consideredor fog seal performance testing, lbhé use of the emulsiatecided against the
idea based on information obtained from Mr. Thomas Wood, who is condadingy of
chip seals and fog seals for the MnDOT. He advised the NCSU research team tist CSS
emulsion typically is used for fog seals because thelbasdd asphalt is less sticky than
other types of emulsion. The CR®d emulsion is used only on shietls, rumble strips, and
older recreational trails for fog seals because it stays sticky longer than otheatyplge
traffic could pull chips out of the fresh chip seal. Some suppliers have tried to dilut2ICRS
(cationic rapidsetting, latexmodified), which is not polymemodified but latexmodified,
but this method has not been successful.

From this information regarding emulsion types, the @8®mulsion is selected as
an unmodified emulsion type. The CQB8 (cationic quicksetting) emulsion atsis selected
as an unmodified emulsion type. This emulsion has a minimum binder content of 57% and is
rarely used for fog seals; it is mainly used as a polymadified (latex) version of a slurry
seal In order to compare unmodified emulsions and PMBH) rip Tight, produced by
Hammaker East, Ltd., and ReviVe produced by Road Science, LI't; have beeselected
for the fog seal studyrhe GripTight emulsion is a highly polymerized asphalt emulsion that
is specially designed for fog seal and flushtcapplications. The best feature of this
emulsion is that it allows for a short curing time, i.e., early traffic opening time. According to
information provided by the manufacturer, traffic could be back on the road within 15
minutes of applicatioiThe Revive™ emulsion is a quiclsetting fog seal emulsion that is
specially designed to break and cure significantly faster than traditional fog seal emulsions.
The main advantage of this emulsion is similar to that of-Gigiht. The emulsion company
stateshat Revivé" takes only 30 to 45 minutes to break and cure before the road can be
opened to traffic
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From the literature review it is found that the range of typical application rates for fog
seal emulsions, which are diluted with water, is from 0.0328 gal/yd (0.14 to 1.00 L/r).
In this research, the fog seal EARs are considered when the fog seal is applied on the chip
seal surface, which has a rougher surface texture than typical asphalt pavement. A few
representative fog seal EARs were selecteoligh the curing time study, and then they were
used for the fog seal performance tests. The fog seal EARs were determined and adjusted

depending on the test method.

3.1.4 Type of Chip Seal

For the Vialit test and MMLS3 test (aggregate loss and bleaests, singleseal
specimensverefabricated for both aggregate types (granite 78M and lightweighe¢)
optimal aggregatapplication rateAARS) and emulsion application rates (EAR®re
determined fothesesingle sea based oan earlierchip seal mix degn study (NCDOT
HWY -200804). All the specimens were fabricated with AARSs of 16 1b{gd7 kg/nf) for
thegranite 78M aggregate and 7 Ib7\(8.8 kg/nf) for thelightweight aggregate. For all the
specimens of both aggregate types, an EAR of 0.25 §&liytB L/nf) was applied for the
CRS2, CRS2L, HP CRS2P, and SBS CR3P emulsions.

In order to investigateutting performance, triplgealspecimensverefabricated
based on the previous PME study (NCDOT HMRQ0706). All the tripleseal specimens
were canposed of granite 78M, granite 78M, and lightweight aggregate for the bottom,
middle, and top layers, respectively. The AARSs for the triplesseal 17 Ib/yd (9.2 kg/nf),

17 Iblydf (9.2 kg/nf) and 9 Ib/yd (4.9 kg/nf) for the bottom(granite 78M), middldgranite
78M), and top (lightweight) layers, respectively. The EARs are gaB@d’ (1.36 L/nf),
0.25gal/yd (1.13L/m?), and 0.20 gal/ytl(0.91L/m?) for the bottom, middle, and top layers,
respectively.

For the fog seal studyepresentative chip seshmples must be fabricated for fog seal
performance testingecause the fog seal EARs canvhded depending on the texture of
existing pavementn this research, one type of chip seal texture has been created using 0.25
gallyd® (1.13 L/nf) of CRS2L emusion and 10 Ib/yfi(5.4 kg/nf) of lightweight aggregate,
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as recommended from the HW200803 research. It is acknowledged that additional chip

seal textures should be tested for further research

3.2 Experimental Program

According to previous research aeximples found irthe literature, chip seals
constructedisingPMEsexhibit improvednitial and longterm performance (i.e., aggregate
loss and bleedingesistancg extend the service life of pavemergedreduce expensdor
pavement maintenanc&ecausehip seals with PMEsxhibit these googerformance
propertiesthe possibility of using themn highvolume roadshould be exploredn order to
do so,it is important to develop construction guidelitleat incorporatehip seaktructure
types, optimzed construction procedures, and the maximum traffic volumes for pelymer
modified chip sealsTable7 presents thexperimental progranihathas been developed to
accomplish tkb goals of thisesearch.

Table7 Experimental Program
Phas Research Purpose Factors and Test Methods
Investigation of Curing anq - Temperature and Curing Time

1 Adhesive Behaviors - Evaporation TesBBS Test, and Vialit Test
, Mix Design(EAR, AAR, Material Types and
2 E();eo\;iltorﬁrcqu gcizfmgd Properties, and Chip Seal Structymedlling
Pattern, Traffic Opening Time, Time for Sweepir
3 Constructhn of Field Traffic Volume and Field Adjustment
Sections
- MML S3: Aggregate Loss, Bleeding, and Ruttin
4-1 Laboratory Performance| Skid Resistance: British Pendulum Test

Testing - Surface Texture: Laser Profiler (MPD Analysis

4-2 Field Sections Monitoring| Laser Scan and Visual Observation
Analysis of Chip Seal | Curing and Adhesive Bewviors and Performance

S Performance Properties for both Laboratory and Field Specim
o Construction Procedures and Maximum Traffic
6 Guidelines
Volume
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Phasel is designed to investigate the basic mechanjisms curing and adhesive
behaviorwhich govern the agggate retention performanoéchip sealsThesawo
mechanismsre evaluated as a function of temperature and time using-aan¢iblied
laboratory experimental program.

In Phase 2, the information gathered frtme literature review an®hase 1 is ugkto
develop several refined construction procedures for modified chip seals and a field
experimental program to evaluate performance improvesriehé refined construction
proceduresiredeveloped by optimizing the following construction factors: (1) dasgign
(i.e., EAR, AAR, material types and properties, and chip seal structures), (2) the time interval
between spraying the emulsion and spreading the aggregateetarsrspreading the
aggregate and rolling, (3) rolling patterns, (4) traffic openimgtiand (5) time for sweeping.

For the mix design, the findings from the previous chip seal mix design study (NCDOT
HWY-200804) and the performandesed PME study (NCDOT HWE00706) are used to
develop a few candidafmrametergor the mix designthe® factoranclude EAR, AAR,

material types and properties, and chip seal structure. Two to three candidate rolling patterns
have been developdéam the findingsof the previous rolling study (NCDOT HWZ006

06).

The fog seal application is consideredPlrase 2 because fog seate amonghe
mosteffectivemethods to improve the performance of chip séatentative experimental
program has been developed based on the findings from the literature fiev@varget
parameters have been identified asantgnt variables for the satisfactory performance of
fog seals and for their specifications. These parameters are the fog seal EAR and curing time.
The fog seal EAR iaffectedby surface voids, surface absorption, and emulsion Type.
curing time is afécted bythedilution rate application rate, and curing temperatureese
two target parameters affect several performance characteristics of fog seals. The fog seal
EAR affects the surface texture depth and, thus, aggregate loss and skid resistance. The
curing time whichis determined by the curing rate of the emulsismelated to performance
because the speed at which the emulsion cures helps determine when the roadway can be

opened to traffic
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Phase 3 is designédr the construction ahe chip salson actual roadwausing the
refined construction procedures developeBtiase 2. The field construction days, locations,
and variables were confirmeliringthe preconstruction meetingnd in consideration of
field conditions (i.e., weather, traffimlume, traffic control, and material supply).

Phase 4 iseparatedhto two phases, such as phask dnd 42. In phase 4., both the
laboratory samples fabricated in laboratory Hredfield samples extracted from the field
sections are tested in thétaatory using performance test methods, including the Vialit test
and MMLS3 test that have been used successfully in previous chip seal resseacbhes
For the curing time study, the evaporation test, BBS test, and Vialit test are pertordezd
different conditionsThe fog seal field testsge., the damping test and rollirtzall test, are
evaluated irthelaboratoryin orderto apply thenfor field constructionIn order to compare
between target application rates and actual application rateEARs and AARs from the
different field sections, the ignitiorven test is performed usingalit samples. Aggregate
loss, bleeding, and rutting performance are evaluated using the MMLSB félsase 42,
the performance of the chip seals in the feddtions is monitorefibr comparisorwith the
laboratory performance tests usegser scan and/or visual observatiBecausehe
aggregate loss of chip seals normaltgursafterthefirst winter, the field section monitoring
is performed at severtimes (i.e., after construction, before winter, and after winter).

In Phase 5, the adhesion relationships develop&tase 1thefindings from the
laboratory tests ifPhase 41, and the performance observations from the field sections in
Phase 42 are ged to develop construction and traffic volume guidelines for PME chip seals.
These guidelinemcluderecommendations for: (1) optimized construction procedures for
PME chip seals, including the timing of the various steps involved in chip seal coosiructi
(i.e., aggregate spreading, rolling, traffic opening, and sweeping and rolling patath§?)
the maximum traffic volumes that PME chip seals constructed with different materials can
accommodate using the optimized construction procedures.

For Phasé, thedissertatiordocuments the findings from the literature revesvd
the findings from the field and laboratory testing program,@nsidesthe construction

guidelines for PME chip seal$he dissertatioalsosummarizes the recommendations for
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optimized construction procedures for PME chip seals and the maximum traffic volumes that

PME chip sealsanaccommodate.

3.3 SampleFabrication

3.3.1 SampleFabrication Facility

In order to eliminate temperature as a variable in fabricating and testing fog seal and
chip seal specimens in the laboratory, it is important to be able to control the temperature
throughout the entire process. Such control is vital because it ensures that each sample is
subjected to nearly identical temperatures during the fabrication, candgesting
processes. Pivotal to achieving this level of temperature control is a closed facility that can
host the fabrication process. The NCSU research team has constructed such a facility, a 16 ft.
by 8 ft. greenhouse made of wood and polycarbaglates This greenhouse, pictured in

Figure6, ensures a relatively consistent temperature for the specimens during fabrication.

Figure6 Greenhouse for temperaturent|

44



The fog sealstudyrequires performance testing of fog seal samples using various fog
seal EARSs for different chip seal samples. However, performance testing of fog seal field
sections is too costly, if not impossible, within the time and resources allotted iest@sch
Therefore, a laboratory device that can fabricate fog seal and chip seal samples with accurate
EARs and consistency is important for the success of this research. Because emulsion can be
sprayed onto a felt disk or chip seal sample resting on @, sicial fairly simple to apply the
emulsion at a specified rate in the laboratéigure7 showsan emulsion spraying procedure
that employs a paint guihe difficulty lies in spreading the aggregate in a réaland
consistent mannefhe NCSU research team has designed an experimental chip seal spreader
that automatically spreads aggregate on emulsion at a reasonably steady rate. The device,
ChipSS, showikrigure8, simulates the aggregate spreader that is currently used in field
situations. ChipSS currently is housed in the greenhouse, thus allowing accurate temperature

control in producing chip seal and fog seal samples.

Figure7 Emulsion grayingprocedure
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3.4 Experimental Test Methods

Based on the literature reviewgrious ASTs test methods have been evaluated
their effectiveness in accomplishing the research objectives of this $tugiseleced
performance tests for different performance characteristics are listedbl@8. The results
from these tests will be analyzed and compared to determipetftoemance properties of

chip seals that consist different materials at different conditions.
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Table8 TestMethods foPerformanceProperties

Performance Characteristics

Performance Test Methods

Curing and Adhesive
Behavior

Evaporation TesBBS Test Vialit Test, Rolling Ball

Test, Damping Test

Aggregate Retention

MMLS3

Test, Vialit TestPhotarecord (Field)

Bleedingand Rutting

MMLS3 Test

Skid Resistance

BPT

Surface Texture

Laser ProfilerMPD Analysis

Field Application Rates

Ignition Oven Test

Field Performance

Visual Survey, Laser Profiler

3.4.1 Evaporation Test

It is important to determine the curing tinteat isrequired for the respective

emulsions to reach their asymptgbercentage of water loss (% water losisat is, the point

at which no more water loss occursisTietermination allows a direct comparison of the

curing characteristics of tHeur test emulsions. For these evaporation tésesmulsions

are prepared and placed in small cans of 90 mm diameter eachtfdlemulsion samples

are exposed to thersa conditions in the environmental chami#égure9 shows

evaporation test samples in the environmental chamber
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Figure9 Evaporatiortestsamples inenvironmentalkchamber

The evaporadn test procedure involves the following steps:

1) Heat the test emulsion at &Dfor 2 hours

2) Placethecans in the oven @ihetest temperature for 1 hour

3) Placethecans on the scale

4) Pourtheemulsion into the cans

5) Placethespecimens in the environmahthamber athetest temperature
6) Measure the weight of the specimens periodically

3.4.2 BBSTest(PATTI Test)

The PATTI test is an adhesion test developed by the National Institute of Standards
and Technology and tgpically used in the paint industry. Thisst is standardized in ASTM
D 4541:Pull-Off Strength of Coatings Using Portable Adhesionthe pavement field,
PATTI can be used to measure the bond strength betlebot asphalt bindsrand
aggregate surfasgor betweerthe emulsiors and aggregatsurface. The PATTlitself and a
schematic representation of the PATTI piston are providé&igure10. The AASHTOTP
91 wasdeveloped for asphalt binders and emulsions using the PATTI device and is called the
bitumen bond strength (BBS) test. TBBS test procedure has been modifgadthat it can

be used also to test the bond strength of emulsis@sfunction of curing times
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(b)
Figurel0PATTI test;(a) PATTIdeviceand (b)schematic opistonassembly(PATTI
Manual)

Figurellshows theBBStest set upAfter preparing the test materials, all procedures

are conducted in an environmental chanti®rause the test temperature playga role in

o  SE. %3

the emulsion curing.

|

(a) (b)
Figurel1l PATTI samples inenvironmentathamberfor: (a) emulsionand(b) fog seal
emulsion

In order to fabricate emulsion specimens on an aggregate substrate surface, a silicone
mold that is approximately 400 mm400 mm with a 20 mm diameter hole is used. The
mold has no backing and is used to contain the emulsion on the aggregate substrate during

curing Figurel2 shows the mold dimensiolasd the molds attached to the aggregate

substrate.
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(a) (b)
Figurel2 Molds: (a) dimensions (mm) and (b) attachmdldsto aggregate substrate

Precut granite substrate is usedB&S testing. In order to prevent the pdsbty of
eccentric loading during testing, the granite substrate must be uniformly flat. Hence, the
substrate is polished using a 28 silicon carbide material to remove saw marks and to
ensure a consistent surface roughness. Prior to testing, steaseishould be cleaned using
an ultrasonic cleaner filled with distilled water for 60 minutes &C6@®esidual particles on
the substrate surface can affect the bond strength of the emulsion, so this cleaning procedure
is essential for the proper implemtation of thd8BS test.

Pull-stubs made of stainless steel are used. To ensure good adhesion between the
emulsion, pulstubs, and substrate, the pstiibs should be firmly pressed down into the
aggregate substratéigure13 shows thathe pultstubs have 0.8 mm thick rims on the
bottom plate and the rim has four gaps. These gaps allow any excess emulsion to flow out of
the pultstub, so the emulsion remains a uniform thickn@ssording to previous studies,
the bond strength can be affected by the thickness of the emulsion film and curing of the
emulsion.However,it is difficult to control the film thickness of fog seal emulsions, which
are diluted with water, because the volume of fog seal emulsions chagugsastly
depending on the curing tim€hus, in order to keep the fog seal emulsion film thickness
constant,13.5 kg of dead weighs appliedfor 10 seconds when adhering it (12.7 mm)
pull-stubs onto the substra&though the BBS test procedusaggests using 20 mm pull

stubs, such pulstubscannotbe applied to film that is thinner than 0.8 mm.

50



PRES

——
—

be 20 > 0.8

- D o

-—
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Figure13 Dimensions (mm) opull-stub: (a) profile view and (b)ottomview (AASHTO-
TP 91)

PATTI providesthe maximum puloff tensile strength by converting air pressure to
tensile strength. In general, when a failed surface on the substrate has asphalt remaining on it,
the type of failure is referred to ashesivdailure. Whenlittle to no asphalt remainsn the

substrate, the type of failure is referred t@dbkesive failureExamples of cohesive and
adhesive failures are providedkigure14.

(@) (b)
Figurel14 Failure types(a) cohesivefailure and (bjpdhesivefailure.

In this studythe BBStest is used to compare the adhesive behavior of each emulsion

as a function of different curing times and temperatures. In other words, the most important

factor in theBBStest is not bod strength itself, but the change in bond strength as a function
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of curing time.In the fog seal research (HWX01002),the BBS procedur@asmodifiedso

that it applies to fog seal emulsions, which are very sensitive to curing time due to the fact
that tiey are prepared by diluting them with water. That is, the amount of water evaporation
is higher than that of a normal emulsion. From the fogBB8&ltest resultsit hasbeenfound

that the modified BBS procedure works wdlhe only difference betweehd BBS

procedure and the modified BBS procedure is the testing time. In the BBS procedure, once
the pultstubs are affixed, one hour is required to allow the samples to acclimate to the testing
conditions. Therefore, when tlBBS test is conducted for twloours of curing time, the

actual test is performed at three hours of curing time. This additional one hour not only can
affect the bond strength but it also can be a major variable in determining the emulsion
curing rates, because any significant chandbkercuring rate of the emulsion normally

occurs during the early part of the test. Therefore, the modiitest procedure is used

for analysis of the adhesive behavior of each emul3iable9 shows both praadures in

detail. In order to maintain the test temperature, Stpd48areconducted in an

environmental chamber.

Table9 Comparison of BB$rocedure an#lodified BBSProcedure
Steps BBS Procedure Modified BBS Procedure
Heatemulsion to 6G:24C.
Attach molds to aggregate substrate, and heat them to an application tempe
Fill molds with 04 +0.05g of emulsiorand0.6+0.05¢g of fog sealemulsion
Cure the sample under controlled conditions for a given curiegvait

Heat pultstubs to 6@:2AC.

After removing samples from the

6 | chamber, remove molds and place the
pull-stubs on the emulsion.

Return the testing assemblytte oven at

25+2/C for 1 hour.
8 Conduct thedst Conduct thedst

a | wWwiN

In the chamber, remove molds and
place the pulstubs on the emulsion

Wait 10 minutes.
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3.4.3 Ignition Oven Test

The ignition oven test, which is specified in ASTM D 63€dmmonlyis used to
calculate the weight of residual aggregate and emulsidrutyyngsamples in argnition
furnace Becauséhe application rates of the aggregate and the emulsion affect the
performance properties of chip seal surface treatments, it is necessary to know the actual
application ratesisedin field construction. The actual application satan becalculated
from field samplesisingthe ignition oven tegesults The mass afheaggregate can be
affected by the pyrolytic actiaimat occurgluring the ignition oven testorrection factors
are determined for each aggregate type, as showabte10, and applied for the calculation
of the actual application ratestbiefield samples. The actual application rdtasthe

aggregate and emulsion are calculate@&g@yation(2) and(3).

Table10 Correction Factors for Each Aggregate Type

Type of Aggregate Correction Factor (%)
Granite 78M 0.26
Lightweight 0.27
WA = V\AA 3C F
@)
WRE = Vvo 'M
©)

where

Wa = Aggregate weight

Wra = Residual aggregate weight (after burning)
Wge = Residual Emulsion Weight

W, = Original samp# weight

C.F. = Correction factor
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3.4.4 Flip-Over Test

The flip-over test (FOT) is the part of the sweep test procedure (ASTM D7000) that
measures the amount of excess aggregate on the spektimersed to simulate the
sweeping process on a chip seal surtaweday after new chip seal constructidhthe end
of the curing time, the specimenturned vertically upright and any loose aggregatéicles
areremoved by lightly brushing the specimen. The specime&reighed before and after the

FOT to determinghe amount of excess aggregate on the specimen.

3.4.5 Vialit Test

The Vialit test was developed by the French Public Works Research Group and is
standardized in BS EN 1227 This test method is an indicator of aggregate retention for
chip seals using the Miatesting apparatus, as shownFigure15. A stainless steel ball is
dropped three times from a height of 19.@hesonto an inverted chip seal tray. The
percentage of aggregate loss after three ball dropedtaevaluae the aggregate retention
of the specimen

Figurel5 Vialit test apparatus
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3.4.6 Third Scale Model Mobile Load Simulator (MMLS3) Performance Test

3.4.6.1 Aggregate Loss Test

Testing with the MMLS3 is a relatively new technigieveloped by the NCSU

research team. This test targets both aggregate loss and bleeding. The MM\V&SBin

Figurel6, accelerates wear dhe pavements and allows researchers to simulate years of

damage in mereays Chip seal samples must be fabricated for MMLS3 tesfinghis end,

asphalt felpapes are cut to 12 rhesx 14 irches and emulsion is applied tmthe felt

paperin dimensions of 7 icheswidth and 12 isheslength this 7 ircheswidth is thesane

width as the MMLS3 wheel path. An actual photograph of the MMLS3 test specimens is

shown inFigurel7. The MMLS3 test procedure involves the following steps:

1)

2)
3)

4)

5)
6)
7)
8)
9)

Curing the specimens in the MMLS3 temperature charat@s°F (35°C) for 12
hoursand 35 + 3% relative humidity, as specified by the ASTM D7®@bidard
Test Method for Sweep Test of Bituminous Emulsion Surface Treatment Samples
Weight theinitial specimen

Condition the temperature of the specimeng#d- (25°C) for 3 hours for the
aggregate retention test

Apply MMLS3 loading for 10 minutes, which is the time required for the MMLS3
to complete one wandering cycle, and thaightthe specimen

Apply MMLS3 loading for120 minutes, and weighhe specimeperiodically.
Condition the specimens &®22°F (50°C) for 3 hours for the bleeding test

Apply MMLS3 loading for 4 hours &t22°F (50°C).

Scan the surface of the specimens.

Conduct the bleeding analysis.
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Figure16 MMLS3

e

Figure1l7 MMLS3 testspecimens beforading

Including the specimen fabrication time, this MMLS3 procedure takes one week to
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complete. The following information can be obtained at the end of the testing:

1 Percentage of aggregate lossadsinction of the number of load cycles

1 Percentage of bleeding area

1 Rutting profiles aftei77°F (25°C) testing and aftet04°F (40°C) testing

1 Skid resistance (i.e., the British Pendulum NumbeBPN) afteras a function of
the number of load cycles

1 Visual observation of the specimen surface ati@éF (25°C) testing to checkor
cracking

1 Visual observation of the specimen surface df22fF (50°C) testing to checkor

bleeding
3.4.6.2 Bleeding Analysis

Once the aggregate loss testing is completed, the bleteditsgare performed. In the
AST industry, the termbleedingandflushingrefer to the spread of hot emulsion and an
excess of emulsion, respectively. Howevmgausdoth of these failure types can reduce
skid resistanceghey show similar failures herefore, in thisesearchthe termbleedingis
used for both bleeding and flushing

The AST samples are placed in the ove®m@tC for three hours prior to four hours of
bleeding testing. During the four hours of MMLS3 loading, the test temperafu, is
controlled inside the temperature chamber. This bleeding test process simulates the bleeding
of AST surfaces during the summer

In order to quantify the bleeding area of thép seal specimensghe specimens are
scanned using a Hewlett Packard digitarsmer (HP Scanjet 4850) as a color BMP file with
a resolution of 200 dpirhe digital images cut down tdlOin. x 10in. to 1,400 pixels in
width and 1,400 pixels in height to maintain consistency for the size of the image pixels. This
size also coverthe width of the MMLS3 wheel path. The contour of the bleeding area is
drawn on the digital images using Adobe Photoshop CS4, and the bleeding area is calculated

usingEquation(4).
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Bleeding(%):M 310C
Afotal (4)
where

Atota = area of AST specimen (total number of pixels, 77inches); and
Agieedng = area of bleeding on AST specimen (sum of pixels obtained from bleeding
image)

&
; ‘
d‘“

(a) (b) (c)
Figurel8 Example of bleeding analysis (SBS GRB with granite 78M aggregate): (a)
sample after bleeding test, (b) sample apgdiiegding area, and (c) bleeding area

3.4.6.3 Rutting Test

A multiple seal is one dhe mostommonly used ASTs for higholume roadways.
In general, the multiple seal is comprised of two or three layers, and each layer is constructed
by applications of emulsioand aggregate the same manner as &ingle seal construction.
A well-constructednultiple seal can exterttieservice lifeof a pavement longehana
single seatan do Currently, multiple chip seahrebeing constructed in North Carolina
usingbothPME (CRS2L) and CR& emulsions and granite 78M aggregate. In order to
reduce aggregate loss, Virginia &9 lightweightaggregate) isecommendedbr thetop
layer.
In this research, the field test sections were constructed as seven sectionssgaiiple

(granite 78M, granite 78M, and Virginia #9 aggregate used for the bottom, middle, and top
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layers, respectively) and three sections of double seal (granite 78M and Virginia #9 aggregate
used for the bottom and top layers, respectively). The doublsesgtainsuseonly the
FiberMat Type A emulsigrtherefore, it is not possible to compare the triple seal with the
double seal directly.

TheMMLS3 can be used to test for ruttingahip seal specimens terms of
emulsion typeThe rutting tesprotocolwas developed at NCSKim et al 2005)and

involves the following steps:

1) Condition the temperature of the specimens2&F (50°C) for 3 hours for the
rutting test.

2) Condition the temperature chamber to ‘R2¢0°C).

3) Apply MMLS3 loading for6 hours andmeasurehe profile of the specimens
periodically(10, 30, 90, 270, and 360 minutes)

In generalyutting (i.e., permanent deformation) is defined as the accumulation of
permanent deformatiaimat is not recovered after the traffic load is applethepavement.
There are twanain causes alittingin pavementThe first cause is the consolidation of the
pavementunder traffic loading, anthe secondcausds thelateral movement ahe asphalt
concrete These two behaviosan occuseparatelyr simultareously.Lateral movement
occursin the upper portion of the pavement as a result of shear failure. The chip seal
specimens made from both field and laborasamples are not wide enoudhd width of
thespecimens is only 7 into produce the lateral spgrt to the material under loading. As a
result,the lateral movement of the material causes hunaised areasjutside of the
trafficked areaFigure19 shows thechangsin the surface profile due to MMLS3 loaty

andtheresultant humps iatriple seal
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Figurel9 Schematic diagram @ftypical crosssection of triple seal

In order to evaluate the rutting behaviottloé chip sealkpecimensthe rut depth is
measuregberiodically(10, 30, 90, 270, and 360 minutés)the laser profiler during the six
hourtests. The transversal profile measured three times in the middle of specimen, and 100
mm in both directions from the middle linéigure20 showsanactual triple seal specimen

after six hour®f rutting tesing.
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Figure20 Triple seal specimen after rutting test

In this study, he rut depth is calculatedthout including the hump area; that is, the
rut depthis defined as the difference in surface elevations before and after loading within the
wheel path. Firsthe transversaurfaceprofile measurementsbtainedfrom thewheel path
areaareaveraged to determine the original surface elevaliba same metd is applied to
thesurface profile®btained from the specimetrafficked for 10, 30, 90, 270, and 360
minutes during the entire rutting te$he rut depth is determindebm the difference
between the average tfe profiles at zero traffic time andhe average aheprofilesfrom a

certain traffic loading time-igure19 shows the schematic diagramtis method

3.4.7 Surface Texture Evaluation

3.4.7.1 Laser Profiler Test

The threedimensional (2D) laser profiler, whicthas been used in previous research,
originally included a D line laser capable of scanning an area 97 mm wide and 1,727 mm

long during each pasklowever,its unwieldy size caused some problems in the field.
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Therefore, the NCSU research team developgati@ble 3D laser profiletthat can be used
both in the field and in the laboratoty order to analyze the pavement surface texture, only
the data obtained from within the wheel path are needed, rather than the entire lane width.
After conducting sensvity analysis, which was conducted also in previous research (HWY
200901), approximately 280 mm was determined as the width of the wheel path. The
portable laser profiler design includes the following features: XY Gantry robot, encoders,
GPS, PC (Window XP compatible), external USB interface, rubber wheels, touch screen
LCD, stowaway handle, carrying handles, graphical user interface (GUI), rechargeable
battery, and AC power. The portable laser profiler weighs approximately 100 Ibs, and the
scan time, lBhough variable, takes about five minutes to complete, which is faster than the
previously used Selcom RoLine FP1000 line laBeyure 21 provides the dimensions and
photograph of portable laser profiler.

HANDLE IN STOWED POSITION

20 in. wide, 24 in. long,
18 in. high

Figure21 Portable laser profiler

3.4.7.2 Mean Profile Depth Analysis

The mean profile depth (MPD) is a parameter that represents the exposed texture
depth of a pavement surface, and has been used especially for chip seal surface analysis in
some of NC S8Dhe MRDassneeaselycrélated to the embedment depth; that is,
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as the EAR increases (as applied on a given single aggregate layer), the MPD sjesrdase
whenthe EAR is decreased for a given aggregate structure, the MPDardbseEquation
(5) is the definition of MPD given in Transit New Zealand (2005).

_ Peakleve(l SX+2 Peak level I)d-AverageIeve 5)
5

MPD

The various chip seal parameters that make up Equ@ioare shown schematically
in Figure22. In the diagram, the MPD clearly indicates the roughness (i.e., readiace
texture) and aggregate exposure depth of the chip seal. Roughness is an important factor
because it provides the skid resmta and friction needed for vehicles to brake adequately.
The aggregate exposure depth is important because it is a function of the aggregate
embedment depth, which is the most important factor that controls the aggregate loss and
bleeding performance ohip seals. A low MPD value indicates the likelihood of bleeding
and skid resistance problems. A high MPD value after construction indicates the possibility
of excessive aggregate loss and, therefore, bleeding due to aggregate loss. Therefore, a

medium MPDvalue is desirable for optimal performance.
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Figure22 Schematiadiagram ofMIPD determinationTransit New Zealand 2005)

3.4.7.3 Skid Resistance Test

A major advantage of chip seals is the increase in skid resistaidbey provide
The textural depth created blip sealsallows for improved contact and adhesion between a
vehiclebs tires and the road surface, thereb
top ofa chip seasurfacedecreases the skid resistance, especialgnvibo much emulsion is
applied. It isthereforgimportant to include skid resistance as one of the performance
characteristics of fog sealBwo testing subsets are availalbleo r det er mi ni ng a p
skid resistancée textural and drag testing.

As part of theFHWA/NC/200515 researcha comprehensive review of these two
skid resistance test methods was conducted. This review included not only the technical
soundness of the test method, but also the equipment availability, ease of the test procedure,
and the quality of its performance in previous research. Although textural test methods are
simpler in naturehan drag test methodsiore reliable results can be obtained from drag
testingwherebythe skid resistance of a pavement surfzaebe measuratirectly. The
review concluded that tHeckedwheelskid test (LWST) and BPT are the most reliable
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means of measuring the skid resistance of the surface treatment.

The LWST is used extensively to measure pavement friction in accordance with
ASTM E 274Standard Test Method for Skid Resistance of Paved Surfaces Using a Full
Scale Tire Once water is sprayed onto the f@stement as 10 to 18 inch@50 to 450 mm)
in front of the tester axes through the centerline of the wtteelvheel is locked for 1
secand, and the frictional force is measured. At this point, the operational speed is restricted
to between 40 mph and 60 mph. According to the LWST procedure, the skid number (SN) is
calculated by dividing the horizontal force by the vertical load and thémpiyieng by 100
to obtain a whole number. The range for SNs is between 0 and 100

The BPT is widely used for laboratory skid resistance testing and is specified by
ASTM E 303Standard Test Method for Measuring Surface Frictional Properties Using the
British Pendulum TesteA pendulum swings across the pavement or sample surface, and
then the height the pendulum traveiedheasured by a drag pointer on the device. The drag
pointer indicates the British pendulum number (BPN), and the average BPN istedicula
from four swings of the pendulum for each test surface. The range for BPNs is from 0 to 140
Figure23shows thd WST andBPT apparatus.

T
Lu

I CAUTION SKID TEST

T -
= - 1 1 — ~

Figure23 Equipment for the: (a)WST and (b)BPT

Because the LWST cannot be performed in the laboratory, the relationship between
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the SNs obtained from the LWST and the BPNs obtained from the BPT is helpful to know.
During theFHWA/NC/2006-15 researchMr. Jerry Blackwelder, with the hetif the NCSU
research team, conducted BPT and LWST tests for about a dozen surface treatment
researchem the fall of 2004. The resultant data were used to develop the relationship
between the SN and BPN so that BPNs measured from laboratory experiogatsec
converted to SNs in the fiel@his relationship can be seenRigure24.

In this researcithe BPT is used to determine the skid resistance of fog seals with
varying rates of emulsion. In addition, thetteal test method, which is based on laser
profiling, is used to develop the relationship between the aggregate exposure depth and the

skid resistance
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Figure24 Correlation between average BPN and average SN
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3.4.8 Fog Seal FieldTest Evaluation

3.4.8.1 Rolling Ball Test

Field test methods should be simple so that they can be implemented quickly, and
field test equipment should be portable for use in the.fidid rolling ball test meets these
criteria,whereby a ball is rolled across anwdsified surfaceThis method is standardized in
ASTM D 3121:Standard Test Method for Tack of Press8ensitive Adhesives by Rolling
Ball. Specifically, in ordeto determine the viscosity of an emulsion, a steel ball is released
from the top of an indlie such that it rolls onto a horizontal surface that is applied with
emulsion. The viscosity is determined by measuring the distance that the ball travels across
the emulsified surface before stopping. This method was developed for materials that are
moreadhesive than fog seal emulsiontise size of the equipment and samiad been
modified in order for the test setup to beitablefor testing fog seal emulsion.

In the ASTM standard specifications, the inclined ball stand is 65 mm in height and
tsngle is 21A306. However, when the specifie
viscosity of the fog seal emulsion, the traveling distance of the ball was too long to capture
within the range of the equipment setup. Therefore, the height of the inclilhethbd has
been changed to 15 mm, and the equipment size has been modified to 320 mm long and 50
mm wide, as determined by running a few trial tests. In order to maintain a level surface
during curing and testing, a steel plate was used for the holliponti@n of the test setup,
and an asphalt felt disk, which is normally used for chip seal laboratory samples, was
attached to the steel plate. Four walls were constructed around the steel plate to prevent the
fog seal emulsion from flowing off the platéigure25 shows the modified rolling ball test

equipment and emulsion samples.
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(@) (b)
Figure25Rolling ball test (a) side view and (b)planeview

During this testing, when the balassed the end of the emulsion sample, its distance

was recorded as 300 mm. The rolling ball test procedure is as follows:

1) Prepare the emulsion by diluting it with water.

2) Prepare the sample mold that is 320 mm long and 50 mm wide.

3) Heat the fog seal emiuds to 60 +2°C, and heat the sample mold to 30°C.

4) Fill the molds with fog seal emulsion, and keep the steel plate level.

5) Cure the samples for a specified amount of time.

6) Release the ball from the ball stand three times for one condition.

7) Measure the distae in millimeters.
3.4.8.2 Damping Test

The damping test has been developed basedconcept introduced Byoad Science
LLC that is the test method for tracking emulsion and aggregate. Briefly, the purpose of this
test method is to indicate, under standard dard, the propensity of a fog seal emulsion to
track or peel under traffic loading when applied at a specified application rate after a
specified curing time using a wheel tracking device over the chip seal specimen. As stated
previously, field test methts should be simple in design, and the test equipment should be
portable for use in the field. Thusedamping test methadas been developed for use in the
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field. One kilogram of dead weight was applied to the emulsion samples for 15 seconds
instead olusing a wheel tracking device, and absorbent pads were used between the emulsion
samples and dead weightdpable visible results that serve to verify the curing status of the
fog seal emulsionsn addition the digital image processing (DIP) techniquaswaitilized to
express the visible results numerically.

As an initial attemptfilter paper that is used in the gyratory compactor for asphalt
mix design was used in the testing, but the paper tore easily in many cases. In order to
prevent such damage, tan cloth also was tested, but no standard specifications are
available to suggest a specific type of cloth for the dampingResthese reasonthe idea
of using filter paper or cotton clothasdiscarded, andn idea of usabsorbent pads that
normaly are used for cleaning spills on land and watas found Specifically, absorbent
pads that are classified as standardlelivn pads and produced by Chemtex, Inc. were
selected for this tesThe pads are 100% polypropylene, and their absorbent tajsag6
gallons per bale, which is equivalent to 0.18 gallon per piece. The size of one piece of
absorbent pad is 15 inches wide and 19 inches long. One piece was cut into separate pieces
five centimeters by five centimeters, and then used for the dargsing

In order to select an appropriate dead weight and application time, 1kg, 3kg, and 5 kg
of dead weight were applied on emulsion samples for 10, 15, 60, 180, and 300 seconds. In
many cases, the heavier weights and longer times damaged the absatbexd paesult of
the trial tests, one kilogram of dead weight and 15 seconds were selected as the application

criteria. The damping teslevicecan be seen iRigure26.
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(a) (b)
Figure26 Dampingtest (a) applied dead weigland(b) after testing

The damping teswias conducted in an environmental chamber to maintain the
temperature during curing and testing. The steps for the damping test are:

1) Prepare the emulsion by diluting ittviwater.

2) Prepare 5 cm by 5 cm absorbent pads.

3) Heat the fog seal emulsion to 60+2°C, and heat the Vialit plates to 30°C.

4) Fill the molds with fog seal emulsion, and keep the samples level.

5) Cure the samples for a specified amount of time.

6) Place the absorbepads onto the emulsion samples.

7) Place 1 kg of dead weight onto the absorbent pads for 15 seconds in the
environmental chamber.

8) Detach the absorbent pads from the emulsion samples.

9) Analyze the stained pads using DIP.

The curing rates for the fog seal esiahs can be quantified employing DIP. During
the damping test, the absorbent pad is stain
scanned using a Hewlett Packard digital scanner (HP Scanjet 4850) as a color BMP file with
a resolution of 200 dpirhe digital imagehenis converted from a color scale to abi8
grayscale that consists of a single plane of pixels. Each pixel is encoded using a single

number representing grayscale intensity values (GIVs) from 0 to 225. The grayscale image

70



was cut davn to 3.51 cm by 3.51 cm to 276 pixels in width and 276 pixels in height to
maintain consistency for the size of the image pixels.

Figure27 shows thathe absorbent pads used for the damping test contain ome or t
holes in them as a result of the production process of the pads. In additioapausion
cured for 24 hours produces only a small amount of stain on the pads. Thus, acknowledging
the holes in the pads and taall amount oétain on the pads is imgant in the analysis of
the stained areas. The technique cathedsholdingn DIP was incorporated into this
analysis using National Instruments Vision Assistant (NIVA) 7.0. The thresholding
procedure is conducted by setting all the pixels that bettigetthreshold interval to 1, and
setting all the other pixels in the digital imagezéwa After finding a critical threshold value,
MATLAB ®R2007a is utilized for the analysis of the stained areas. The value of 190 is set in
the program as a thresholdlue, and then a grayscale image with GIVs ranging from O to
255 is converted into a binary image (black and white), which means a GIV of 0 or 1. The
number or percentage of stained pixels can be calculated by adding together all the pixels
with a GIV of Oor 1.

(d)

RN R G | e © h

Figure27 Examples oftainedpads fordampingtest at 30°C: (a) 100%, (b) 44.1%, (c)
10.5%, (d) 6.5%, (e) 3.5%, (f) 2.4%, (g) 1.5%, and (h) 0.1%
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4. LABORATERMLUATOBNAST PERFORMANC

4.1 Chip Seal Performance

4.1.1 Curing Time Study

4.1.1.1 Evaporation Test

The evaporation test is used to help determine the emulsion curing time, and the
NCSU research team conducted this testiahgtemperaturef 35 C. The testing was
conducted to determine the curing time requirecetmh tesemulsion to reachts
asymptotigoercentage of water loss, that is, the point at which no more watercss
This determination allosfor a direct comparison of the curing characteristics of all four
emulsionsCRS 2, CRS2L, HP CRS2P, and SBS CR3P. For thetests,all four emulsions
were exposed to the same conditions; each waplaced ina 90 mm diametezontainer
andsubjected to the same EAR of 0.25 gal/gid13 L/nf). Figure28 showsa comparison b
theCRS2, CRS2L, HP CRS2P, and SBS CR3P emulsion#n terms of water loss versus

time.
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Figure28 Curing comparison of CR3, CRS2L, HP CRS2P, and SBS CR3P emulsions

Figure28indicates that the SBS CRX emulsion reaches its asymptotic final
percentage of water loss (curing) the fastest of all the emulsion types. It reaches its
asymptotic curing value in approximately an hour, and the HP-ZHR&nulsion reaches its
asymptoticcuring value in two hours. Both the CRSand CR&L emulsions reach their
asymptotic curing values at around three hours. Thus, in this test, th e[ SR&E° emulsion
cures about two times faster than the HP @RSmulsion and about three times fasten tha
the CRS2 and CR&L emulsions

4.1.1.2 BBS Test

The bond strength of emulsions is one of the most important fdbtdrare needetd
understandhe curing and adhesive behavior of chip seals. The bond stresdgtermined
at different curing times and tempéures. The BBS test was employed for this purpose and
conducted with altheemulsion types and aggregate types utiiesame condition. The
CRS2 emulsion was used #gunmodified emulsion, and the CR%, SBS CR&P, and
HP CRS2P emulsions were engyed as PMEs. The granite and lightweight rocks were
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prepared as aggregate substrates by cutting and sanding. The BBS test was planned to
conduct at three curing times (45, 120, and 240 minutes), and a few specimens were tested at
three curing times. Hower, in order to capture the early bond strength, the BBSveest
performed afour curingtimes @0, 60, 120, and 240 minutes) for both lightweight and
granite aggregate substrates at three curing temperatur€ EBC, and 35C). All the
BBStests wee conducted in an environmental chamber to maintain the temperature during
curing and testing. Three replicates were tested for each temperature and application rate
combination.

Figure29 (a), (b), and (c) shovhe bond strength values at different curing times (30,
45, 60, 120, and 240 minutes) using all the emulsions and granite aggregate typ€s at 35
25 C, and 15C. Figure30 (a), (b), and (c) show the bond strengtiues at different curing
times (30, 45, 60, 120, and 240 minutes) using all the emulsions and lightweight aggregate
types at 35C, 25C, and 15C.
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FromFigure29 andFigure30, as expected, the PMEs show better bond strength than
the CRS2 emulsion aB5°C and 28C, even though there is not much difference in the bond
strengthvaluesat 35 C. In contrast, at 1€, the PMEs showessbond strength @n the
CRS2 emulsion. The behavior of the CRSmulsion was not expectesb the CRS and
SBS CRS2P emulsionsveretested again at 1€ in order to eliminatéhe possibility of
mistakesn the test procedur&heresuls of thesetess indicate thathe bond strengthialues
are similar to the previous resultstlae different curing temperatureshich suggestshat no
mistakes oerrorsin the test protocalere made ithe BBS teshg.

This unexpected behavior at Toseems to be related to the cohtaea between the
pull-off stubs and aggregate substrate, and to be dependent on the test tempbratass.
temperature may affect the viscosity of the emulsion, and the viscosity will then affect the
penetration of the emulsion into the voids in éiggregate substrate. For the BBS test, it is
important to maintain the same contact areas in order to compare the bond strength values
directly, because a smaller contact area produces less bond strength when the same load is
applied to the specimefihe rosity of the aggregate substrate can affect the bond strength
because air can be trapped in the surface voids when the emulsion is poured (Moraes et at.,
2011). As a result, the contact area of the lightweight aggregate substrate with surface pores
is smmaller than the standardized area (20mm diameter).

In order to measure the actual contact area, the digital image processing (DIP)
technique that is used for bleeding analysis was apgllesllightweight aggregate substrates
were scanned using a HewlettcRard digital scanner (HP Scanjet 4850) asa anlbri t ma p 6
(BMP) file with a resolution of 200 dpThe digital image thewasconverted from a color
scale to an-®it grayscale that consists of a single plane of pixels. Eachwasdncoded
using a gigle numbethatrepresert agrayscale intensity value (GI1V) from 0 to 225. The
technique callethresholdingn DIP was incorporated into this analysis using National
Instruments Vision Assistant (NIVA) 7.0. The threshold procedwrgconducted by settg
all the pixels that belong to the threshold interval to one, and setting all the other pixels in the
digital image to zerd-igure31 shows the digital images afcolor image, grayscale image,
and DIP analysis.
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(a) (b) (c)
Figure31 Digital images of lightweight aggregate surface: (a) color, (b) grayscale, and (c)
DIP analysis

As a result of the DIP analysis, 65.9% of the lightweight aggregate surface was
determinedo bean actual ontact area. The BB&lueswere recalculated using the actual
contact area, and the resultereanalyzed. However, even though thedified BBS values
of the lightweight aggregate samples increased, the actual contact area, 65.0%, cannot be
employed fodifferent test temperatures and emulsion types because the viscosity of
emulsiondiffers, depending othetemperature and emulsion type, dhddifferent
viscosities can affect the contact area between theofildtubs and aggregate substrate.
Based o thesdindings the research teadecided that theomparison of th&BS values

shouldbe donewithin thesame aggregate substrate types.
4.1.1.3 Vialit Test

The Vialit test was performed to determine the adiedsthaviorof the seal
specimensgt different cumg times and at different curing temperatucesvaluateher
aggregate retention performandée test procedure involves fabricating sirggal
specimens that atBenplaced in the oven at a certain curing temperature for specified curing
timesthataredeterminedbased orthe results of theuring by weightestsfor each emulsion.
Four replicates were fabricatéor each condition to assure confidence in the resultant data.
All the specimens were fabricated with AARs of 16 I5/§&17 kg/nf) for the granite 78M
aggregate and 7 Ib/9¢3.8 kg/nf) for thelightweight aggregate. For all the specimens of
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both aggregate types, an EAR of 0.25 g&l{id13 L/nf) was applied for the CRS, CRS
2L, SBS CR&P, and HP CR&P emulsions.

In the field, chip sealused to be constructed at various temperatures except winter
season. For instance, the Minnesota Seal Coat Handbook (2006) recommends pavement and
air temperatures to be 15Gor higher, and the Maintenance Technical Advisory Guide
(2003) suggests 1Q as the lowest temperature. Therefohe, NCSU research teasecided
to investigate the effects of aggregate retention performance at tempelaveghan 25C
even though the research propaaajgest®nly 25 C and 35C as curing temperatures.
According to the evaporation testsults all four test emulsioacure within four hours
thereforethe NCSU research team decided to use four hours as the maximum curing time.
The Vialit test was conducted for both lightweight and granite 78M aggregate spgeime
four curing times (30, 60, 120, and 240 minutes) and three curing temperatu@s23 &,
and 35C), and testing included the sweep procEggure32 shows the Vialit test results as
percentages of aggragdoss at the different curing tim&s all four emulsion types and

both aggregate types at T 25 C, and 35C.
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Figure32 Adhesive behavior at different curing times and at (a) at3f) 25C, and (c)
15C
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Figure32(a), (b), and (c) show that the granite 78 M aggregate specimens are more
prone to aggregate loss than the lightweight aggregate specimens at all curing temperatures.
As expected, the CRSunmodifiedemulsion alwayshows the worst aggregate retention
performancémore aggregate losaj the same temperatures for both aggregate types. As for
the PMEs, the SBS CR&° emulsion shows slightly more aggregate loss at four hours of
curing than the CREL and HP CR&P emul®ns, but the aggregate retention performance
of the three PMEs does not differ significantly.

The data irFigure32 are replotted ifrigure33to show the effects of diffent curing

temperatures for the same emulsion type in terms of aggregate retention performance.
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Figure33 Adhesive behavior at different curing temperatures for: (a)-€R8) CRS2L, (c)
HP CRS2P, and (d) SBS CR2P

Figure33(a), (b), (c), and (d) show that low curing temperatoeese more
aggregate loss for both the lightweight and granite 78M aggregate than the high curing
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temperatures. The reason for this result is thtteahigher temperatures the emulsion is
more fluid, and this emulsion state allows the aggregate particles to be reoriented in a manner
that maximizes the embedment depth in the compaction state and improves aggregate
retention. As expected, a direct redaship is found between the curing temperature and
aggregate loss results, regardlessrotilsiontype.

At four hours of curing, the lightweight aggregate specimens show similar aggregate
retention performance for each emulsion type, regardless of ¢canmggerature. However,
the granite 78M aggregate specimens cured & $6ow more aggregate loss than the
specimens cured at 25 and 35C, exceptfor the CRS2 emulsion specimens, which present
similar aggregate retention performance for each curing tetype.Thesefindings suggest
thatthe curing temperature of 15 is too lowfor the Vialit specimens mad# granite
aggregateo be completelgured within four hourg-orfield construction, warm weathey

necessary fochip sealdo achieve sufficiemaggregate retention performance.
4.1.1.4 Correlation between BBS and Aggregate Loss by Vialit Test

In order to understand the aggregate retention perfornudrmtep seals, the basic
mechanismg i.e., curing and adhesive behayioave been evaluated as a fuoctof
temperature and time by performing the BBS and Vialisi&kith test results suggest the
aggregate retention performancetuod different emulsion and aggregate types, but
comprehensivanalysis of the bond strength and aggregate loss plays eolatah
validating the effects of both properties on the aggregate retention performance.

A correlation between bond strength and aggregatdhbsbeemstablishedby
comparing the bond strength obtained by the BBS tdaketaggregate loss measuredthg
Vialit test at different curing temperatures (€525 C, and 35C) and curing times (60, 120,
and 240 minutes).

Figure34 (a), (b), and (c) show the correlation between the bond strength and the
aggregate Iasobtained by the Vialit test for the granite aggredatgure35(a), (b), and (c)
show the correlation between the bond strength and the aggregate loss obtained by the Vialit

test for the lightweight aggregate.
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TablellandTablel2 show the potential BBS linstas obtained from using the

linearmodelthat determinethe correlation between the BBS and aggregate loss for the

granite aggregatend for the lightweight aggregate, respectively

Table11 Potential BB imit Obtained fromLinearModelUsing theCorrelation betwen
BBS andAggregatd_oss forGraniteAggregate

Emulsions CRS2 CRS2L HP CRS2P SBS CRS2P
Linear = = = =
35 Model -0.0018x + 0.258 -0.0072x + 0.294 -0.0187x + 0.534 -0.009x + 0.349
~C | BBS Limit
osi (kPa) 87.6(604.0) 26.9(185.5) 23.2(160.0) 27.6(190.3)
Linear = = y= =
25 Model -0.0056x + 0.415 -0.008x + 0.456| -0.0108x + 0.530 -0.0102x + 0.564
~C | BBS Limit
osi (kPa) 56.2(387.5) 44.4(306.1) 39.8(274.4) 45.5(313.7)
Linear = = y= =
15 Model -0.0086x + 0.67¢ -0.0066x + 0.519 -0.0115x + 0.692 -0.0072x + 0.517
~C | BBS Limit
osi (kPa) 67.0(462.0) 63.5(437.8) 51.5(355.1) 57.8(398.5)

Table12 Potential BBS_imit Obtained fromLinearModelUsing theCorrelation between
atd_oss forLightweightAggregate

BBS andAggreg

Emulsions CRS2 CRS2L HP CRS2P SBS CR&2P
Linear y= y= y= y=
35 Model -0.0172x + 0.39¢ -0.0115x + 0.31(¢ -0.0153x + 0.367 -0.0093x + 0.25C
~C | BBS Limit
osi (kPa) 16.9(116.5) 18.3(126.2) 17.4(120.0) 16.2(111.7)
Linear y= y= y= y=
25 Model -0.0181x + 0.557 -0.0093x + 0.355 -0.0122x + 0.41Q0 -0.0103x + 0.366€
~C | BBS Limit
osi (kPa) 25.2(173.8) 27.4(188.9) 25.4(175.1) 25.8(177.9)
Linear y= y= y= y=
15 Model -0.0149x + 0.723 -0.0147x + 0.48(¢ -0.0123x + 0.454 -0.0147x+ 0.473
~C | BBS Limit
osi (kPa) 41.8(288.2) 25.9(178.6) 28.8(198.6) 25.4(175.1)
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In Figure34 for the granite aggregatthe CRS2 emulsion specimens are always
over the limit of 106 aggregate losasmeasuredy the Vialit tests. Also, all emulsion
specimens at 1& are over the limitlt can be said that the CRSemulsion with the granite
aggregate and all emulsions types with the granite aggregateCatid hiotexhibit sufficient
aggregate retention perfoance within four hours. IRigure35for the lightweight aggregate
the CRS2 emulsion specimens at I5and 25C are over the limit. Based on the
relationship, the lightweight aggregate shows better aggregeteioet performance and
curing behavior, but the bond strengtiues of the lightweight aggregate are lower than
those of the granite aggregate due to the smaller actual contact area between aggregate

surface and emulsion.

4.1.2 Chip Seal Performance Test

4.1.2.1 Aggreate Retention Performance

The MMLS3 aggregate retention teahd bleeding tesivereconducted wittihe
CRS2, CRS2L, HP CRS2P, and SBS CR3P emulsion sampleBorthe aggregate
retention tes, all samples were cured at B5for 24 hours and tested2 C, which is the
MMLS3 testing protocolSix replicates were fabricated for each of tber emulsion types:
CRS2, CRS2L, HP CRS2P,and SBS CR&P. After the aggregate retention tgshose
samesamplesvere usedor the bleeding testFigure36 shows the results of the aggregate
loss tesd for the granite 78M and lightweight aggregatespectively. Each data point
represents the percentagetwaverage cumulative aggregate losstfardifferent
conditions.

A t-test withsignificantlevels of 0.05 was performed to evaluttestatistical
differences in aggregate retention performance between the@Rfoilsion anthe PMEs
Table13 summarizes the results thfe statistical analysis fahe emulsion typesThe p
values otheHP CRS2P and SBS CR3P emulsions with the granite 78M aggregate are
less than 0.05. Thu#)e MMLS3 test results indicate ththesetwo emulsion types (HP
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CRS2P and SBS CR3P) with thegranite 78M aggregatiffer statistically from the CRS

2 emulsionin terms ofaggregate retention performance

Table13 Results of Statistical Analysis for Emulsion TypAggregate Retention
Performancef Laboratory Samples

IS Mean | Variance =il Error t-test | p-value | Conclusion
Type Dev.
Granite 78M aggregate
CRS2 11.5 1.5 1.2 0.50
CRS2L 10.1 8.5 2.9 1.19 111 0.146 | Accept H
HP CRS2P 8.6 11.7 3.4 1.40 1.98 0.048 | RejectH
SBS CRS2P| 8.5 13.7 3.7 1.51 1.91 0.049 Reject H,
Lightweight Aggregate
CRS2 5.0 10.2 3.2 1.31
CRS2L 3.2 0.2 0.5 0.20 1.32 0.121 | Accept H
HP CRS2P 3.3 4.7 2.2 0.88 1.07 0.156 | Accept H
SBS CRS2P| 4.5 2.0 1.4 0.58 0.33 0.375 | Accept H
15 - - , - - -
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Figure36 Aggregate Ies performance by MMLS3 test
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Figure36 also shows thahe CRS2 unmodifiedemulsionsamplegperform the worst
of all the emulsion types; in particular, the samples of @RE&ulsion with the granite 78M
aggregatshow approximately 12% aggregate loss after MMLS3 loading. This result can be
consideredo bea failureof chip seal performancaccording tathe maximum allowable
aggregate loss (10%) criterion established by the Alaska Department of Transportation.
otherthreeemulsion typesised withthe granite 78M aggregate andfallir emulsion types
usedwith the lightweight aggregate meet the criteri8pecifically the samplemade with
lightweight aggregate show aggregate loss below 5% after MMLS3 loadgaydless of
emulsion type.

The Vialit test was performed tvaluatehe aggregate retention behavior at different
curing times and temperatures in the curing time study. Based on the curing time study
results all the emulsions can be considered tourea afteffour hours thereforethe
aggregate loss results of the Vialit testoair hours curing timean becompared to the
aggregate loseesultsof the MMLS3 testBecauseéhe MMLS3 aggregate loss test protocol
suggests 2% asthetest temperatur@nly the Vialit test data tested at Zbareusedfor the
comparison of aggregate retention performakagure37 shows the aggregate retention
comparison between the MMLS3 test and the Vialit test results.
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Figure37 Comparison of aggregate loss between MMLS3 test and Vialit test

Becaus¢he mechanisrthat causeaggregate loss from the chip seal specimens is

different between the MMLS3 test and the Vialit test, it is not possiblentpare aggregate

retention performance directlifor example, irorder to simulate traffic loadingpoththe
MMLS3 tire loadingand th¥ i a | i steeltbaidrdp thachanismareemployed The
MMLS3 test can simulate actual traffic loadibgtterthan tke Vialit test, buthe MMLS3

testis conductedisingonly cured specimens, which are cured during 24 hours &t 35

other words, it is not possible to investigate the aggregate retention performance as a function

of curing timeusing MMLS3 However theVialit test can be performed at different curing

times and iavery simple test methodhus,the Vialit test can be employed for both

aggregate loss test and the curing study.
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Figure37 indicates thaall thespecimens tested by the Vialitethodshow more
aggregate loss than thasstedoy the MMLS3 testThis result may be due the self
weight ofthe aggregate particldsecause the Vialit teprotocol involves the impact of the
steel ball oraspecimerthat has beeflipped over.In particulay the CRS2 specimens
indicatea greater variation in theggregate loss results between the MMLS3 test and the
Vialit test i.e., the Vialittestaggregate loss is two times higher than the MM1t&33
aggregate las However, both test results shawsimilar aggregate retention performance
trend. The PMEshow better aggregate retention performance, and the SBERS
emulsion in particulashows slightly more aggregate ldkan the other modified emulsions,

even houghthe difference is natignificant.
4.1.2.2 Bleeding Performance

The specimens used for the MMLS3 aggregatetksmgalso were used for the
bleeding tests. The samplsreconditioned in the MMLS3 chamber for three hours at a
temperature of 5, and the MMLS3 loadingwasappliedfor four hours at the same
temperature. This test protoaghsdeveloped to simulate the bleeding of chip seal swsface
during the summer. Aftdheteststhe specimensverescanned, and the digital imagesre
analyzed to presat numerical values for the bleeding areas on the specimen s&itace.

38 showsthe bleeding performance tife four emulsion types, CR3, CRS2L, HP CRS2P,
and SBS CR&P,for the granite 78M and lightweighggregatg respectively.

A t-test withsignificantlevels of 0.05 was performed to evaluttestatistical
differences in bleeding performance between the-2R8wulsion anthe PMEs Table14
summarizes the salts ofthe statistical analysis faheemulsion typesThe pvalues of all
theemulsions with both aggregate types are less than 0.05. Thus, statistical differences in

bleeding performancare evident between the PMEs dhd CRS2 emulsion
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Table14 Results of Statistical Analysis for Emulsion TypB&eding Performancef
Laboratory Samples

ErII1_uIS|on Mean | Variance =il Error t-test | p-value | Conclusion
ype Dev.
Granite 78M aggregate
CRS2 62.2 92.4 9.6 3.9
CRS2L 29.1 11.5 3.4 1.4 7.95 | 0.0002 | RejectH
HP CRS2P | 25.9 38.4 6.2 2.5 7.78 | 0.00003| Reject H
SBS CRS2P| 25.6 10.1 3.2 1.3 8.86 | 0.0001 | RejectH
Lightweight Aggregate
CRS2 19.8 36.8 6.1 2.5
CRS2L 4.3 1.0 1.0 0.4 6.17 | 0.0016 | RejectH
HP CRS2P | 19.8 36.8 1.0 0.4 6.19 | 0.0016 | RejectH
SBS CRS2P| 19.8 36.8 1.0 0.4 5.80 | 0.0021 | RejectH
100
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Figure38 Bleeding performancef different emulsions
Figure38indicates thathe lightweight aggregathows better bleeding resistance

than the granite 78M aggregate, amdwsalsothat theunmodified emulsion, CR3,

performsthe worst interms ofbleedingfor all emulsion types. In particular, the combination
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of the CRS2 emulsion and granite 78M aggege corresponds to the worst performance

(least bleeding resistance/most bleeding).
4.1.2.3 Rutting Performance

In order to investigateutting performance, triptsealspecimensverefabricated
based on the previous PME study (NCDOT HMRQ0706). All the tripleseal specimens
were composed of granite 78M, granite 78M, and lightweight aggregate for the bottom,
middle, and top layers, respectively. The AARSs for the triplesseal 17 Ib/yd (9.2 kg/nf)

17 Iblydf (9.2 kg/nf) and 9 Ib/yd (4.9 kg/nf) for the bottom(granite 78M), middle (granite
78M), and top (lightweight) layers, respectively. The EARs are §aB9d’ (1.36 L/nf),
0.25gal/yd (1.13 L/nf), and 0.20 gal/yt(0.91 L/nf) for the bottom, middle, and top layers,
respectively.

The transversal profitkavere measured at 0, 10, 30, 90, 270, and 360 mirdugsg
the entire test period. Based on the profilkes,traffickedarea was obtained for each
specimen, and the rut depth wieterminedrom the difference between the averagéehef
profiles at zero trdfic time and the average ttie profiles from a certain traffic loading time
Figure39 shows the transversal profiles as a function of MMLS3 loading time for all

specimens.
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Figure39 Transversal profiles for all emulsion types: (a) GR$b) CRS2L, (c) HP CRS
2P, and (d) SBS CR3&P emulsions

Figure39illustrates thathe height of thehumps outside ahetrafficked area
increasesvith loading time. The rut depth of the CRSpecimen grows faster théor the
otheremulsion samplesn order to compare the rut depths oftlaéitriple-seal specimens,
the calculated rut depths of all the specimens are determined as a function of theaiumbe

wheel passessshown inFigure40in semtlog scale.
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Figure40 Rut depth growth (sentog scale)

Figure39 andFigure40indicate thathe CRS2 unmodifiedspecimen shows the
poorest resistande rutting. In particular the CRS2 specimen reachds final rut depth
afteronly 30 minutesof traffic loading €,970wheel passes)n contrastthe ru depths othe
other emulsion specimensachthar final rut deptls after 90 minutesf traffic loading
(89,100 wheel passes). The HP GRB emulsion exhibits the best resistance to rutting
among alithe PME specimens, but the trend of rut depth devetayris very similar tahe
other PME specimens.

A t-test withsignificantlevels of 0.05 was performed to evaluttestatistical
differences in rutting performance between the @RSnulsion anthe PMEs Table15
summarizes the results thfe statistical analysis fahe emulsion typesThe pvalues otthe
HP CRS2P and SBS CR3P emulsions are less than 0.05. Thussetwo emulsion types
(HP CRS2P and SBS CR3P) show statistical differences in rutting penfi@ancen
comparison tahe CRS2 emulsion.
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Tablel15 Results of Statistical Analysis for Emulsion Types: Rutting Performafhce
Laboratory Samples

SLEE Mean | Variance =il Error t-test | p-value | Conclusion
Type Dev.
CRS2 16.0 0.9%5 0.98 0.56

CRS2L 14.0 0.72 0.85 0.49 2.69 0.055 | Accept H
HP CRS2P | 115 0.58 0.19 0.11 6.31 0.003 | RejectH
SBS CR&2P| 134 0.04 0.77 0.44 4.49 0.046 | Reject K

4.2 Fog Seal Performance

4.2.1 Fog SealCuring Time Study

4.2.1.1 Emulsion Property Test

A simple watecompatibility test and residual asphalt contentwese conductetb
better understand the compatibility between water and emulsion and the amount of residual
asphalt of the study emulsians

The simple water compatibility test procedure is to pouretdl@mulsion
(approximately 1 liter) throughapreet t ed 150 em sieve, and the
material on the sieve is weighed. If more than 1% by weight of material is retained on the
sieve, the water is not compatible with the emulsion, and the gisayay become clogged.
Incompatible water may be treated with 0.5% to 1.0% of a compatible emulsifier solution
(Fog Seal Guidelines for CalifornjaThis test has been conducieging distilled water and
study emulsions and obtained 0.3% retained natédased on this test, no water treatment
is necessary for this study

The esidual asphalt content tests were conducted based on ASTM D 244. The CSS
lhand CQSlhemulsionwerediluted with water using a dilution rate of p@rcentThe
Revive™ emulsionis used in the field with a dilution ratio of 60% of emulsion to 40% of
water, which is recommended by the emulsion manufacturer. Thel@ghpis produced in

ready use in the field withotite diluting processecommendedy the emulsion
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manufacturerHowever, it was found thalhe GripTight emulsiorhad been produced with
more than typical asphalt residue due to cold weather. So, for the tests, tiégBrip
emulsion had to be diluted by 45% asphalt residue. Because this research is interested only in
each emul sionds properties, the same dilutio
However, because it is more important to find an emulsion that shows better performance
when it is used on a typical chip seal surface, the optimized diluties rtommended by
the emulsion manufacturer were applied to each emulsion during this research
Three samples were fabricated each testand the samples were weighed after
complete curingTablel6 presents théestresuls for the simple water compatibility test and

the residual asphalt content test

Table16 Material Properties ofStudy Emulsions

Type of Emulsion
Property Test — _ .
CSS1h CQS-1h Revive Grip -Tight
Simple Water 0 . ; )
Compatikility Test 0.3 % 0.2% 0.3% 0.3 %
Residual Asphalt 31.4 % 325 38.5 0% 6279
Content Test

4.2.1.2 Evaporation Test

The evaporation test is used to help determine the emulsion curin@tichiéhas
been conducted at several EARs and temperatures. As @dlaisectior8.4.], the
evaporation test has been conducted at three temperatlth@s3aC, and 40C, each of
which has eight fog seal application rat@$2, 0.®, 0.09, 0.12, 0.16, 0.19, 0.23nd 026
gdlyd? (0.09, 0.27, 0.41, 0.54, 0.72, 0.86, 1.04, and 1.18)L/The test temperatures were
determined to range betweerf@0and 40C, based on monthly normal high temperatures
between March and October for North Carolina cities. The fog seal EARs rang8.02 to
0.26 gallyd (0.09 to 1.18 L/rf) based oAEMA recommendations and the literature review.
For the test, all four study emulsions, such as-C8QS1h, Revivé™, and GripTight,
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were used, and two replicates were prepared for each condiiertufing time is
determined when the percentage of water loss is lesd @abased on asymptotic trends of
all theemulsions.

Figure41shows the results of the evaporation tests for the @S&hd CQSLh
emulsbns with representative EARs of 0.06, 0.12, 0.19, and 0.26 §&lya¥, 0.54, 0.86,
and 1.18 L/M), and at 26C, 30°C, and 46C. From these tests, C28 and CQSLh
emulsionshave similar curing time trends, but the CBSemulsion shows a little shorter
curing time than the CQ$h emulsion. Based on this finding, the GBSemulsion is used
as the representative unmodified emulsion type for the evaporation test.

In order to understand the curing time trends of each emulsion for different curing
temperatees,Figure42 shows the results of the evaporation tests for each emulsion at three
different temperature&igure43 shows he curing time trends for different emulsigypés.

It hasbeeninformed that there are a few sections constructed recently by fog seal
application using the Grippight emulsion in North Carolin@# few sections in North
Carolinahave been constructed recently for fog seal application using th&@hp
emulsion.For the construction, 0.12 galAfD.54 L/nf) of Grip-Tight emulsion was applied
in the field, and traffic was opened approximately 1 hour later. Based on this information and
the curing time trend®r all emulsions, the evaporation tekis 0.12 gal/yd (0.54 L/nf) of
fog seal emulsion for all types of emulsi@recompared irFigure44.
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Figure41 Evaporation test resulfer CSS1h and CQSLh emulsions of 0.06, ®10.19, and
0.26 gallyd (0.27, 0.54, 0.86, and 1.18 Lat: (a) 20C, (b) 30°C, and (c) 46C
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Figure42 Evaporation éstresultsatall temperatures for 0.06, 0.12, and 0.19 g&l(@27,
0.54,and0.86 L/nf) of: (a) CS-1h, (b) Revivé, and (c) GripTight emulsions
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Figure44 Evaporationéstresultsfor CSS1h, Revivé", and GripTight emulsions of 0.12
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Figure42indicates thaall three types of emulsions show the shorter curing time once
the samples are placedadtigher temperature. Most samples can reach their asymptotic
percentage of water loss within 1.5 hqusceptthe CSS1h emulsion samples withhagh
EAR (0.19 gal/yd(0.86L/m?) tested at 20C.

Figure43 showssimilar curing time trends fahe Revivé™ and GripTight
emulsionsat all three temperatures, but GBS emulsion shows a little longer curing time.
The curing times varydiween each emulsiorsgecially at 20C.

Figure44 shows emulsion samples that were tesiigd an EAR 0f0.12 gal/yd (0.54
L/m?) at three temperatures. These results show that most samples tested at 3G and 40
reachtheir asymptotic percentage of water loss within one Hialrsle17 presents details
regarding curing time values in terms of temperature for each emulsion.

As previouslymentioned, the curing times for eagdmple are determined when the
percentage of water loss is less th@fbobased on asymptotic trends of all emulsidrable

17 presents the determined curing times for all emulsion types and fog seal EARs.

Table17 Curing Times for the CS3h, CQS1h, Revivé", and GripTight Emulsions
Curing Time (Minutes)

EARs ° 0 0
(gallyd) 20°C 30°C 40°C

Grip - Grip- Grip -
Tight Tight Tight

002 60 | 90 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60
006 90 | 90 | 60 | 60 | 60 | 90 | 90 | 60 | 60 | 60 | 60 | 60
009| 90 | 90 | 60 | 60 | 90 | 90 | 90 | 60 | 60 | 90 | 60 | 60
012 90 | 120 90 | 90 | 90 | 90 | 90 | 90 | 90 | 90 | 60 | 60
0.16 | 120 | 120| 90 | 90 | 90 | 90 | 90 | 90 | 90 | 90 | 60 | 60
0.19| 120 | 120 90 | 90 | 90 | 90 | 90 | 90 | 90 | 90 | 90 | 60
0.23 | 120 | 150 | 120 | 120 | 120 | 120 | 120 | 90 | 90 | 120 | 90 | 60
0.26 | 120 | 150 | 120 | 120 | 120 | 120 | 120 | 90 | 90 | 120 | 90 | 60

CSS1h [ CQS-1h| Revive CSS1h [ CQS-1h| Revive CSS1h | CQS-1h| Revive
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Table17 also shows that thmodified emulsios (Revive™ and GripTight) show the
shorter curing times thahe unmodified emulsios (CSS1h and CQSLh). Most samples
curewithin 1.5hour, except th€SS1h andthe CQS1h emulsiorsample with high EAR
(more than 0.19al/ydf (0.86 L/nf)) tested at 20C and the PME samples tested using high
EAR (0.23 and 0.26 gaid® (1.04 and 1.18 L/f)) and the lowest curing temperatu28iC).

As previously stated neulsionconsists of asphalt and water, and mudubtber
diluted with water for the fog seal construction to redtseiscosity. Typically, unmodified
emulsions areitlited with water using a dilution rate of 50%, but each modified emulsion
has a specific dilution rate recommended by manufacturer. For instance, the'Revive
emulsion is used in the field with a dilution ratio of 60% of emulsion to 40% of water, and
the Grip-Tight emulsion is recommendéar use with 45% of asphalt residue. For the
Revive™ emulsion, dilution process should terried ouin thefield or emulsion plant
before construction, but the Gfipght emulsion can be employedthmefield withoutthe
dilution processThelarge amount oasphalt residue may affect the emulsion autimes
even without considering emulsion properties. Therefore, it is necessary talueck
differercein curing times between threcommended anaother dilutionrates.

The evaporation tests using the same asphalt residue for each emulsion has conducted.
For this testthe CSS1h, Revivé™, and GripTight emulsions werselectedand EARs of
0.06, 0.12, and 09gal/ydf (0.27, 0.54, and 0.86 Linwere applied at 3C. These ree
emulsions were dilutegrior to testingusing the same dilution rate of 33% asphalt residue.
Figure45andTable18 present all the test data, aRidure46 showsthe results foanEAR
of 0.12 gallyd (0.54 L/nf).
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Table18 Curing Times for the CSh, Revivé", and Grip Tight Emulsions at 30C

Curing Time (Minutes)
(gEaﬁ})F;c?Z) Recommended Dilution Rate Same Asphalt Residue
CSS1h | Revive |Grip-Tightf CSS1h | Revive |Grip-Tight

0.02 60 60 60 - - -
0.06 60 90 60 60 90 60
0.09 90 90 60 - - -
0.12 90 90 90 90 90 90
0.16 90 90 90 - - -
0.19 90 90 90 120 120 120
0.23 120 120 90 - - -
0.26 120 120 90 - - -

Figure45, Figure46, andTablel18indicatethat the curing times falower EAR
(0.06 gallyd (0.27 L/nf)) of thesame asphalt residue sampleslengthenedor all
emulsion types, but the curing times for high EARs (0.12 and 0.19 §é&b¥d and 0.86
L/m?) of thesame asphalesidue samples atiee sameasfor therecommended dilution rate
samples.

4.2.1.3 BBSTest

A granite substrate was used for BRS tests conducted durirthis researchAll the
BBStests were conducted in an environmental chamber to maintain the temperatge durin
curing and testing. Thraeplicatesvere tested for each temperature and application rate
combination.

When considering the results of the evaporation tests fdotinéypes of emulsions,
the curing times determined from the evaporation tests mayeidtsufficient information
to determine the minimumecommendeduring times for fog seal emulsions. The
evaporation test considers only how fast water would evaporateafremulsions by

measuring the weight of the emulsion, so it does not captusslttatages of modified fog
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seal emulsions, such as higher adhesive strength values than unmodified emulsions.
Consequentlythe BBS testcan helpdetermine the minimum curing times for fog seal
emulsions in addition to the curing times determined fronetagoration test

TheBBS testswereconducted at different curing times and selected EARs based on
theevaporation tegiesults TheBBS test were conducted tanesof 30, 60, 90, 120, 180
minutes and1 day at EARs of 0.06, 0.12, 0.19, and 0.25 g&i{@27, 0.54, 0.86, and 1.13
L/m?), and at temperatures of 25°C, 30°C, and 35°C forfthe emulsion types, CS$h,
CQS1h, Revivé™, and GripTight. However, during th8BS tests,a problem was detected
that the bond strength values at EARs of 0.06Gat8gal/ydf (0.27 and 0.54 L/R) were
erroneous because the volume of the emulsion was not enough to fill the gap between the
pull-stub and the substrate. Thus, only BBS data for EARs of 0.19 and 0.25 gal}y(0.86
and 1.13 L/rf) are used for compaos.

Figure47 presents all the bond strength valoéall emulsion types witliEARs of
0.19 and 0.25 gal/yd0.86 and 1.13 L/A) at each temperature, 25°C, 30°C, and 35°C

Table19 andTable20 present the bond strength values for all three study emulsions
with the two application rates at the three curing times, and also present the percentage of
bond strength as determined byidiug the bond strength values at different curing times by

the full bond strength, which is determined at 24 hours.
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Table19 Bond StrengthValuesfor CSS1h, CQS1h, and RevivE” Emulsions

Tem. | EARs | Emulsion Bond Strength (psi (kPa)) at Curing Time (Minutes)
"C | gallyd” | Types 30 60 90 120 180 1 day
CSS1h |521(359) | 64.4444) | 69.9482 | 72.5500 | 705(486) | 758(523)
CQS1h | 53.1366) | 53.7370) | 52.7363) | 51.9358) | 55.3381) | 55.7384)
0-19 Revive | 67.0462)| 88.1(607) | 97.1(669) | 103.1711) | 110.9765) | 121.3836)
GripTight | 61.7425) | 82.3567) | 95.3657) | 105.6728) | 111.7770) | 122.8847)
25 CSS1h | 37.1(256) | 61.9426) | 68.3471) | 67.7467) | 71.2491) | 73.1(504)
CQS1h | 26.1(180) | 43.6301) | 48.6335) | 52.5362) | 53.5369) | 56.2387)
0-25 Revive | 45.2312)| 87.5603) | 100.2691) | 106.q731) | 109.4754) | 120.6832)
GripTight | 45.0310) | 77.2532) | 101.4699) | 104.2718) | 107.5(741) | 119.4821)
CSS1h | 40.4279 | 50.1(345 | 46.9323 | 55.6383 | 58.2401) | 55.3381)
0.19 CQS1h |27.9192 | 49.3340 | 50.1(345 | 53.0365 | 54.3374) | 55.6383
Revive | 75.1(518 | 77.4534) | 84.9585 | 82.3567) | 87.2601) | 88.5610
30 GripTight | 73.9509 | 79.0545 | 83.9579 | 85.2587) | 88.5610 | 87.8605
CSSi1h 0.0 52.7363 | 52.1363 | 52.1(359 | 61.2422 | 59.55411)
0.25 | CQS1h 0.0 |39.1270 | 50.84350 | 51.4354 | 53.5369 | 59.2409
Revive | 72.2498)| 83.95789 | 80.7556 | 80.7556 | 80.0552) | 98.2677)
CSS1h |30.6211)| 31.3216) | 31.0214) | 33.6232) | 33.6232) | 33.%229)
CQS1h | 29.7205) | 30.3209) | 30.0207) | 32.3223) | 32.7225) | 35.2243)
0-19 Revive | 41.0283)| 54.3374) | 52.9364) | 57.6397) | 57.3395) | 64.7446)
35 GripTight | 25.9178) | 51.7356) | 54.0372 | 56.6390) 67.3464)
CSS1h | 25.8178)| 32.6225) | 31.9220) | 36.8254) | 38.1(263) | 39.4272)
0.25 | CQS1h |29.0200) | 34.9241) | 31.3216) | 29.7205) | 32.7225) | 35.7246)
Revive | 30.0207)| 51.1(352) | 54.3374) | 57.0393) | 63.8440) | 64.4444)
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Table20 Percentages dfull Bond Strength for CSSLh, CQS1h, and RevivE' Emulsions

Temp. EARs, | Emulsion Bond Strength (%) at Curing Time (Minutes)
°C gallyd® | Types 30 60 90 120 | 180 | 1day
CSSi1h 69 85 92 96 93 100

CQS1h 95 97 95 93 99 100

0-19 Revive™" 55 73 80 85 91 100

Grip Tight | 50 67 78 86 91 100

25 CSSi1h 51 85 93 93 97 100
0.25 CQS1h 46 78 86 93 95 100

' Revive™ 38 73 83 88 91 100

Grip Tight | 38 65 85 87 90 100

CSS1h 73 91 85 101 105 100

CQS1h 50 89 90 95 o8 100

0.19 Revive™ 85 88 96 93 99 100

30 Grip Tight | 84 90 96 97 101 100
CSSi1h 0 89 89 87 103 100

0.25 CQS1h 0 66 86 87 90 100

Revive™ 74 85 82 82 81 100

CSSi1h 99 101 100 108 102 100

0.19 CQS1h 84 86 85 92 93 100

' Revive™ 63 84 82 89 88 100

35 Grip Tight 60 77 80 84 - 100
CSSi1h 65 93 81 93 97 100

0.25 CQS1h 81 o8 88 83 92 100

Revive™ 47 79 84 88 99 100

The following observations can be made freigure47, Table19, andTable20:

1 Figure47indicatesthat the differencgin EARs do not affect the bond strength of
the study emulsions after 1 hour, except for the @@ ®mulsion, whegesthe
EAR doesaffect the bond strength after 1.5 hours.
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f The bond strength develops more quickly in the @8%nd Revie'" emulsions
than in the CQS.h emulsion. After 1 hour, the bond strength of ReVhis greater
than that of the CS$h and CQSLh emulsions, indicating the ability of ReviYe
to gain strength early and quickly.

1 Most of the bond strength gain is achiéwe the first hour for the CS$h and
Revive ™ emulsions and after 1.5 hours for the GQBemulsion.

1 The final bond strength values of the GB%and CQSLh emulsions are similar,
except the 25°C resulthatshow greater bond strength of the CBBemusion,
and that the bond strength of tRevive'™ emulsionis much greater thahat ofthe
other two emulsions.

1 The full bond strength of ReviV¥ emulsioncan be achieved in 1.5 hours. The
curing time based on the bond strength is 0.5 hour shorter thitatetiermined

from the evaporation test

4.2.2 Fog Seal Field Test

4.2.2.1 Rolling Ball Test

The field viscosity tedbas identifiecas a means to determine the appropriate traffic
opening time for fog seals in the field. Ansitutest may be necessary because fofj sea
emulsions are very sensitive to the environment. In the previous report, the Wagner flow cup
test was suggested as a field viscosity test for the emulsions, but a trial test revealed that it
was not suitable for fog seal emulsions. As mentioned befee/adlume of fog seal
emulsions is changeable depending on curing time, so it is difficult to obtain a certain amount
of cured emulsion

Rolling ball tests were conducteddifferent curing times and selected EARs based
on previoustesting i.e., the evapration test and the PATTI teStherolling ball testswere
conductedat times of15, 30, 45, 60, 90, 120, 180, 240 minutesandl1 day at EARs of 0.06
and0.12 gal/yd (0.27 and 0.54 L/f), and at temperatures of Z5and30°C for the three
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emulsion type, CSS1h, Revivé™ and GripTight. Figure48andTable21 show the rolling

ball test resultdn Table21, the shaded cells inthte the curing time of each condition.
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Figure48 Rolling ball test for CSSLh, Revivé™, and GripTight emulsions with 0.06 and
0.12 gallyd (0.27 andd.54 L/nf) at: (a) 253C and (b) 30C
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Table21 Rdling Ball Test for CSSLh, Revivé", and GripTight Emulsions with 0.06 and

0.12 gallyd (0.27 and 0.54 L/R) at 25C and 30C

Timl 30AC| 25AcCcl 30AC| 25AcCl 30AC| 25AC
( Mi nioo6|o012|006|012|006|0.12|0.06|0.12|0.06| 0.12 | 0.06 | 0.12

CS4h Rei v e Gr iTp g ht

(gallyd’)
15 - - - - - - - - 12222121120
30|20} - |17) - |21} - |21) - |23)23)23)22)|
45 21(18)18(15)22123]21)20(261]25[25 25|
601(22)20(20)J19(25]26(24]24)28[261)27 (26|
75 24122 |23)21|25]26)25|25|2828 (2828,
90 26124124122 )27)26)26]25]29]28]29(29.

12027(25)27425]29128]28)27(30)]30/29]29]|

15028(26)2826)]29)128]28)28(30)]30/30]30)

1 ag(30y30)30J30J30J30J304304f30{30430430

The following observations can be made freigure48 andTable21:

The GripTight emulsion can be testém 0.25 hour for alconditions which
suggests thahe curing rate of the Gripight is faster than that die other
emulsion types.

At the both temperatures, 25 and 30C, the GripTight emulsiorprovidesthe
longest distancim the rolling test, aththe CSS1h emulsion shows the shortest
distance.

After 1.5 hours, the Griffight and Reviv&” emulsiongeachtheir asymptotic
distances.

Whenconsideringall the distancegseached by all theamples for each condition,
25 cm can be suggested as a @itdistance.

Based on this critical distance, the GTijght and RevivE" emulsions can be cured

within one hour, but the curing timestbie CSS1h emulsion are longer than 1.25

112



hours.In particular,the CSS1h emulsion tested at 25 with an EAR 0f0.12
gallyd® (0.54 L/nf) can beconsideredtured after two hours.

4.2.2.2 Damping Test

As stated previously, field test methods should be simple in design, and the test
equipment should be portable for use in the field. Thugjahging teshas beemleveloped
as a nathod for field application. One kilogram of dead weighapplied to the emulsion
samples for 15 seconds instead of using a wheel tracking device, and absorbard yssts
between the emulsion samples and one kilogram of dead weight to producergsmilike
that can verify the curing status of the fog seal emulsions. The DIP techniqusewdilkzred
to express the visible results numerically.

The damping tests were conductedifferent curing times and selected EARs based
on previoustestresults(the evaporation test and the PATTI tesgtults) The dampingtests
were performedat times ofl5, 30, 45, 60, 75, 90, 105, 120, 150 180 minutesandl day at
EARs of 0.060.12, and.19 gallydf (0.27, 0.54, and 0.86 LAy and at 30°C for théour
emusion types, CS2h,CQS1h,Revive™, and GripTight. Table22 shows the percentage

of stained pixels after DIP analysis of damping testils.
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Table22 Percentage dbtainedPixels for DampingTest forAll Study Emulsions at 30C

Per cen SaagieRiexde | s
Ti n CS38nh CQS h Revi ve Gr +Tp g h
(Mi)o.qo. 10.10.qo0.10.10.q0.40.10.q0. 10. 1
(gallyd)
15 | - - - - - - - - - |98 - -
30| - - - - - - - - - |52 - -
45 | - - - - - - | 8. | - - l0.[65] -
60[33| - - |25 - - l0.(l96| - |0.]0.[97.
750 1.(|83) - | 82|99 - |0o.|10100 - - |30.
90| 1.|4.|98|21|657[|996|0.]|0. |44 - - |o0.
10{0.3.|7.|11|384|65|0.|0.[0.] - - -
12(0.|1.]l0.|16|24|24|0.]|0.|0.] - - -
15(0.|l0.|0.|15|06| 13| - - - - - -
18(1.|1.|1.|21]|05|02]| - - - - - -
1 d1.|1.|l0.|06|05[03|0.]0.]0.]0 0.]0

When comparing the data frofiable22 and the digitalmage samples shown in

Figure27 (Section3.4.8.2, the five percentages of stained pixels can be suggested as a

critical value to determine emulsion curitige.

The $aded cells imable22 andTable23 indicate the curing time®r each

condition. Overall, the GrifFight emulsion shows the best results, i.e., a low number of

stained piels, and the Reviv& emulsionperformsbetter than the CS$h and CQSLh

emulsionsln order toevaluatehe temperature sensitivity of the damping test, the-Gight

emulsion wagestedat 25C, and the data were compaeghinstthe dataobtained fron the

30°C test.Table23 shows the percentage of stained pixels after DIP analytie ddmping

testresuls forthe Grip-Tight emulsion at 28 and 35C. It shows that the curing time for

the GripTight emulsia tested at 2% is 15 minutes shorter than the’GQdata, but the
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Grip-Tight emulsion shows the best results among the four emulsion types even though the

other emulsions were tested afG0

Table23 Percentage ddtainedPixels for Grip-Tight Emulsion at25°C and30°C

Percentage ofStained Pixels
(I\;IriirTJ?e) Grip -Tight at 30°C Grip -Tight at 25°C
0.06 gallyd | 0.12 gallyd | 0.19 galiyd | 0.06 gallyd|0.12 galiyd | 0.19 galyd
15 98. ¢ - - - - -
30 52. 2 - - - - -
45 0.0 65. 1 - 86 . 5 - -
60 0.0 0.0 97 . 3 4. 2 77 .5 -
75 - - 30. C 0.0 0.7 94 . 3
90 - - 0.0 - 0.0 79 .5
105 - - - - - 0.1
120 - - - - - 0.0
1 da4 0.0 0.0 0.0 0.0 0.0 0.0

4.2.2.3 Verification of Fog Seal Field Tests

A correlation between bond strength and curing behdasieenestablishedby
comparing the bond strengthluesobtained by the BBS test the distance measured by the
rolling ball testand the stained pixels obtained by the damping test &t &dd different
curing times (30, 45, 60, 75, 90, 120, and 150 nes)uFigure49 (a) shows the correlation
between the bond strength and the rolling distance from the rolling ball te§tiganel49
(b), (c), and (d) show the correlatibetween the bond strength ahé percentage atained
pixels by the damping test.

The correlations presentedkigure49 (a) through @) allow the verification of the
curing time criteria suggestédm the cuing time studyBecause bond strength is a
fundamental material property, the bond strength values that are required to meet the
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empirical criteria for full curing, that is, the critical values of rolling distance and percentage
of stainel pixels that havéeen determined from the rolling ball test and the damping test
respectively, should be the same for each of the two tedtgyune49 (a), the bond strength
values for the CS&h emulsion that are needed to ke rolling ball curing criterion of 25

cm are around 49 p&337.8 kPajpnd 51 ps{351.6 kPafor EARs of 0.06and 0.12 gal/yd
(0.272 and 0.543 L/f), respectivelyFigure49 (b) shows that the 5% stained axiterion

for the damping test yields bond strength values very close to the values obtained from the
rolling ball test. A similar observation can be madmg the data from thReviveemulsion;

i.e., the bond strength values (around 79944.7 kPa)that are needed to meet the rolling
distance criterion are close to those obtained from the damping test (be8waah82 psi

(537.8 and 565.4 kPra)or Grip Tight emulsion, théond strength valuesiound 76osi

(524.0 kPa) that are needed to mehetrolling distance criterion are close to those obtained
from the damping test (betweer @hd79 psi(530.9 and 544.7 kPa)These comparisons
suggest that the critical distance of 25 cm for the rolling ball test and critical percentage of
stained pixel®f 5% for the damping test are the criteria that can be used to help determine

whether fog seal emulsions are cured properly or not.
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Figure49 Comparison between BBS test and field tests &€ 3() damping test, (b) ratig
ball test for CSSLh, (c) rolling ball test for Revive, and (d) rolling ball test for GFight

4.2.3 Fog Seal Performance Test

4.2.3.1 AggregateRetention Performance

The Vialit test was performed before starting the other tests to verify and select

representativéog seal EARs, and was conducted based on the method used in the Estakhri

study The test procedure is that chip seal samples are placed at 77°F for 24 hours for curing

and after fog sealingthe samples are cured at 140°F for 24 hodAsRs 0f0.02, 0.®, 0.0,
0.12, 0.16, 0.19, 0.23nd 026 gal/yd* (0.09, 0.27, 0.41, 0.54, 0.72, 1.04, and 1.18%/m

were used fothe CSS1h and CQSLh emulsionsln order to fabricate the chip seal samples,

an aggregate application rate (AAR) of 10 15/¢8l4 kg/nf) for the lightweight aggregate
and an EAR of 0.25 gal/§q1.13 L/nf) for the CRS2L emulsiorwereapplied These rates
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are recommended the previouship seal mix design stydKim and Adams 2011}From
these Vialit testsalmost 0% of aggregate loss fdl sampls was foundTable24 presents

the aggregate loss results from the Vigsts.

Table24 Aggregate Loss from the Vialit Tests Using CB5and CQSLh Emulsions

Loss of Application Rate (gal/yd?)

Aggregate(%) | 0.02 | 0.06 | 0.09 | 0.12 | 0.16 | 0.19 | 0.23 | 0.26
CSS1h 0.5 0.2 0 0 0 0 0 0
CQS1h 0.4 0.2 0 0 0 0 0 0

After finding that theVialit testcould not properly test aggregaossfor fog seal
samplestheMMLS3 aggregate loss tewas performed to verify aggregate léssfog seal
samples. Based on the curing time stubgfog seal emulsion types (CS9, Revivé", and
Grip-Tight) and EARs (0.08, 0.12, and 0.16 gaf/{@l36, 0.54, and 0.72 LA)) were
selected, and chip searmples were fabricated accordance with a previoussearch
(HWY-200804). Forthe chip seal samples, 0.25 galfyd.13 L/nf) of CRS2L emulsion
and 10 Ib/yd (5.4 kg/nf) of lightweight aggregate were used.

The MMLS3 test proceduiis describé in secton 3.4.6 Foraggregate loss tasy,
theMMLS3 is loaded for 160 minutes at®a Chip seal specimsnverefabricated, and
then subjected tb0 minutesof MMLS3 loading, which ighe time it take$or the MMLS3
to wander across the wholanthwidth of thespecimens. Aftethefog sealwas applied to
theloaded chip seal specimetise specimengsgainweresubjected ttMMLS3 loading
Measurements of thgpecimens wertaken forweight, surface texture, and skigkistance at
10, 20, 40, 80, and 160 minutes (990, 1980, 3960, 7920, a8¥01IBEMLS3 wheel passes).
These times can be converted to the number of wheedgizssause the MMLS3 applies
repeated wheel loads tiee specimen surface at a consistent an@lecated rate (990 wheel
loads applied every 10 minuteBjgure50 shows the aggregate loss performanchefog

seal samples.
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Figure50 Aggregatd ossperformance ofog sealspecimens: (apggregatdoss and (b)
cumulativeaggregatdoss

Figure50 shows that fog seal samplist contairCSS1h emulsiorperformthe
worstof all the emulsion types; in particuldne samples with an EAR 6f08 gal/yd (0.36
L/m?) show approximately 15 % aggregate loss after MMLS3 loading. However, the samples

that areappliedwith Revive™ and GripTight emulsions shouess tharb % aggregate loss.
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The most aggregate losscuss during the initial stages ¢ésting, and lIovEARS induce
more aggregate loss for all conditions. Overall, the fog seal samipteGSrip-Tight

emulsionperformthe besin terms ofaggregate retention performance.

4.2.3.2 Bleeding Performance

The fog seal test specimens used for the MMLE@egate loss testing also were
used for the bleeding tests. After the tests, specimens were scanned, and the digital images
were analyzed to present numerical values for the bleeding areas on the specimen surface.
Figure51 shows the bleeding performance of GBS Revivé", and GripTight
emulsions as a function of EARSs, i.e., 0.08, 0.12, and 0.16 §&l\ya6, 0.54, and 0.72 LAn
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Figure51 Bleedingtestresuls for CSS1h, Revivé", and GripTight emulsions

Figure51 shows that higher EARs correspond to more bleeding areas for all emulsion
types. The Revive' and GripTight emulsions show a similar bleeding trend to each other,

whereas the 85 1h emulsion presents higher bleeding percentages in every case. In
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particular, the EAR of 0.16 gal/§¢0.72 L/nf) for CSS1h corresponds to the worst

performance (least bleeding resistance/most bleeding). This result relates to the skid

resistance re$ts. That is, a high bleeding percentage corresponds to a reduction in skid

resistance.

4.2.3.3 Mean Profile Depth (MPD) Analysis

The fog seal specimen surfasas able to becanned at 10, 20, 40, 80, and 160
minutes (990, 1980, 3960, 7920, and8#® MMLS3 wheepasses) durinthe MMLS3

aggregate loss performance tegt These laser scan data can be calculated to MPD yalues

as described in sectid4.7.2 Figure52 andFigure53 show the MPD values as a function

of thenumber of wheel passekable25 presents all of thmPD values.

Table25MPD Values
Specimens Applied Loading Time (Minutes)
(EARsand 0 10 10 20 40 80 160 | 400
Name) |(Chip Seal|(Chip Seal| (990) | (1980)| (3960)| (7920)|(15840)(396000

0.08 CSSslh 2.88 2.92 339 | 260 | 243 | 226 | 2.16 1.84
0.12 CSSlh 2.85 2.93 366 | 295 | 253 | 233 | 2.16 1.52
0.16 CSSlh 3.11 2.78 3.76 | 265 | 241 | 215 | 2.02 1.39
0.08 Revivé" 3.00 2.87 447 | 262 | 231 | 2.23 | 2.07 2.06
0.12 Revivé" 3.07 2.72 475 | 242 | 221 | 211 | 2.00 1.78
0.16 Revivé" 3.10 2.67 512 | 256 | 243 | 221 | 2.18 1.53
0.08 GripTight  3.10 2.59 454 | 2.67 | 2.27 | 208 | 1.97 1.77
0.12 GripTight  3.13 2.72 552 | 305 | 233 | 204 | 1.86 1.44
0.16 GripTight  3.15 2.94 550 | 330 | 273 | 238 | 2.17 151

* The numbers in parenthesis indicate the number of wheel passes
** The shaded column lists théPD values obtained from the bleeding tesimples
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Figure52, Figure53, andTable25 show thafog sealing increasébe MPD values
temporarily. However, &ér traffic loading for 10 minutes, the MPD values decreases to the
MPD values othe samples that have not been fog sealed, i.e., theadligamples. En
reason for this decrease is thaplied emulsion cacreatea rough surface texture once the
emukion is completely cured, but this surface texture can be seuwedisily by traffic
loading.Also, the GripTight and RevivE" emulsions have more asphalt residue than the
CSS1h emulsionwhich suggests that emulsions containing meghalt residuéeadto a
rougher surface texturé¢han those that do not contain a high level of asphalt redtdue.
example, the MPD values of Gfifight and RevivE" emulsions are higher thanoseof
CSS1h emulsion. When comparing overall MPD values as a function ofl whsses, the
MPD values decreases significantly within 40 minute86@ MMLS3 wheel passes), but
after thatamount of timethe changen MPD values is smallAnotherfinding is that the
MPD values of each EARresimilarto each other, although theiiitial MPD valuesmay
differ.

4.2.3.4 Skid Resistance Test

The British Pendulum Test (BPWasperformed on fog seal specimen surtfoe
10, 20, 40, 80, and 160 minutes (990, 1980, 3960, 7920, and 15840 MMLS3 wheel passes)
duringthe MMLS3 aggregate loss performee teshg. The resultant BPN data were
converted to SBK| as described in sectié4.7.3 After aggregate loss performance itegt
all of thespecimens wersubjected to MMLS3 loadinfpr the bleeding testnal BPT was
performed on the bleeding test sampleable26 presents all of th8Ns acquired from BPT
results, andrigure54 shows the SNor thethree emulsion types (CSih, Revivé", and
Grip-Tight).
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Figure54 Skid number vs. No. oivheelpasses for: (a) CS$h, (b) Revivé", and (c) Grip
Tight emulsions
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Table26 Skid Number from BPT

Specimens Skid Number
(EARsand | 10 min. | 10 min. | 20 min. | 40 min. | 80 min. | 160 min.| 400 min.
Name) | (Chip Seal) (990) | (1980) | (3960) | (7920) | (15840) | (396000)
0.08 CSSlh 70 67 67 67 65 62 58
0.12 CSSlh 68 68 68 66 62 61 56
0.16 CSslh 67 66 64 64 58 56 38
0.08 Revivé" 69 68 65 64 62 62 58
0.12 Revivé" 69 67 64 64 64 62 56
0.16 Revive" 73 68 65 64 65 63 54
0.08 GripTigh 70 66 63 61 61 61 58
0.12 GripTigh 66 67 65 61 62 59 57
0.16 GripTigh 69 67 65 64 63 61 53

* The numbers in parenthesis indicate the number of wheel passes
** The $raded columiists theSNs obtainedfrom the bleeding test samples

From the literature reviewd,is found that the application &g seal normally
reduces the skid resistancepalvemensurface However,Figure54 does not showa
significant reduction in skid resistance betweencttip seal and fog seal surfadable26
indicates that, after the bleeding tekg skid resistance of most samples does not decreas
much exceptin theone casevith ahigh EAR (0.16 gal/yd(0.72 L/nf)) for CSS1h
emulsion Of course, the skid resistances of fog seal sangpkdghtly lesghan that of chip
seal samples, but tl&Nsof fog seal samples are much higher than No#gtoliha
requirementor surface skid resistance (SN 37). Thmgling suggests that the usechip
seal recommended by the chip seal mix destggrarci{HWY -200804) for fog seal

constructions adequate andioes not cause skid resistance problems.

126



5. FILED EVALUATIAGN E(RF ORMANCE

5.1 Development of Refined Construction Procedure

The information gathered in literature review, investigation of curing and adhesive
behaviors, and previous researches (NCDOT H¥0¥606, 200706, and 20084) has
been used tdevelop several refined construction procedures for modified chip seal and a
field experimental program to evaluate performance improvement. The refined construction
procedures for modified chip sedlave beemleveloped by optimizing the following
constuction factors: (1) mixesign i.e., the emulsion application rate (EAR) and aggregate
application rate (AAR)(2) thetime interval betweespraying theemulsion and spreading
theaggregatg(3) thetime interval between spreadittge aggregate and rolig, (4) rolling
patterns(5) traffic opening timeand (6) time for sweeping

The objectives of the field construction are:

to evaluatehe aggregate retention performarafehe chip seal pavements
to obtain field samples immediately after construgtion

to test the samples thelaboratory for aggregate retention performarce

= =A A =

to monitor field sections for the performance of the chip seal pavements.

At the preconstruction meetintpr the highvolume chip seal field constructiotie
construction vaablesthat had beeproposedn theprevious meeting wereonfirmedfor
applcationin the field teshg. Table27 shows the variables.
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Table27 Field Construction Variables

Variables Decision
Seal Type Triple Seal
Emulsion Type CRS2, CRS2L, SBS CR&P, and FiberMat Type A
Mix Design Optimal EAR and AAR
Rolling Pattern Type B
Sweeping Schedulg After Curing for 2 to 3Hours
Fog Seal Revive and CSSh on CR& and CRL Sections
Traffic Volume Low ( ~ 5,000 A!DT), Medium ( ~ 10,000 ADT),
and High ( ~ 15,000 ADT)
Number of Sampleg 15 MMLS3 (low volume) and 3 Vialit (medium and high volumé

At the meeting, the triple seal wsslecteecausét is acommonly usedeal type
thatis usedor high-volume road nationally.The Virginia #9 aggregate will be used as the
top layeras a choking material féhe granite 78M aggregatised in theniddle layer This
approach has been reported successful in reducing the aggregate losgramd the visual
appearance of the chip seal

Four emulsion types (CR& CRS2L, SBS CRP, and FiberMat Type Ajyill be
used in the field constructioA. constant EAR and AARill be applied to alkhetest
sections, and the optahEAR and AARweredecidedby the field supervisor.

For the rolling pattern, type A and typesBown inFigure2 were suggestedt the
meeting based on previous research (NCDOT H¥09606), and type B was selected for
the field conruction.Fortype B, two pneumatic tire rollers are used to apply three
coverages to the entire lane width, and then the combination roller, as a third roller, is
employed to applanadditional coverage on the section. The advantage of typé&Btig
allowsmore coverages (four coverages in type B versus three coverages in type A) within the
same amount of rolling time. In addition, type B can fully capture the ability of both the
pneumatic tirgoller that rolls theuneven surface dgheexisting pavenent andhe
combination roller that provides a smooth surfddes schematic rolling patterean be seen

in the literature review sectiofigure2).
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In general, sweeping before opening to traffic is recommebéeause loose stones
can cause serious damageédicleson highvolume road. Hence, it was decided that the
constructed section should be swept afterto threehours of curing, and then the section
will be opened to traffic.

Fog seals are one eé\eraleffective ways to improve chip seal pavensemtvo
sections, oneonstructed wittCRS2 emulsionand onewvith CRS 2L emulsion have been
selected to studthe curing and retention performancéfog seals on top of chip seals. For
the field tests, th€SS1H and Revive emulsions were selected as an unmodified emulsion
and aPME, respectively.

In order to compare the effedtdifferent traffic volumes on chip seal performance,
three traffic volumes, lowdss tharb,000 ADT), medium (5,000 10,000 ADTI), and high
(10,0001 15,000 ADT) will betargeted for the field constructiok was stated at the
meetingthat the CR& emulsion causes aggregate retention and bleeding profoemgh-
volume roads. Hence, it was proposed that the-€R&ctions wilbe constructeébr low
traffic volumesonly. Based on existing pavement condisamd other variables, Chin Page
Road (SR 1969), Farrington Road (SR 1110), and Carver Street (SR 1407) in Durham
County wereselectedasroadways fofield sectionsvith low (5,000 ADT), medium (10,000
ADT), and high (15,000 ADTiraffic volumes, respectively8ased on discussions held at a
few meetingsat the field sitesthe test sectiofengths and locationsvere determined because
similar existing pavement conditions aatbngitudinal slopevould play a vital role in the
comparison of performance amongthk tessections.Figure55 (a), (b), and (cshowthe

three field sitesrespectivelyand informatiorabout each site
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In order to ensurasufficient test lengtlthat can accommodatiee monitoring, fied
testing, and sampling of each sectieachsection was decidetd bel,000 feetong. Figure

56 shows the test section diagrams.

r' S [y 2
Monitoring
and >
- Field Testing 3
Monitoring Aies 1
and >
Field Testing 3
Area .
Sampling 2
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2 | s
A A © (=]
Remaining > | 7 I o
fEd & Grip Tight 5
Sampling 15 Fog Seal Area o
Area "t") l
Remaining 1= 3
Area - I
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Single Seal 2 Fog Seal Area 0
Area o l
v ) 4 VL y

(a) (b)
Figure56 Test section diagram: (a) chip seal sactand (b) chip seal with fog seal section

Table28 shows informationthatincludesthe location, pavement condition rating,
resurfaced year, section number, traffic volume, emulsion type, section type, saugibr, |

field sample, and field test for dle construction sections.
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Table28 Field Section Information

. Traffic Condition Section : Type and . .
Location Volume |Rating 2014 Resurfaced Number Emulsion Length (feet) Sampling Testing
1 CRS2 CSS1h (500, None Fog seal
(Fog Seal) Revive (500 tests
Triple (800, Triple (MMLS3)
2 CRS2 Single(200 Single (Viality | -@serscan
Chin Page Low . .
91.7 2005 Triple (800, Triple (MMLS3)
Road <5K ADT 3 CRS2L Single(200) Single(Vialit) Laser scan
SBSCRS Triple (800, Triple (MMLS3)
4 op Single(200) Single (Viality | -@sSerscan
5 FiberMat Double (900) | DoublgMMLS3) Laser scan
6 CRS2L CSS1h (500, None Fog seal
(Fog Seal) Revive (500 tests
. Medium 7 CRS2L Triple (1,000) Vialit Laser scan
Faringon | sk< <10k | 85.1 2004
ADT 8 SBSZ%RS Triple (1,000) Vialit Laser scan
9 FiberMat Doube (1,000) Vialit Laser scan
10 CRS2L Triple (1,000) Vialit Laser scan
High
Carver | jok<<15Kk|  93.4 2003 11 | SBSCRS | 1iinle (1,000) Vialit Laser scan
Street ADT 2P
12 FiberMat | Doule (1,000) Vialit Laser scan
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5.2 Construction of Field Section Using Different Construction
Procedures

5.2.1 Field Construction Timeline

At the preconstruction meetinfpr thehigh-volume chip sea) September 22 25"
26", and 27 were proposed as construction adte thethree sectionsfahe high-volume
road (SR 1407, Carver Street), four sectiondhemediumvolume road (SR 1110,
Farrington Road), two sections thie low-volume road, anthree sections dhelow-volume
road (SR 1969, Chin Page Road), respectivelyth@test sites are located in Durham
County.

After preparing the field sitsgwhichincluded calibrating theequipment, traffic
control, and sample template preparation ftbiom layer othe chip seal with the EAR of
0.25 gallyd (1.13 L/nf) and AAR of 22 Ib/yd (11.9 kg/nf) (granite 78M)wasconstructed
ontheentire section, and the second layesapplied with the EAR of 0.25 gal/§d1.13
L/m?) and AAR of 22 Ib/yd (11.9 kg/nf) (granite 78M) exceptthesingle seal area, which is
locatedatthe end othesection. Finally, the top layer with the EAR of 0.18 gdl/§@i81
L/m?) and AAR of 11 Ib/yd (6.0 kg/nf) (Virginia #9) wasconstructed on the double seal
area. Onemportantcomponent of the test protocol wiascreate @weeping schedule for the
high-volume chip seal construction because loose aggregmteause serious damage to
vehicles especiallyon highvolume road. Based on Shulé&recommendatiorsweeping
wasplannedfor three hours after construction (Shuler 1990). For the fog seal performance
validation, two sections (CR3 onthelow-volumeroadand CRS2L onthemediumvolume
road wereselected, and the fog seshsconstructed after sweeping with G3%and

Revive emulsions. The construction timeline is displaydegure57.
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5.2.2 Field Sampling and Testing

In order to compare the actual applicatrates otheemulsiors and aggregagetwo
Vialit sampleswvereextracted from botkhe high and medium volume roads per section, and
for the laboratory testg, 15 MMLS3 samplegeretaken fromthelow-volume road per
section.Samplingwasundertakerafter one hour of curingp prevent damage tbefield
samplesThe sides othe sampling areaverecleaned to patch the damaged area effectively,
and then the samplegereplaced on wood boards and transportedtiox truck.Figure58
shows the field sampling for the Vialit and MMLS3 samples.

The monitoring of the chip seal pavement will be perforonetdl early 2013
According to thditerature reviewthe aggregate loss of chip ssatcus duringthe first
winter season, so it is important to know the initial condition of the chip seal pavement
orderto compare the performance. In order to monitor the performance of the chip, seal
the pavement surfaeell be scanned before and after the sweeping proceafuitee
monitoredarea. The laser scanning and visual observation should be performed before and
afterthewinter of 2013 As reference poirst for this future worktwo nailshave beenriven
into thepavemensurface and the scanning aréas beemarkedon the pavement surface.

Figure59 shows the laser scanner and the referenceginittte field.
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Figure58 Field sampling: (a) Vialit sample template, (b) Vialit samples, (c) Mi@llsample
template, and (d) MMLS3 samples

Figure59 Laserscanningn the field
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5.2.3 Construction Target Rates

All theCRS2, CRS2L, andSBSCRS 2P emulsionsectiondor the thredraffic
volumes (low, medium, and high) were caonsted according to the followirapplication
rates EARs of 0.25 gallyd (1.13 L/nf) (bottom layer), 0.25 gal/¥d1.13 L/nf) (second
layer), and 0.18 gal/yd0.81 L/nf) (top layer) andAARs of 22 Ib/yd (11.9 kg/nf) (granite
78M, bottom layer), 22 Ibf# (11.9 kg/nf) (granite 78M, second layer), and 11 I/6.0
kg/m?) (Virginia #9, top layer)The application rates of the emulsion and seal type were
changedor the FiberMat sections because FiberMat generally is applied as a single seal
treatmentHowever, he NCDOT bituminous supervisor in charge of construction had
reservatios about applying FiberMat as a single ssalCRS2L emulsionwith Virginia #9
aggregatevereused to covethe FibeMat single sealThe CRS2L emulsionwasused for
the FibeMat construction, and 0.12 galAD.54 L/nf) of it wasapplied followed by
application of thdibers, and then another 0.12 gaffyl.54 L/nf) of CRS2L emulsionwas
applied to covethe fibers. As a result, the FiberMat sectiforsall traffic volumes (low,
medium, and highyvere constructed as double seals with the following application rates
EAR of 0.24 gallyd (1.09 L/nf) (CRS2L with fibers) and the AAR of 22 Ib/yd11.9 kg/nf)
(granite 78M)for the bottom layer, and EAR of 0.18 gafly8.81 L/m?) (CRS2L without
fibers) and AAR of 11 Ib/yd(6.0 kg/nf) (Virgina #9)for the top layer. During the
constructiorof the 200 feet of single seal on lex@lumesectionsthe Fibermat distributor
changed the EAR from 0.12 galff®.54 L/nf) (CRS2L with fibers) to 0.20 gal/yd(0.91
L/m?) (CRS2L with fibers) withoutconsultingthe NCDOT or the NCSU research team. The
NCDOT BituminousSupervisor and the NCSU research team believed thatethisedrate
would definitelycause bleedingased on visual ipection and made the necessary
adjustment for that part of the section. In summary, the single seal was chaaged e
seal with the following application rateSAR of 0.40 gal/yé(1.81 L/nf) (CRS2L with
fibers) and AAR of 22 Ib/yt(11.9 kg/nf) (granite 78M) for the bottom layer, and EAR of
0.15 gallyd (0.68 L/nf) (CRS2L without fibers) and AAR of 11 Ib/yd6.0 kg/nf)

(Virginia #9) for the top layefTable29 shows the construction targgiplicationrates.
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Table29 Construction TargeApplication Rates

Secton Number | Seal Type EAR (gallyd?) AAR (Iblyd?)
17 4, 6i 8, Trile 0.25/0.25/0.18 22/22/11
107 11 P (Bottom/Second/Top] (Granite/Granite/Virginia#9
0.24/018 22/11
59 12 Double (Bottom/Top) (Granite/Virginia#9)

5.3 Field Application Rates (Ignition Oven Test)

For the MMLS3 performance test, field samples were obtained from the low traffic
volume sections fathe different emulsion types (CRS CRS2L, CRS2P, and FiberMat
Type A). In order to comparthe performance of chip sesdmples obtained from the field, it
is necessary to know the actual EARs and AARs for the field samples, even though the target
rates are already knowmheignition oventest isusedfor this purpse Figure60 shows a

samplebefore and after the ignition oven test.
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(b)
Figure60 Ignition oven test sample: (a) before test and (b) after test

For the ignition oven test, the Vialit or MMLS3 samples, which were obtained from
all thefield sections excephefog seal sections (section numb&rand 6), were used
determinghe actual EARs and AARssed in thdield construction TheMMLS3 aggregate

loss testsvereconducte using field samples for atheemulsion types (CR, CRS2L,
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CRS2P, and FiberMat Type A), which were obtained from theVolume sectionsThe
aggregate loss was calculateingthe actual EARs and AARs tietested samples

As mentioned before, gen sections (section numb&, 3, 4, 7, 8, 10, and 11) were
constructed as triple seal sections, three sections (section nbeand 12) were
constructed as double seal sedj@nd two sections (section numbérand 6) were applied
fog sead. It is not possible to know the actual AARs and EARs for each layer (bottom,
middle, and top) with field sampleso the sum othe AARs and EARdor each layer was
usedto verify the actual rates. For the triple sealsSAAR of 55 Ib/yd’ (29.8 kg/nf) and
EAR of 0.68 gal/yd(3.08 L/nf) were the target rates, and AAR of 33 Ib/yd’ (17.9 kg/nf)
and EAR of 0.43 gal/yd(1.95 L/nf) were the target rates for the double seals. After
determiningthe actual AAR and EAR, the application ratio (AAR divided by EAR)as
obtained to compare each sect®oonditionsFigure61 (a), (b), and (c) show the actual
AARs, EARs, and application ratsfor the triple seal sections, respectivefigure62 (a),
(b), and (c) show the actual ABREARSs, and application ratgfor the double seal sections,
respectivelyTable30 presentstie field construction conditierand informatiorabout each

section.
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According to the data shown gure61 (a) and (b, the AARs and EARthat were
actually applied to triple chip seal sectiomslawer than the target rafier all theemulsion
types.The same observation can be mautetlie double seal sectiomsFigure62 (a) and (b)
exceptfor section numbes (higher AAR and lower EAR)Figure61 (c) and Figure62 (c)
show theAAR/EAR application ratidor each section. From the figurdfsis seen thaalmost
all thesections do not meet the target application ratis finding confirms the presence of

wide and unpredictable variations application rates durinfield construction.

Table30 Field Construction Conditian

Section Traffic Field Type A

Number | Volume | Condition Emulsion Seal Type gl%lrsgfte
2 Dry CRS2 Triple GIG/IV
3 Low Wet CRS2L Triple GIGIV
4 (<BK ADT) Dry SBS CRS2P Triple GIG/IV
5 Dry FiberMat Type A| Double G/V
7 Medium Wet CRS2L Triple GIGIV
8 (<10K Dry SBS CRS2P Triple GIGIV
9 ADT) Dry FiberMat Type A| Double G/IV
10 High Wet CRS2L Triple GIGIV
11 (<15K Dry SBS CR&2P Triple GIG/IV
12 ADT) Wet FiberMat Type A| Double G/IV

Note: *G - Granite 781 aggregate, V Virginia #9 aggregate

In Table30, the field conditionis describeds a dry or a wet conditio The dry
condition indicates that th ®AR/EAR ratio ofa givensection is higher thaits target ratio.
Becauseéhe ratio is calculated by the AAR divided the EAR, a drysectionwith a high
application ratio indicates thatore aggregats appliedbased on the amount of emulsion
that is appliedin contrastthe wet condition indicateslower AAR/EAR ratio than the

target ratipand less aggregaite appliedbased on the amount of emulsibiat is applied.
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5.4 Chip Seal Performance Tests on Field Samples
5.4.1 Aggregate Loss Test

The MMLS3 aggregate retention teand bleeding tesivereconductedisingfield
samples obtained from the low traffic volume sections. The emulsion types a2, CIRS
2L, SBS CR&P, and FiberMat Type A.

A t-test withsignificantlevels of 0.05 was performed to evaluttestatistical
differences in aggregate retention performance between the2@Rfsilsion anthe PMEs
Table31 summarizes the results thfe statistical analysis fahe emulsion typesThe p
values of altheemulsion types are less than 0.05. Thiue,MMLS3 test results indicate that
the field samples constructed with the PMEs differ statistically in terms of aggregate

retention performance compared to those madieed®RS2 emulsion

Table31 Results of Statistical Analysis for Emulsion Types: Aggregate Retention
Performancef Field Samples

SRS Mean | Variance ol Error t-test | p-value | Conclusion
Type Dev.
CRS2 9.4 0.03 0.2 0.095
CRS2L 6.3 1.39 1.2 0.680 | 4.47 0.023 | RejectH
SBS CR&2P| 5.5 6.78 2.6 1.302 | 3.00 | 0.029 | RejectH
FiberMat 6.6 1.98 1.4 0.813 | 3.45 | 0.037 | RejectH

Figure63 shows the aggregate loss testults. Each data pointmesents the

percentage aheaverage cumulative aggregate l&ssn threespecimens
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Figure63 MMLS3 aggregate losesultsfor field samples

Figure63indicates that the CR3 sampls show the worst aggregate retention
performance, whereas the SBS CERSsamples perform the best of all the emulsion types.
The proper interpretation of the results showRigure63 requiresa carefulconsideation of
the field sample conditionbecause the dry conditiagendsto cause more aggregate loss
than the wet condition. Based on the ignition oversiés¢ CRS2, SBS CR&P, and
FiberMat Type A emulsion samples indicate the dry condition, and on(yRI&2L
emulsion samplemdicatethe wet conditionln spiteof thedry condition of thdield sampls,
the SBS CR&P samples still show the best aggregate retention performance. Another
important finding from the MMLS3 aggregate loss $ésthat allthe field samples meet the
criterion of 10% aggregate loss. Therefdhe, test results clearly shahat the use of

Virginia #9 aggregate as a top layeeftectivein reducingaggregate loss in chip seals.
5.4.2 Bleeding Test

The specimens used for the MMLS3yaegate lossests typicallyare used for the
bleeding tests, but in this case, the specimamstbe burned after the aggregate loss test to
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calculate the amount of aggregate loss. Thnk; some ofthespecimens used for the
MMLS3 aggregate loss tesh(ee replicates per emulsion type) were used for the bleeding
tests. The samplagereconditioned in the MMLS3 chamber for three hours atC@nd

then MMLS3 loadingvasappliedfor four hours at the same temperature. This test protocol
wasdeveloped toimulate the bleeding of chip seal surfadering the summer. Afteahe
teststhespecimensverescanned, and the digital imagesreanalyzed to present numerical
values for the bleeding areas on the specimen surface.

A t-test withsignificantlevels 0f0.05 was performed to evaludke statistical
differences in bleeding performance between the-2R8wlsion anthe PMEs Table32
summarizes the results thfe statistical analysis faheemulsion typesThe pvalues of all
theemulsion types are higher than 0.05. Thias,bleeding performance of the field samples

doesnot differ statistically between the PMEs and the €RSnulsion

Table32 Results of Statistical Analysis for Emulsidgpes: Bleeding Performanoé Field

Samples
LB Mean | Variance il Error t-test | p-value | Conclusion
Type Dev.
CRS2 6.8 2.55 1.6 1.129
CRS2L 3.4 0.51 0.7 0.412 | 2.84 0.215 | Accept H
SBS CR&2P| 25 0.35 0.6 0.340 | 3.68 0.169 | Accept H,
FiberMat 2.7 1.07 1.0 0.596 | 3.26 0.082 | Accept H

Figure64 showsthe bleeding performance of the field sammbtained from the low
traffic volume sections. The emulsion types are @RERS2L, SBS CR&P, and FiberMat
Type A.
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Figure64 Bleeding analysis for field samples

Figure64 indicates that the CR3 emulsion samplesxhibit the least resistance to
bleeding and the SBS CR3P emulsion sampleshibit the most resistance bbdeedingfor
all emulsion types. For the bleeding analysis, the field condition (dry or wet) should be
consideredA slightly higher bleeding shown in CR&. might be due to the wet condition
of the CRS2L section (section 3)sashown irFigure61 andTable30. It is noted thathe
bleedingtestresults for altheemulsion types areery low, almostthe same as the laboratory
test resultdor the combination of the PME and the lightweight aggreggtet is all the
field samples, even the CRSemulsion samples, shairongresistanceo bleeding

5.4.3 Rutting Test

Figure65 shows the transversal profilesafunction of MMLS3 loading times for all
specimens (CR8, CRS2L, SBS CR&P, and FiberMat Type A emulsions). In order to
compare the rut depths tifetriple seal and double seal specimens, the calculated rut depths
of all the specimens adetermineds a function of the number of wheel passt®wnin

Figure66in semtlog scale.
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Figure65 Transversal profiles for field samples: (a) GRSb) CRS2L, (c) HP CR&2P,
and (d) SBS S-2P emulsions
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Figure66 Rut depth growth (sentog scale)

Figure65 andFigure66illustrate thathe CRS2 sample shows th@oorest resistare
to rutting, and the SBS CR&P samplexhibitsthe bestesistance toutting among the triple
seal samples. Although the FiberMat Type A samgéests ruttindoetter than the SBS CRS
2P sample, it is not possible to comp#remdirectly due tahedifferent seal types (triples.
double seals).

A t-test withsignificantlevels of 0.05 was performed to evalutitestatistical
differences in rutting performance between the @RS$nulsion anthe PMEs Table33
summarizes the results thie statistical analysis faheemulsion typesThe pvalues of all
theemulsion types are less than 0.05. Thius,rutting performance of the field samples
differs statisticallypetween the PMEs and the CR®mulsion
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Table33 Results of Statistical Analysis for Emulsion Types: Rutting PerformahEeld

Samples
ErII1_uIS|on Mean | Variance =il Error t-test | p-value | Conclusion
ype Dev.
CRS2 11.0 0.30 0.54 0.314
CRS2L 7.9 0.31 0.55 0.319 | 6.85 | 0.0024 | RejectH
SBS CR&P| 5.2 2.85 1.69 0.976 | 5.57 | 0.0308 | RejectH
FiberMat 4.5 0.21 0.46 0.265 | 15.55 | 0.0001 | Reject H

5.5 Field Section Monitoring

For this study, all 12 sections were constructed on SeptemBe2®¥ 26" and 27
2012 forthree differentraffic volumesAll the field sections have been observed visually
and scannedsing the3-D laser scannaincethefirst day ofconstructionBecause
aggregate loss, which is one of most common failaegyrsearlyin theservice life after
constrution, especially during the first winter season, three field section surveys were
conductedonthe day ofconstruction, before winter, and after wintieight sweeping was
performedon thedayof construction intentionallpecaus®f the concernhat eary
sweeping with normal intensityould be tooforceful forfresh chip seals and cause more
aggregate loss. Thus, the first observation was performed, iveigen the day of
constructiorand a week after constructiorhe second observation was performed
approximately 10 weeks after construction to record the conditittrechip seals before the
first winter seasorin order to compare the chip seal conditions after the first winter, the third

observation was conducted approximately 27 weeks afterraotish.

5.5.1 Pavement Distress Conditions for Pavement Condition Survey

In orderto conducbjective analysisf theperformance othetest sections, all the
test sections were surveyed based on the NCB&&ment Condition Survey dhual
(NCDOT 2012).

This manualwasdeveloped to assist in establishing a uniform lefedervice for
maintenance and to reduce government expenditure on alhsaateained roadAll types
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of roads, such as HMA, BSTs (including single and multiple seals), and slurry seals
(including microsurface), are included in the survey. The survey manual presents eight
different distress types, but six distress types, which are redpemificallyto BSTs are

considered for thsetest sections.
5.5.1.1 Alligator Cracking

Alligator cracking also called fatigue cracking one of the most common distress
types in asphalt pavement asdaused by repeated traffic loadifigne cracks initiate on the
wheel path as longitudinal cracking and then propagatealligator pattern under further
stress.Alligator cracking is measured as three failure levgat, moderate, and severe
Table34 presents descriptions of these failure levels,Figdre67 shows the aifjator

cracking failure levels.

Table34 Alligator Cracking Failure Level (NCDOT Pavement Condition Survey Manual)
Failure
Level

Description

Longitudinal disconnected hairline cracks aboutité® wide running
Light | parallel to ech other; initially may only be a single crack but could also Iqg
like an alligator pattern
Longitudinalcracks forming an alligator pattern; cracks may be lightly spg
and are aboutl/4inchwide

Cracking has progressed so thatpgappear loose with severely spalled
Severe | edges; cracks are about #8hto 1/2inchwide or greater; potholes may be
present.

Moderate
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Light | | Moderate Severe
Figure67 Alligator crackingfailurelevel (NCDOTpavementonditionsurveymanual)

5.5.1.2 Transverse Cracking

Transverse cracking generai$caused by shrinkage due to daily temperature
cycling. Transverse cracking ocaperpendicular to the pavement centerline or laydown
direction.Block cracking is considered as transverse cradkinige NCDOT pavement
condition survey manuarl.able35 andFigure68 explain the failure levels of transverse

cracking.

Table35 Transverse Craakg Failure Level (NCDOT Pavement Condition Survey Manual)
Failure
Level

Description

Cracks, usually only transverse, are less than 1/4 inch wide and are not
spalled; block pattern may not be visible yet; transverse ceaeksually 10
to 20 feetapart. Crackdavelittle or no spallingand joints usually are not
bumped up.

Block pattern may be visible with block$ 10 square feet or greater preser
cracks are 1/4 inch to 1/2 inch wide; cracks may or may not be spalled;
transverse cr&s areusually 5 to 20 feet apart; joints may be bumped up 1
inch over concrete.

Cracks may be severely spalled with smaller blafk&to 10 square feet
present; crackareusually greater than 1/2 inch wide; transverse cracks nj
be 1 to 2 fekeapart throughout portions of the surface; cracks may be bun
up more than 1/2 inch.

Light

Moderate

Severe
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Light ~ Moderate  Severe
Figure68 Transverse crackingilurelevel (NCDOTpavementonditionsurvey manual)
5.5.1.3 Rultting

Rutting is a surfacdepression in the wheel path asadaused by consolidation or
lateral movement of the materials due to traffic loadiraple36 presentghe rutting failure

levels.

Table36 Rutting Failue Level (NCDOT Pavement Condition Survey Manual)

Sl Description
Level
Light Rutting 1/4 to less than 1/2 inch deep.
Moderate Rutting 1/2 to less than 1 inch deep.
Severe Rutting 1 inch deep or greater.

5.5.1.4 Raveling

Raveling is the wearing away ofetlpavement surface caused by the loss of aggregate
particles and loss of asphalt bindeaveling is measured onfgr BSTs and slurry seals.
Table37 andFigure69 descrile the raveling failure levels.
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Table37 Raveling Failure Level (NCDOT Pavement Condition Survey Manual)
Failure
Level
. Aggregate loss is not great; small amounts of stripping may be detected
Light
aggregate loss hatartedto wear away.
Some stripping evident; random stripping with sraadlas (less than one
square foot) or strips of aggregate broken away.
Stripping very evident; aggregate accumulations may be a problem; larg

Severe | sections (greater thame square foot) of stripping with aggregate layer
broken away.

Description

Moderate

o : &i* 52
Light Moderate
Figure69 Raveling &ilurelevel (NCDOTpavementonditionsurveymanual)

5.5.1.5 Bleeding

Bleeding is defined as excess bituminous binder ondkierpent surface that may
create a shiny, glasike, reflective surfaceBleeding is usually found on the wheel paths.
Table38 andFigure70 show the bleeding failure lelse

Table38 Bleeding Failure Level (NCDOT Pavement Condition Survey Manual)
Failure
Level
Light | Condition is present on ¥to 25% of the section
Moderate| Condition is present on 26to 50% of the section
Severe | Condition is present on greater tharf/60f the section

Description
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Ifigﬁt S Moderate Severe
Figure70 Bleeding &ilurelevel (NCDOTpavementonditionsurveymanual)

5.5.1.6 Ride Quality

Ride quality is a factor thaeflectsthe degree gbavementaughness based on
perceptios of thegeneral publicRide quality is determineth terms of texture, whether
uneven and bumpyr smoothas well as in terms of thdifficulty or easeof maintaininga
safeoperating speed. In the lotgrm pavement performae (LTPP) pavement condition
survey, the international roughness index (IRI) is used to measure the rougthess of
pavement surfacd able39 explains the failure levelor ride quality.

Table39 Ride Quality Failure Level (NCDOT Pavement Condition Survey Manual)
Failure
Level
Light Pavement texture may cause minimum tire noise; isolated cases (up to
(Average)| the section) of bumps and dips; operating speed can im¢amnaid safely.
Moderate| 1/4 to 1/2 of the section is uneven and bumpy with dips, rises, and ruts;
(Slightly | pavement may be broken and cracked with a resulting increase in tire nj
Rough) | slight difficulty in maintaining operating speed over section.
Greater than 1/2 of section is uneven and bumpy; rider is frequently jost
Severe | rather large and frequent pavement failures and rough texture may be,p|
(Rough) | causing a high increase in tire noise and jolts; operating speed cannot b
maintaine safely.

Description
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5.5.2 Visual Observation

The first field observatisweremadeon the dayof constructiorandagaina week
after construction. Albf thechip seal sectionappeared to be wetlonstructedvithout any
problems For the fog seals, two fog seal enmhs were applied on two sectioihie CSS
1h fog seal emulsion was constructed well, but the Revive emulsion was not sprayed evenly
ontheinitial construction area. However, the emulsion sprayer was adjasigihe
remainng area was constructed wellherefore, welconstructed areshould be monitored
for the Revive fog seal sections to prevent construction probrfeths field performance
investigation.

The second field observation was conducted before the winter s@éfisafithe chip
seal sectins shovedalmostthe same texture visuallyhree singleseal sections oalow
traffic volume road also performed well without gmpblems It wasnot possiblehowever,
to distinguish differencgeamong althe chip seal secti@gwvisually. The four fog sal sections
(two sections omlow traffic volumeroadwayand two sections cmmedium traffic volume
roadway retainedmorechokingmaterials (Virgima #9 aggregate) dheir surfaces;
therefore, visuallytheir surface texturesppearedoarser thatheother chip seal surfaces.

The third field observation was performed on all sections 27 weeks (a half year) after
constructionBecauseayeneral failuresan occuduringthefirst winter season, this third

observation plays an important role in analyzihip seal performance thefield.
5.5.2.1 Low Traffic Volume Sections (Section 1 through Section 5)

The bw traffic volume (i.e., below 5,000 ADTpadwayconsiss of five separate
sectionsincluding one fog seal sectiohhe ae fog seal section was constructeth two
fog seal emulsions (CSB) and Revive) orma CRS2 emulsiontriple seal Three sections
(numbers 2, 3, and 4), which were constructed wittClR&2, CRS2L, and SBS CR2P
emulsionshave two seal types (triple and single), and one section [Fadrype A, section

number 5) was constructed as a single seal.
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Figure71 Section 1 (CR with fog seal): (a) different color appearance betweenTSS
and Reviveemulsions (b) CSS1h surface texture, and (c) Revisarface texture

Section 1 (CR& triple seal with fog sealmadeof CSS1h and Revivemulsion$
performedwell without any failuresBoth fog sealsetained morehokingaggregate
(Virginia #9) tharthe chip seal sections, so the surface texturébefiog seal sections are
the roughest among dhlesections. Although the performance investigated by visual
observation ishesame betweethetwo fog seal types, the CS# fog sealhas anore
desirable black appearance, as showriguire71.
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Section 2 consists of the CRSriple seal and single sedahe CRS2 triple seal
performedwell without any failures, but the amount of aggregate loss ¢ofiipggregate),
which is determined bthe pavement surface texticondition and theamountof aggregate
onthe side of the roadwais thelargestamongthetriple-sealsectionsFigure72 (a) and (b)
showthe surface texture of the CRIriple seal and the aggregate loassedby traffic.

The CRS2 single seal shows many alligator crackthelongitudinal direction, three
transverse cracks, and loss of choking aggregate (Varg®). Although the alligator cracks
and transverse cracks are froim thenew chip seal butom theoriginal HMA pavement or
subgrade, the new chip seal (single seal with-@R8wlsior) cannot prevent crack
propagationThe aggregate loss is determinedlig condition of thgpavement surface
texture and thamountof aggregate othe side of theoad The CRS2 single sea¢xhibits
the worst performande terms ofaggregate los$igure72(c) and (d) show the cracks on

the CRS2 singleseal section.
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Figure72 Section 2 (CRL): (a) surface texturef triple seal(b) aggregate lofsom triple

seal, (c) alligator cracksn single seal, an@l) transverse crack and loss of chocking
aggregate on single seal

Section 3 was constructeda CRS2L triple seal ad single sealThe CRS2L triple
seal perforradwell without any failure, but the CR&_ single seal shows some alligator
cracksin thelongitudinal directionFigure73 showsthetriple seal surface texture and

alligator cracks ornhesingle seal.
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Figure73 Section 3 (CR£L): (a) triple seal surface texture and (b) alligator cracks on single
seal

Section 4 consists @SBS CRS2P triple seal and single sedhe SBS CR2P
triple sealperformsbestof all themultiple seal sectiongnd theéSBS CRS2P single seal
performsbestof all thesingle seal sectiont particular the SBS CR&P single seal
performs asvell asthetriple seal in terms of performance ratings. Theeeseme cracks on

the original HMA pavement, but the new single seal prevents crack propagatisimown in
Figure74.
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Figure74 Section 4 (SBS CR3P): (a) triple seal surfad¢exture and (b) single seal
preventing cracks

Section 5 was constructedadouble sealthe bottom layewas made witliriberMat
Type A with granite 78M aggregatendthetop layerwas made witlCRS2L emulsionwith
Virginia #9 aggregate. The FiberMBype A sections perforedwell without any failures.

Figure75 shows the surface texture of the FiberMat Type A section.

Figure75 Section 5 (FiberMat Type A): double seal surface textur

On the lowtraffic volumeroad all the multiple-sealsectionqtriple and double ses)l
performedwell without any failures, but the sections sheameloss ofchokingmaterials.
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According to the visual investigation, the SBS GHESmulsionsectionperformsbestfor
thetriple seals.

Of thesingle seals, the CR&emulsionsection showthe worst performancélany
alligator crack were observednthewheel path and three transverse csamk the pavement.
The CRS2L singleseal section also shows soaikgator cracking orthewheel path, but
thenumberof cracksis less tharfor the CRS2 singleseal section. The alligator cracking
observed from the CR3 and CR&L singleseal sectiongiascaused notrom the new chip
seal layers burom the origind HMA pavement or subgrade. The SBS CRSsingleseal
section shows the best performant¢hesingleseal sectionsSome crackingvas foundon

the original HMA pavement, but the SBS CGRB single seal prevesdcrack propagation.
5.5.2.2 Medium Traffic VolumeSections (Section 6 through Section 9)

On the medium traffic volume roady (5,0007 10,000 ADT), one fog seal section
(CRS2L triple seal with CS8h and Revive fog seals), two tripgeal sections (CR3L and
SBS CRS2P), and one doubleeal section (FérMat Type A) were constructed.

Section 6 (CR&L triple seal with fog seals of CS and Revive) performs well
andabout thesame a$ection 1 (CR triple seal with fog sealsoth fog sealsetained
more choking aggregate (Virginia #9) thitwe chip seal sections, so their surface textures are
the roughest among dhesections. Although the performance investigated by visual
observation ishe samefor bothfog seal types, the CSB fog seahas thedesirable black

appearancéd-igure76 shows the surface textures of the fog seal sections.
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Figure76 Section 6 (CR£L triple seal with fog seals): (a) C98 and (b) Revive

Section 7 is the CR3L triple-seal section. Accomdg to visual observatiorgection
7 performs well without any failure. However, the GRISsection shows more loss of
chokingaggregate othewheel path thathe other sections (SBS CR&? and FiberMat
Type A). This loss of choking materidl®m the CRS2L section cannot be consiéeras a
failure ofthechip seal becaugbe amount of losss smallwithout any other failure signs,
such agheloss oflarge aggregate particlesacking, bleeding, stripping, and so on.
However, the amount of loss dfioking aggregate (even though it is not possiblguantify
theamountprecisely is more tharior theother sections on both levand mediurrvolume
sections Therefore, the CR3L section should be monitor@dfuture Figure77 shows the

surface texture of the CRA. triple-sealsection.
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Figure77 Sectin 7 (CR2L): triple seal surface texture

Section 8 (SBS CR&P triple seal) shows the best performaiocgéhe medium
volume sectiongOnly asmallloss of choking aggregateasfound on the sectiorkigure78

shows the surface texture of the SBS €HStripleseal section.

M

Figure78 Section 8 (SBS CR—P): trI seaburface texture

Section 9 (FiberMat Type A double seaRperiencedhe lossof a few largestonesn
thelongitudinal directionTheamountof lossof these largstonesvasnot great however,
and the failuresverefound onlyin a few spots. From théeld investigation, the field
construction supervisarotedthat this failure can be consiéeinot as the failure of the new

162



chip seal but a constructidailure caused by unevenly distributed emulsion or aggregate.

Figure79 shows the surface texture of the FiberMat Type A doab#d section.

Figure79 Section 9 (FiberMat Type A): double seal surface texture

Overall,thesections on medium traffic volunmeadwaysjncludingthefog seal
sectiors, perform well without any cracking, bleeding, and severe aggregaté feess.
mediumvolume sections perforimetter tharthe other sections othelow and hightraffic

volumeroads but the differences are not significant.
5.5.2.3 High Traffic Volume Sections (Section 10 through Section 12)

Two triple-seal sections, the CRA. and the SBS CR3P emulsion sectionsand
one doubleseal section, FiberMat Type A, were constructed bigh traffic volume road
(10,0001 15,000 ADT). Figure80, Figure81, andFigure82 show thalifferentsurface

textures of thishigh traffic volume roador these sections
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