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Abstract

Crack sealing on hetix asphalt (HMA) pavement roads is a pavement
maintenance technique used to limit the intrusion of water into the pavement structure,
and thereby, delay additional distresses. There are two commonly used methods of crack
sealng in Minnesota: (i) cleaandseal, and (ii) rouandseal. Since roads in Minnesota
are extremely susceptible to cracking in the transverse direction, the goal of this study
was to provide insight to the most effective method of crack sealing on asphalt

pavemers.

Based on the field performance results, this study compared the abovementioned
two methods for difference scenarios and developed a decision tree to identify the most

effective crack sealing method for a given condition of pavement and traffic.

As anadditional component to the primary study, a new testing procedure for
evaluating the adhesiveness between the sealant material and the HMA matrix was
developed. This procedure tests sealant materials in tension to produce a stress/strain

curve of he seant as it fails.
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Chapter 1: Introduction

Approximatelysixtyper cent of t h e pantaionibwdges spena n n u a |

on pavement maintenanc€rack sealing isone of the most commanaintenance
procedurs performedon asphaltpavements This maintenance activitgduces the
intrusion of water intaunderlyinglayers ofpavement, and thereby pents or delay
various larger pavement distresses sagpotholestenting or cupping This procedure
is of paticular importance to roads in Minnesota, as the state seekeaange of
ambient air temperatured his variance in air temperaturgstspavement through
extensive thermal expansion and cantion cyclesvhich causesransverse cracking

during the winter months.

Current research at the University of Minnesota Duluth aims to give some insight
on optimal crack sealing method selectiorpeyforming a cost/benefit analysis of the
two differentsealing methodas well & developing a lab testing procedure for sealant
materials This research has been performed in various steps including literature review,
collection and analysis of crackadieig performance datapst/benefit analysis of the ow
sealing methodsand deelopment of a new laboratory testing procedure for crack sealant
materials. Through field data collection and communications with crack sealing
practitioners, performance ala&teristics of the two sealing procedures has becoone m
clear. A cosbenefitanalysis has led to some conclusions,diutethe performance of
the field projects could be monitored omly 18month periodresults are not totally
conclusive. Due tothis, and independefdboratory studyas developed tgain further

insight of te differences in failure mechanisms between different crack sealing methods.

1.2 Objectives and Significance
Crack sealing on asphalt pavement has been implemented foegedéuile

many researchers have aimed to come to ceiuria about thperformance of crack
sealing, few have been able to give any recommendations on tkeffectiveness of the
different methods of crack sealing. In addition to this, the most curmaetiéan Society
for Testing Materials (ASTM) and Minneta Departmentfol ransportation (MnDOT)

laboratory testing specifications for asphalt crack sealant material fail todestals



until failure, rather, loading the samples in three cycles andllisogpecting the

samples at test completion.

The objetives of this gidy are (i) to develop a guideline for selecting the most
costeffective crack sealing method for any given type of road, and (ii) to improve upon

existing laboratory testing procedsref sealants.

1.3 Thesis Organization
This thesis iglivided into7 chapters.The first chapter is the introductory chapter

and consists of thiatroduction research objectives and significance, and thi€lsapter
itself O6thesis organizationbo.

The £cond chapter consist of a literatueegiew of cracksealing practice and
performance.The literature reviewehapteiis broken up int@ubchapterthat consist of
types of cracks, crack sealing practice, and crack sealing perforniEmeehapter

summaizes previous research while giving pertinent infoiorathe present research.

The third chapter presents crack sealing performance informhtbmwas
collected via surveys, database analysis, and field visits. Data is analyzed in this chapter
to gererate an overall benefit of crack sealing and an ipatied timeline of its
deterioration. The chapter concludes with a cost/benefit analysslaig for four

different scenarios.

The fourth chapter presents the preliminary phases of the develophaelato
testing procedure for sealant materidigformation leading to the development of the

final testing procedure is presented here.

The fifth chapter provides an overview of the fizeld sample manufacturing
process.This chapter is written wh the inteh of being used as a manual for anyone
wishing to perform these tests. Four different types of samples are described here as well

as tke tools and measurements required for their production.

The sixth chapter describes the testing procedhateas developed in addition

to presenting data geraed from tests. The procedure is described in terms of



measurements taken, temperature,resite rate, and eyeball observations. Data from
tests is presented in a series of stress/strain curvealaed. The chapter concludes with
a comparison of #hdifferent testing procedures used and a list of pros and cons of each.

The final chapter @sents the conclusions and recommendations.



Chapter 2: Review of Literature

2.1 Pavenent Preventive Maintenance
Preventive maintenancs & systematic approach to pavement preservation that
uses a series of maintenarnEatments over time. The underlying theory behind the
preventive maintenance is that a single treatment will impioevgaality of the
pavement surface and extend the paeet life. While preventive maintenance does
enhance the quality of a road surfattes overall goal of a pavement preservation
program is to extend pavement life and enhance-siid performance irhie most cost
effective way possible. Different type$ preventive maintenance include crack sealing
and filling, chip sealing, fog seag, thin overlays, and rut filling. Johnson (2000)
suggested that preventive maintenance is six to ten times moe toste ct i ve t han
not hi ngo mai nRigara hbelovedemsonstraes gegegaonomic benefit of
preventive madomtodmamge omermtanfance strateg
1 represents t-het hi figoc matdgp The blacklioed de t r a
represents the implementationpariodical pavement preservation measures. The
benefit of preventive maintenaneea substantial lifeycle cost saving as well as the
extended period of acceptable driving conditions. Since preeemiamtenance focuses
on the wearing course of a rodtds expected that eventually a more serious
rehabilitation activity will need tbe performed to any given road. As the current project
deals with comparing the cost effectiveness of different csaakng and filling methods,
this thesis does not inale any discussions on other types of preventive maintenance

works.

2.1.1Crack Sebng and Filling

Crack sealing:Crack sealing in asphalt concrete pavement is a preventive
maintenance practice amnslused throughout the country. The process of crealing
involves placing a nopermeable rubber sealant into an existing crack in the wearing
course of asphalt coraete pavement. Various construction and installation techniques

are used by differerstatedo achieve the goals of crack sealing.



Applications of crack sealing vary throughout the country. In Minnesota, crack
sealing is mostly usedhavorking cracks. Working cracks are those that open in the
winter and close in the summer due to therexglansion and contraction of the
surrounding pavementvhichtypically develop in the transverse direction. Smith and
Romine (1999) defirworking aacks as those thakperiencea 3mm movement

because of seasonal temperature change

PAVEMENT CONDITION INDEX
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Good—

0% drop in quality

75% of life
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*— Reactive Maintenance
Resudls wil vary

Foor -4 nased on PCI
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s W1l Cost $12.00
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12% of lite
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PP = Panemen! Preservalion  RM = Reactive Maimenanos
Figurel: Cost Effectiveness of Preventivba i nt e na mwd hi sngiod St r at e g
California Pavement Maintenance Company, 2017)
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Crack Filling: Crack filling techniques are often used on +vaorking cracks.
Nonworking cracks are trs@ that do not uralgo notable changes in width betwee
seasons. Noeworking cracks mostly develop in the longitudinal direction typically due
to pavement fatigue cracking or lane joint separation. Transverse cracks may, however,
be referred to as nemorking if their spaing relative to each other is closeough that
no significant changes in crack width will occur due to thermal expansion and contraction
of the surrounding pavemernthe goal of crack filling is not necessarily to prevent water
from ertering a crack, but to support the surrounding pavémeéhe fill does, however,

impede some water from entering cracks.

While crack sealing and crack filling are two different proessasith different

goals in mind, it is often difficult to distinguidfetween working and neworking cracks
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in the field. For this reason, some states, such as Colorado, do not distinguish between
the two for all of their ifhouse sealing project3.runschke et al. (2014) noted that

ACol orado uses dssealing gohtractsahpteanfarms t@ morefofar
Afiindo tyctihwain a A sMinadsdtardges distinguish befwéen the two
and often uses different sealing and filling procedures on various cracks throughout a
project. Although there is ttle distinction, and often contradicting views on the
differences between crack sealing and crack filling, Smith and Romine (1999) describe

them as follows

Crack Sebng- iiThe placement of specialized treatment materials above or into
working cracks usig unique configurations to prevent the intrusion afev and

i ncompressibles into the crack. o

Crack Filling fiThe placement of ordinary treatment materials into-working
cracks to substantially reduce infiltration of water and to reinforce theeadjac

pavement . o

Due to constant changesthre width ¢ working cracks sealing requires the use
of higher quality materials and more sophisticated construetjoipment and processes;
crack sealing therefore has a greater cost invollfggerformed eféctively and in a
timely manner, crack sealing can impe pavement performance and extend its
serviceable life. Limiting water entering a crack minimizes tble of freeze/thaw
related damage caused by water expanding and contracting in a crack, astoEebin
Figure2. Limiting incompressibles from entering a crack allows free movement of the
road to expand during warm weather. Otherwise, incompressildgnent the
compressive forces on the asphalt materiluring the summer, as demonstrated in
Figure 3. B limiting water andncompressibles from entering cracks, properly placed

seals extend the pavement life by keeping cracks from progressing in severity.
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Water seeps into cracks and  \When the water freezes. With repeated freezefthaw
fractures in rock. it expands about 9% in cycles, rock breaks into pieces,
volume, which wedges
apart the rock.
Figure2: Freezelhaw Related Damage Caused by Water Expanding andacong in

a Crack (afterL,umen Learningunknowr)

PRING/FALL W »
Figure3: Incompressibles Intrusion Related Damage (after, Stoikes, 2017)

Cracks in asphaftavement develop fromwariety of distress mechanisms
ranging from vehiculatoading to mechanical weathering. In Minnesota, the most
commondriving forceor mechanisnfior asphaltpavementrackingarethermal
expansion and contraction, vehicular loading, propagation of chasksunderlying
pavement layers, and lane joint sepiara Each of these mechanisms results in a
different type of crack that requires a unique sealing or filling proceduréféatiee
crack remediationThe followingsectionprovides a brief discussn on the different

types of common asphalt pavemeraaks.

2.2 Asphalt Pavement Cracks

Cracks that develop from different distress mechanisms have different geometric
properties.Most cracks in Minnesotaxtend in a transvers direction across the dgvi
lanes while some otherorm in a longitudinal diection in thewheel pathor develop in a

longitudinal directing along lane joins.



2.2.1Transverse Crask

Transverse cragloccur due to thermal expansion and contraction of asphalt
pavement betweereasons.Examples of transverse cracks are showrigure4.
In Minnesota, asphalt pavement is laid during the late spring to early fall months, when
air temperatures are moderate. During the winter months, atheamperatures drop
significantly, the pavement thatas laid during the warmer months sees a drastic
contraction. Because of the resistance from the underlying layer, this contraction creates
a tensilestressn the pavementausing it to crack in thigeansverse directionDue to
Mi nnesot a0 perauretflucteatons, theenmal crackinghe imost common
distress found on asphalt roaBggure5 andFigure6 showthe variation of summer and
winter temperatures of hUSA and separately for Minnesoteigure5 (a) and (b)show
color coded maps of average temperatures for the mainland USA and Minnesota,
respectively, dung August of 2015Figure6 showsthe winterextreme temperatures
acrosdMinnesota. From these figures, it can be seen that Minnesota pavements
experience much larger changes in ambient air temperatures tsaother states in the
country. A rough estimate frothe colorcoded maps indicates that Minnesota
pavements can ea 75 to 120. degree Fahrenhadiifferencein air temperaturéetween
the summer and winterThis difference in air temperature caugesuch greater
difference in pavement temperatureyce pavement gets much warmer than the air

during the ssmmer months when exposed to sunlight.

Figure4: Transverse Crc in Asphalt Pavement
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Figure5: Average Temperatures across the Couratng, specifically, Minnesota, August
of 2015 NOAA, 2017)
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Figure6: Average Annual Minimum Temperatures of Minnesota (USDA, 2012)

2.2.2Fatigue Cracking

Fatigue craking (also referred to as alligator cracking or londibal cracking)
typically occurs in the wheel path running longitudinalgngthe length of the
pavement.Alligator cracking are mainly bottom up cracks, which develops at therbotto
of thelower mast bound layeand progresses upward; the oppositeus fortop down

fatigue cracks.Figure7 shows arsketchof bottom upfatigue crackinglt occurs as a
9



result of cyclic vehicular loading on the pavemeBbttom upcracksdevelop into many
sided, sharfangled jeces, usually less than 1 foot on the longest side, characteristically
with a chicken wire/alligator pattern in later stagdshnson(2000 describes the

severities of fatigue cracking as either Ifew connectingracks), medium
(interconnecting crackforming a pattern), or high (pieces of pavement may be subject to

move when subjected to traffic).

E
Mderate o =
High
Traffic
—_—
Loy
o s = Y 1

PTTTr R R SR L e
7 it

Figure7: Fatigue Cracking in Asphalt Paveméatter, Miller and Belliger,2003)

2.3Crack Sealing Practice
2.3.1Crack Saling Construction Season

Crack sealing in Minnesota mostly takes place during the spring, summer, and fall
months. It should be noted that sealing in the spring and fall vs during the summer
months wvill create different results in seal performance duditferent crack widths
during the time of sealant installatioikealinga working crack while it is partially closed
during the summer months will allow a minina@hountof material to be placed intbe
crack itself. A seal that is placed flush witletsurface of the road dog the summer
will have to stretch in the winter as the pavement contracts, then return to flush the
following summer.If the winter creates too large of a drop in air terapees, the crack
may overexpand and cause adhesivecohesive failure of theeal Figure8
demonstrates the effects of crack expansion (during winter) and contraction (during

summer) on a seal placed during #pring and fall months.
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Crack sealing is not recanended to be performed during the winter months. One
reason is that, if sealed flushthe road surface, the material would protrude from the
crack greatly during the summer months. This protrusiomdwesult in a loss of
material due to tire wear. €lseal would likely fail quickly due to excessive material
loss and seal degradatioihe other reason for not sealing during the winter is that the
Minnesota climate presents a great challenge fqugurorack preparation (cleaning and
drying) during thevinter months.

Crack / Rout Width

Spring,

Autumn Summer Winter

Autumn

Time of Work
Spring,

! ! {

Figure8: Crack Sealed in Fall @pring and Corresponding Profile Views during
Summer and Winter (afterJohnson, 2000)

2.3.2Crack Sealing Equipment

Modern crack sealing techniques demand a wide rangensfraation equipment
for proper material preparation, crack preparation, natestallation, and material
finishing. Some of the most common pieces of construction equipment for crack sealing
are povidedin Figure9 andFigure10 below. Some less common crack preparation

tools not listed include sandblastarsd wire brushes.
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2.3.2.1Crack Preparation Equipment
Common Crack Preparation Tools

Airblaster: Airblasting isdone witha| | ]
high-pressured air compressor on a
truck with hoses and wands. High
pressure blasting is fairly effective af
removing dust and debris. Its
downside is that it is not effective in
drying the crack channel.

Air Lance: Hot air blasting useair
that is heated to a minimum of 1370
and velocity of 915 m/ss defined by
FHWA (1999) This form of cleaning
is effective at removing dirt and
debris. It also creates a dry and hot
crack surfae fa a sealant to bond to.
A hot surface will likey create a bette
bond for the sealant by activating the
binder in the pavement itself. Cautic
must be used, however, as it is
possible to burn the asphalt concrete
pavement with a lance. For this
reason,an open flame torch should
never be used for thiprocedure.

Routing Machine: Crack routing is
performed by a worker using a route
or saw unit mounted onto a cart. Th
operator uses his eyes and best
judgement to follow the path of the
crackwith the routing or sawing
machine. The FHWA notehat
although a crack saw with a 1200
mm diameter diamond blade can
follow the meanders of cracks fairly
well, the high cutting rate of an impal
router creates smoother reservoir ws
with a highempercentage of aggregat
area for sealant to bond to.
Figure9: Crack Preparation Tools: (8hows andAirblaster (b) Shows anAir Lance, (c)
Shows aRoutingMachine
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2.3.2.2Material Preparation Equipment

Melter: Hot paur sealant is heated in
double walled heating tankat uses a
heat transfer oil, such that no flames
come into direct contact witime tank
holding the sealant. The FHWA
recommends that the melter should
allow an operator to regulate the
maerial tempeature up t@220°C
(428°F). The ideal heated tempeuat
of each sealant material is typically
specified on the package lab&lpon
being heated, the materials will
transform from a solid state to a liquig
state.

Some melters have a recirculation
featue, whichpreventsemperature
stratification within he tank and
maintairs a proper temperature for all
sealant being laid into cracks.

Distribution Hose: A melter truck has
various distribution hoses connected
the back of it. Sealant materf&dws
through these hoses in order to be
applied intoa crack. A distribution
hose may have a precision tip, or ma
be equipped with a squeegee type
nozzle thashapes the material in
addition to applying it into the crack.

Blotter Applier: Application of a

paper blotter material (typically toilet
pape), or occasionally soapy water, is
used to prevent fresh sealant materia
from sticking to passing vehicle tires.

Figurel0: Crack Sealing Equipment. (a) ar) Show Mateial Melters,(c)Shows an
ApplicationHose, and (dphowsBlotter Application.
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2.3.3Crack Sealing Methods
According to Smith and Romine (1999), crack treatment consists of at least two

and up to five steps. These steps are:

Crack cutting (routingsawing, etc)
Crack cleaning and drying
Material prepaation and application
Material finishing and shaping

o NP

Blotting

The two essential steps that every treatment process must consist of include crack
cleaning and material applicationw® crack treatmentechniquesisedby MnDOT fall
into the category of cck sealing: cleasandsealandroutand-seal

2.33.1CleanandSeal
Clearrand-seal is used on all types of cracks. It is the quickest and simplest form

of crack sealing, and involves using a hoti@nce or compressed airliow debris from

a crackthen filling it with a sealant. It is recommended by Johnson (2000) that clean
andseal be performed while cracks are still narrow and during the spring and fall seasons
when temperatures are modehatool. Figurellshows a photograph of a candidate
transverse crack before and after being sealed using thearidaeal crack sealing

method. It is not advised to perform this sealing method on cracks thatrées¢condary
cracking or edge deterioration at thaak face. Traffic should be reouted during the
construction process and material should be allowed to cure before bepened @

traffic. If the pavement must be-opened immediately, a blotteraterial should be

applied to prevent the sealantrirdeing picked up by car tires.

According to Johnson (200Q) clearandseal method is expected to perform for
three years beforegnificant amount of materials begin to pull from the side of tlaelcr
The seal will still perform, at this point asstill prevents some water and solids from

entering the crack.
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Figurell: Cleanandseal (a)Before beingSealed and (bAfter beingSealed

2.3.3.1.1Equipment Needed
The clearandseal method of crack seadj requires the least amount of heavy

equipment.Unlike routandseal no cutting machinery is required in this method. This
method requires the following equipment:

Crack Preparation Equipment (Atdast one of th following): Airblaster, Air Lance,
Sardblaster, and Wire Brush, etc.

Material Preparation: Melter

Material Application and Blotting:Distribution Hoses, Shaping tools (squeegee, metal
distributor), Blotting Paper

2.3.3.1.2Crack Preparatbn
A cleaningmechanism is the first tool used inateandseal. The cleaning

mechanism is an extremely important part of the process, as a poorly cleaned crack will
have a poor bonding surface for the sealant that is applied. A high percentage of seal
failures areadhesion failure thahayoccur due to ity or moist crack channels.

Cleaning mechanisms can include air blasters, hot air blasters (air lance), sandblasters,

and wire brushes.

2.3.3.1.3Sealant Preparation
Once a crack is cleaned anded, it will be sealed with a bituminous material.

Themost common types of sealants usedhatteapplied thermoplastic bituminous

materiak, commoty referred to as hgtour. An in-depth review ofsealanmateials is
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provided in2.4 Types of SealanUpon reachng the desired temperature, the material is
stored in the tank until it is placed into the crack.

2.3.3.1.4Sealant Placement and Finishing
Material placement occurs through hoses and wands thaideixeen the back of

the heater truck. In this placenmerocess, a truck driver stops just past each crack and a
worker operates the hose and want to fill the cracks. Trucks will often haveleulti

hoses and workers following them. Rbecleanandseal, the hot pour sealant is placed
directly into and wer the crack. The placement can be finished with the same wand used
for application or by the use of a metal distributor. Upon the seaj k@thflat against

the surface of the pavement, a blotteaterial may be applied to prevent the sticky seal
from being pulled up by tires. Typical blotter materials include toilet paper or sand.
Figure12 shows a crossectioral view sealant placement in cleandsealcrack repair.

It is advised that all seals shouldvkaime to cure prior to experiencing tire wear. If the

road must be openechimediately, a blotter material is relied on.

75to 125 mm

(typical) 25 mm

wide

wipe zone wipe zone

3 mm thick
(typical)

B. Simple Band-Aid
Figurel2: Cross Sectional View of CleaandSeal &fter, Smith and Romine, 1999)

2.3.3.1.9.abor Needsind Cost
Cleanandseal is the least labamtensive form of crackealing practiced in

Minnesota. It typically requires two trucks; one for crack preparation and one for sealing.
The crack preparatn truck is typically accompanied by3lworkers opeiting air

blastes or air lance. The melter will also be accompadiiby 1-3 workers operating the
sealant applicators and blotting material. A select number of workers are also required

for traffic control. Sincethecleanandseal is also the fastestack sealing method used
16



in Minnesota, it requires a much fewer nwrsof work hours. Johnson (2011) stated
that the unit price for cleaandseal typically rangebetween $0.10 and $0.30 per linear
foot, depending on the size of the project.

2.3.3.2Raut-and-Seal
Routandseal is used on transvers cracksinvblves using a router or pavement

saw along the length of a crack to create a reservoir centered over the existing cracks.

The reservoir ishen filled with a sealant. In the MnDOT Best Pragdifor Asphalt

Pavement Maintenance Handbook, Johnson (2@&cbmmends performing reand

seal early in the pavementoés | ife to be su
deteriorated otoo wide the routing machine may be an ineffectimeasure for creating

a pool of sealant over the crackhehandbook does not directly state how wide is too

wide, but it does recommend cutting ar¥éh x ¥zinch reservoir. The reservoir should

have &lush sidewall, that is, the crack should not be siever deteriorated that the saw

or routing blade does nobustitute the entire area of the reservoir.

There are three major benefits of creating the reservoir. One benéefit is that the
routing machime removes a percentage of deteriorated materialtreimmediate area
around the existing crack. This mediates possibility of water entering hairline
secondary cracks around the existing crack and causing continues deterioration. The
second bendfiof cutting a reservoir is that it creates a venaoiible and sealable
surface. The third, benefit of routimgacks is that the reservoir holdp@ol of sealant
that has m ability to expand and contract with the pavement due to thermal fluarnsati
as shown irFigure13. Note that in this figure, the installation seasodescribed as
spring or fall, whercrackwidth is not at a maximum or minimum. Thiboavs for
reasonable expansion capabilities in thietar months while maintaining minimal
bulging of thesealant during the summer monthsstalling a sealant material into a
reservoir during the hottest days of summer or coldest days of winter waoisiel ca
extensive seal failures six months later dutimg hottest or coldest parts of the year, due

to the pansion and contraction of the pavement structure and the crack widths.
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A routed crack reservoir allows for seasonal expansion and contraction of the
pavement movement protecting the integrity of the sealant.
Figure1l3: Routed Seal Expanding af@bntracting Without Failure
(after, Stoikes, 2017)

MnDOT syecifies that rouandseal works best when performedthe spring and
fall, when temperatures are codlohnson (20003uggests that, if performed at the right
time, a roandseal can be expected to perform for three years before significant
amounts ofBealant begin to pull from the side of the reservéie seal will still perform
after three years, however, sincstitl does prevent some incompressibles from entering

the crack.

Not all contractors offer the rouindseal service. Stoikes (2Dinoted that
contractors that do not offer crack rmg services prior to cracks sealing have
indicated that lack ofitne and not wanting to add another piece of equipment to their

fleet are the main reasof® whichthey do not offer this service.

2.3.3.2.1Equipment Needed
Routandseal requires additnal pieces of equipment when compared to clean

andseal. The exa equipment, a router, is used for making routs over the cracks being

sealed. The remaining equipmé&ithe same as required for eleandseal method.

2.3.3.2.2Crack Preparation
The first step of performing rotdandseal crack treatment is ftre cracks

themseles to be routedith machinery described Figure9.

Figure14 below show a crack before and after beingted. Upon a crack being
routed, air blasters, air lances, or wire rushes must be used to clean the crack prior to

application of sealant.
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Figurel4: Routed Crack After @aning

2.3.3.2.3Sealant Preparation
Sealant prepation procedures for cleandseal and rouandseal areghesame

except different grades of sealant are recommendégt inse of rouandseal The
materials for both methods are prepared in a meliek as described iRigure10.

2.3.3.2.4Sealant Placement and Finishing
After being cleaned, a routed crack is ready to be sealed. Foranaseal, two

passes of sealant applications are made, typically with two diffeetehkis about 8.0

minutes apart. The first pass fittse reservoir partially full with sealanT.he sealant is
allowed to seep into the crack as it cools. The second pass fills the reservoir and finishes
the placement in a baradd or overband, as shawn Figure 16. Performingthis task in

a single pass would likely result in the level of sealant in the reservoir going beneath the
level of the pavement as the sealant seeps into the dragkre 15 shows a routed crack

after the first pss of sealant and after the second pass with blotter paper.
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ealant Pass and (b) After SecondsRasl
Blotter Application

12to |9 mm

Figure 16: MNDOT Recommended Plament Configuration for Row#tnd Seal
(after, Smith and Romine, 1999)

2.3.3.2.5.abor Needs and Costs
The costs involved with rotgndseal are much higher than those of claad

seal, largely du# increased laband equipmenteeds. There is algocost increase
because routandseal requires more sealant material to fill the reservdmbinson
(2000) specified the unit price of a typical rautdseal to range between $0.50 and
$0.85 per Inear foot, depending on the size of the project; apprately three times

more than what is required for cleandseal method.

2.4 Types of Sealamateriak
Material selection is one of the most important factors for the performance and

costeffectiveress of crack sealingSelection of sealant typs afactor of climatic
conditions, crack properties (spacing/ density/ orientation), traffic loading, and material

availability/cost. Thealesirableproperties for a crack sealant matedaed:
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Durability T The ability to enduréraffic loading, tire wear, anseasonabariations.
Extensibilityi The ability of the material to deform as a crack expands.
Resilienca The ability of the material to recover after deformation.

Adhesiveness The ability for a meerial to crete a good bond to the wall of a crack.

= =/ 4 4 -

Cohesiveness The ability for a sealant to not suffer from internal ruptures during

elongation.

The most commonly used types of {aqipliedthermoplastic bituminous materiase
categorized into thllowing classes:

Asphalt cement

Fiberized asphalt

Rubberized/Polymerized asphalt

Asphalt rubber

Low-modulus rubberized/polymerized asphalt

PO T®

As per ASTM 690, rubber and polymaenodified sealants are categorized in to

four classes to match letemperatue performance with climate, as shown below:

Type |:Moderate Climates, 50% extension &t 0
Type II: Most climates, 50% extension-at0°F
Type IlI: Mostclimates, 50% extension &0°F, with other special tests
Type IV: Very cold climates, 200% exteasiat-20°F
Physical requirements for each of theserfcategories of sealardse provided in
AppendixA: LiteratureReview It should be noted that various state agenaietuding
Minnesota have made modifations to the ASTM B690 specifications to better suit

their climatic and traffic conditions.

2.4.1MnDOT Sealants

MnDOT uses three categories of sealaritbese include:

1) MnDOT 3719
2) MnDOT 3723
3) MnDOT 3725
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The MnDOT specifications have additional regaients on top dhe inplace
ASTM D6690 specification

MnDOT 3719: Joint and Crack Sealer (HBbured, Crumb Rubber Type)
MnDOT 3719 is recommended forack filling of norworking transverse and

longitudinal cracks. The specification requires thatdbalant material be composed of a
mix of asphalt andrumb rubber that is blended together into a homogeneous mixture.
Physical requirements of the sgesation, as defined by the 2016 Minnesota Standard
Specifications for Construction, are providedhippendixA: LiteratureReview

MnDOT 3723: Joint an€rack Sealer (Hot Poured, Elastic Type)
MnDOT 3723 exhibits good adhesion qualities and is recommended to be used in

cleanrandseal and rouaindsealapplications The specification requires materials be
composedf a combination of polymerimaterials, fully reacted chemically to form a
homogenous compound. The physical requirements for materials within this

specification are provided ilppendixA: LiteratureReview

MnDOT 3725: Joint and Crack Sealer (Hot Poured, Extra Low Modulus, Elastic Type)
MnDOT 3725 has low resilience properties and is recommended only for use in

transverse rouindseal applicationsThis speification requirestat material be
composed of a hoagenous mixture of fully chemically reacted polymeric materials.
Physical requirements for this specification are providefigpendixA: Literature

Review

2.5 Sealant Performance

Smith and Romine (1999) recomnakthat at least one inspection be performed
each year on treated cracks to document the failure rates and plan for future maintenance
operations. Itvasalso recommended that a midnter evaluation tee place in order to

view crack treatments during maxim crack extensions.

2.5.1Types of Sealant Failures
Given time, all sealant materials eventually fail. Proper material selection and

crack preparation, however, can make a large difference emtbent of time it takefor
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distresses to occutmages of common sealant failures are givekigurel?7. These
distress include the following:

1) Adhesion los$ the loss of bond between the sealant thiedpaverant

2) Cohesion loss the loss of bond within the seatanaterial itself.

3) Overband wari the loss of overband material to tires and snowplows.

4) Trackingi the pullout of material by vehicle tires and snowplows.

5) Stone intrusion the intrusion of rocks intthe seal.

Each type of sealant failure occurs daearying material properties and
construction consideration€altrans (2008) provided guidel®en the crack sealant
distresses and their likely cause and remedial measag@sesenteih Tablel andTable

s o - . : .
(d) Overband wear (e) Spalling (f) Stone intrusion

Figurel7: Various Sealant Failurdafter, Al Quadi, 2009)
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Tablel: Possible Sealant Failures and thekely Causes (after, Caltrans 2008)

PROBLEM
ALL SEALS EMunsion SEaLs ONLy
= z
= =

% .‘é‘ e E E E E E

- =3 & &= £ 1) = 3.

2|z | B | 5|28 <5

& F = | 22 | EF| E2 | £

. B £ = =5 = 2 =

E 2 E | 28| 2T | 22| 23

CAUSE = = -3 -4 = = E £ = E

Crack Wet - )
Sealant Not Curexd L] L] L]
Crack Dirty L L L] L]
Insufficient Sanding L] ™ -
PFoor Finish, Wrong Tools L - . L
Sealant Too Cold L -
Sealant Too Hot .
Application Tow High
Application Too Low L
Scu]unl E!::grud:ﬂl Dhue o - . - . - . .
Creerheating
Fain During Application - L]
Cold Weather . -
Hot Weather L] [ ] ] -

Table2: List of Solutions for Commonly Observed Sealant Failures (after Caltrans, 2008)

Problem Solution

*  Reduce the amount of sealant or filler being applied.

*  For hot applied maternals, allow to cool or use sand or other
blotter.

Tracking *  Allow sufficient time for emulsions to cure or use a sufficient
amount of sand for a blotter coat.

*  Ensure the sealer/filler is appropriate for the climate in which it is
being placed.

*  Ensure cracks are clean and dry.

¢  Increase temperature of application.

Pick out of Sealer *  Use the correct sealant for the climate.
*  Allow longer cure time before trafficking.
®  Check squeegee and ensure it is leaving the correct flush finish.
* Have squeegee follow more closely to the application.

Bumps *  Decrease the viscosity of the sealer.

e  Change the rubber on the squeegee.
*  Stop using overbanding.
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2.5.2Measuring Performance
Smith and Romine (1999) suggedthat sealant performance can be measiny
summing the lengths of failed segments and digidby the total length of treated cracks

inspected.
%Fail = 100 x Ls/ L (1)

where L is the of the failed segments andd the total length of treated cracks
inspected.

After multiple field inspections, a graph can be mtd shows the treatment
effectiveness over time. Smith and Romine (1999)dtatg by defining a minimum
threshold of effectiveness, the project lifespan can be determitigdre 18 below

shows such a graphijth % effectiveress on theaxis and age on theakis.
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§ oS . —
F I | | | |
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D — e —

E e N A SR L B
ol | Profecd Life of Treatment at 50%

g O Eflciveness = 75 morths (6.25 years)

g ] R R
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F | | | | | |
u P Lo | Lo il el P

F 0 10 20 30 4 50 6 70 8 9 100

Figurel8: Trend of Seal Deterioration over Time (after, Smith and Romine, 1999)

Al-Qadi et al. (2017) conductedproject to attempt to match actual field
performancewith laboratory generated performancés.that studythe performance of
more than 200 cracksasevaluated and documented. Each crack was evaluated for

percentage length of futlepthand partialdepthadhesive/cohesive failures. Percent
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length of oerband wear, percent length of spalling, and the amount of stone intrusion
were also documented. fimat study, sealant performance was used to determine the
performance index (Pl). The performancdarwas defined aa function of percent full
depth atiesiveand cohesive log#\C) and a percent of partial adhesive and cohesive
failures (PAC) where he partial failures are multiplied by a factor of @bshown in

Equation 2.

Pl = 100i (AC + PAC x 0.5) )

The types of sealant matdsaised during this study are presentedable3. In
that study, it was observed that the most common failure was the adhesion loss that
occurred during the iter months. By monitoring the performance of vasidifferent
sealant types over a #eyear period, a series of performance index vs time graphs were
made for both cleaandseal and rouéndseal Figurel9andFigure20 present these
results for the sites in Minnesota and Ontarlthe figues show a significant drop in PI

values for a majority of the sealants between the second and third winters.

Table3: Types of Sealants used in-Bladi etal. (2009 Study.

(1)} Er\:::_: {r‘fl.:é’itliil"l‘.] Minnesota "al.':::lllirc Wisconsin {\:::{ Ontariol Virginia Rrr:::::ilnns
Ad v 70-40 X 2
Bb 1) t4-16 X X X 3
Ca 1 T0-10 X 1
D I T6-34 X X 2
Ed v Th=41) X X X 3
Fb* I 34 X X 3
Gd v Th-34 X X 3
Hb* I -22 X 2
Ib I -10 X 2
Lb I MNA |
Id v T0-46 |
ke’ 11 -28 X X 2
Mb- I -34 X X 2
NB I -34 X |
Oh I 82-40 X X 2
Pd v H4-28 X X 2
Rb' il NA X |
5d v T6-34 X 1
"Wirgin material for sealants Lb and Rb was not available to be aged and graded in the laboratory.

*These sealants are only graded at low temperature.
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completely failed in all sections after the second winter, whereambseal was still

performing with an acceptable threshold. The exact performance iralexiésted in
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Figure20: Performance of CleaandSeal (after AlQadiet al., 2017)

From the graphs above, &adi et al(2017) showed that cleaandseal almost

Figure21.
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Figure21: Performance Indices of cleamdseal (C&S) and roe&ndseal (R&S)
methods (after ARadi et al, 2009)

Within that studyAl-Qadiet al.(2017)aso had two test sections of roadway that
used both osrband and no oveabd placement configurations of sealant. After a second
winter, a similar graph was produced to compare performance indexes between the two
configurations. As showim Figure22, the use of an overband gpg¢formedno
overband for all sealant types in most cases. Itis unclear as to why it did not perform

well in the othertwo instances.
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Figure22: (a) Overband Failure and)(Bl Comparison of Overband vs no Overband
(after Al-Qadi et al., 2017)

Al-Qadi et al. (2017) also performed a case sudy in Michigan regarding the
effects of plow damage on cleandseal ovebbands. During this study, the performance

index of seals wasvaluated over a three year time period. The Perfoceémdex (PI)
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in this study was a funcion of percent overband failure (OBF) caused by plow abrasion
and sealant tracking, as shown in Equas.

Pl = 100-%O0BF 3)

Out of the six hepour type sealants used in this study, three are Type is
Type I, and two are Type I\as defined by ASTM 66900ver the thregear
documenting period, the field performance of thegterials was rated with respect to
plow abrasion The Performancendex as a function of plow abrassion was grapheld wit
respect to time. From thegure?23, it is seen that the materiasffer little damage from
2011 to 2012, however there is a great reduction in Pl from 202Q@13.

Table4: ASTM Spedication for the Crack Sealants at the Michigan Case Study
(after Al-Qadi et al., 201)7

Section | ASTM D6690 Installation Melting Time Field Performance
(ID) Type Temperature (°C) (hin) Plow Abrasion Cohesive
03 v 193 50 poor good
04 1 193 45 good good
06 1 193 45 poor very good
07 I 193 45 fair poor
12 v 193 50 good poor
16 1l 193 45 fair fair
100 =
E";. 80
-]
g
g 60
£
T 40
=
p—
el
& 20 ——S5cc03  -=-Secld
=Sy ——Sec?
——3%ecll -eSeclb
0
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Year

Figure23: Performance Index of Sealants as a Function of Plow Abrasion
(after, A-Qadi et al, 2009)
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Rajagopal (2011) performed a@yin cooperation with the Ohio Department of
Transportation (ODOT) with an objective of determining overall crack sealing
performance. The questions that this study addressed were:

- Do existing crackealing practices within ODOT enhance pavement
performance?

- If so, what is the optimum timing for m&ment?

- Does the crack seal extend pavement life?

- Does crack sealing provide cost benefit? If so, to what extent?

Similar to the study performed by Qadi et al. (2017), Rajagopal (2011)

established variougst sections of crack sealing and perforpedodic field evaluations
of the performanceFor further clarification, it is noted that most counties participating

in Rajagopal, 2011 study used a deadseal technique

By categorizing the data;year performance gains were plottedddferent
types of pavement that underwent the same crack sealing pro@ssshewn ifrigure
24. While the graph shosvsignificant variations irhe condition gains, theasons for
these differences remain unclear, as the daily traffic values and other specific conditions
for each test site are not specified. Itis also noted that ODOT defines crack sealing to

enhancea pavement 6s upoBBeindgperfobned oi nt s

5 year average condition gain

48 47 4.9
IH I ] I I I” ]

PCH - all Data PR - PCH - Flexible PCR - PCR - PCK - Hlexible PCH - Flexible
[1784) Composite Pavements Composite Compaosite Povements Pavements
Pavements 11227) Pavements Paverments  with Gravel in with Lime
(547) with Gravel in - with Lime  Surface Layer stone in
Surface Layer Stone in (406]) Surface Layer
[261]) Surface Layer [821)

[z&8)

Figure24: Average Condition Gain among Various Pavement Types
(after, Rajagopal, 2011)
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Rajagopal (2011) further analyzed the data ardassified on a basis of
pavementype and PCR. Analysis of the data in the organizatioranner yielded a
table that shows variable results of condition gain based on PCR and pavement type. Itis
seenm Table5 that clearandseal crack sealingrovided the largest fivgear condition
gain in paverants with a PCR of 680. Operating outside of this range produced

significantly lower condition gains

Table5: Condition GainFromCrack Sealing for Various Types of Pavement
(after, Rajagopal, 2011)

Variable
Prior PCR Composite|Composite Flexible | Flexible
group All data |Composite| Gravel |limestone | Flexible Gravel |Limestons
56-60 3.20 3.20 3.54
61-65 3.54 3.54 3.60
66-70 4.34 TesFs 3.81 2.77 4.53
71-75 3.84 4.54 4.20 4.89 3.27 4.68 2.85
76-80 4.56 5.38 6.19 4.86 3.60 4.45 2.98
81-85 3.61 3.94 3.89 3.49 3.64 3.30
86-90 3.70 3.18 3.06 3.94 5.38 1.34
91-95 2.83 2.80 3.31

2.61 CostEffectiveness
The benefits of crack sealing in terms of increased pavement performance have

been described in the preceduitapters Rajagopal (2011) performed a cbsnefit

study, but only with an analysis ofdnrandseal. His study linked cost benefit to
performance gains of crack sealing on different types of pavement at various defined
PCR ranges. This study determined the extension in service life that crack sealing
offered. This was achieved by definiaghreshold PCR, which, in this case, is 60. The
sewice life extension was found by finding the difference in time to reach a threshold
PCR of 60 between a control section and treated section gfasatiown ifrigure25
andTable6.
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Performance Prediction Model
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Figure25: Performance Prediction for PCR-86 (after, Rajagopal, 2011)

Table6: Service Life Extension among Various Pavement Typésr(&ajagopal, 2011)

Threshold PCR=60 Threshold PCR=65
All Composite | Flexible All Composite | Flexible
Pavements | Pavements | Pavements | Pavements | Pavements | Pavements
Life of Crack
sealed 4.87 7.70 3.14 3.25 5.82 1.81
Subsections
Life of Control
) 3.79 7.46 2.09 1.56 4.55 0.29
Subsections
Extension of
Service Life, 1.08 0.23 1.06 1.69 1.27 1.52
years

By observing the extension sérvice life, a net present value of crack sealing

was derived as follows:

- (4)
where t = time at whichoney is spent, N = total time under consideration, r = discount

rate (4%) and G= amoun spent at time t.
Two different alternatives were csidered as proviakbelow:

1) Apply crack seal now, chip seal after a certain period of time
2) Do nothing, but apply chip seal after a given number of years
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For cost values, dollar amounts were taken ftben2009 and 2010 ODOT

construction records. Thesecords indicated that thest per lane mile of crack seal and

chip seal were $2,504 and $10,565, respectivégble7 shows the comparison of the

cost effeaveness of the abowmentioned two alternatives forl &pe of pavements and

separately for flexible pavements for two different threshold PCRs, such as 60 dhd 65.

can be seen that crack sealing in this study waststly ineffective in terms of cos

when performed on pavements with a PCR range @068nd evaluated with threshold

values of both 60 and 65. However, when similar crack sealing performance analysis

was performed for roads with a PCR range 6¥760the cost effectiveness was noticed

for all types of the pavements considered in the study.

Table7: Summary Coseffectiveness of Crack Seal for Different Pavement Conditions

(Analysis Period = 8 years) (after, Rajagopal, 2011)

PFCR Threshold Ts Crack Sealing
Pavement Type Treatment Scenarios Compared NPV -
Kange FCR P P Cost effective”
Scanarea 10 Crack seal nowr, apphy chip s=al 4 9 years bter 57807 MNa
All Pavemenrs - f . T 1 T
Scenatio 2 Do notkdng e, apply chip seal 3.8 yeans bater ST043
Seaue 1. Crack seal now, apply clup seal 7.7 yoazs bt 83,770 Na
Cao b= - n - = =
0 e Somane 2 Do notkoeg aow, apply cup seal 7.5 veazs bter 31,576
Soemurva 1: Crack seal now, apply clup seal 3.1 yeazs e 510,781 Mo
Flesabl= - P
= Semurea 2. Do notbong oo, apply chuy seul 2.1 vy buler 30620
6680
Scanarea 1: Crack s=al now, apphy chip s=al 3.3 years ber 510,313 Na
All Pavemenrs : . r
Scemarea £: Do nottung noaw, apply chup seal 1.6 yvears bater 510,397
Somane 1: Crack scal aow, apply clup scal 3.8 yoazs bater 36,554 Na
3 Compomite " . p —r—
Scenana It Do nothung now, apply chup seal 4.5 years Ixter 3071
Semuree 1. Crack seal now, apply clup seal 1.5 v e 512,373 Juti]
Flewitle Scenana 2 Do nothing now, apply chip s=al 0.3 years kder 312,394
Seenaria 10 Crack seal now, apply chip ssal 3.1 yeass bater 510 590 Yoo
All Pavements Seemurra 2 Do nolbong new, apply cluy sesl 1.3 yess bler 510,856
Scenana 1: Crack seal now, apply clup s=al 7.4 yeazs bxter 54,201 Yes
Ti &l o
fa-n i Compasit= Seenaria 20 Do nothing nowr, apply chip seal 4 8 veams later 35557
. Scenaria 10 Crack seal now, apply chip seal 2.7 yeass bater S10L191 Ve
Flexible Soemurea 2 Do nottung now, apply cup seal 0.9 yeazs bater 511,458
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2.7 Laboratory Testing of SealaneRiew

2.7.1 MnDOT Practice
MnDOT (2016)specifiesthe use othree classes of sealant material (MNDOT

3719, MnDOT 3723, and MnDOT 3725fach of these material types are modifications
overlying the current ASTM D669@015)joint and crack sealants spigzation.. The
problem associated with teSTM spedfication, however, is that it relies primarily on
empirical properties of the sealant such as penetration, resilience, and flow rather than
strength and durability emacteristics.For that reason, MDOT specifications overlying
the existing ASTM D 669@equire bond strength testing (3 cycles)2ft degree Celsius
for MnDOT 3723 type sealant (used for clemrdseal and rouandseal applications.)

The bond test asutlined by MnDOT(2011) is requirel to follow the ASTM D 5329
(2106)testingspecificaton, except to use sawed cement mortar blocks or HMA
pavement blocksThe testing block characteristidescribed byinDOT (2011)consist

of 1inchx 2 inchx 3inch dimensionssawed with a diamond bledas depicted by

Figure26.

\\_____‘_*———4—4_4___/ . -
Figure26: MnDOT Specifications foSample @tting and Dimension&@fter MNnDOT,

2011)

While the test aims to make an accuratasuref bond performancet does so
only for a bonding surface comparabldhat of a rotandseal crack sealingrocedure,
whereasa rough clearandseal surface with more exposed binder is excluded from
testing considerationBoth types of surfaces asbown inFigure27. Furthermorethe
results of the test are recommended to be analyzlgdn a qualitative fashion as stated
by ASTM D5329
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Figure27: Differences in Surface Characteristics Between iCkead Seal (1) and Rout
andSeal(2)

2.7.2 lllinois Reearch

Recognizing limitations in ASTM testing specificaticarsd inpast studies
involving correlation between field performance and lab testingQ&dli et al (20149
performed a comprehensive seeaperimental laboratory testing procedures to evaluat
the adhesion characteristics of HMA crack sealant materials in a setting that closely
resembles field conditionsThe first of the tests examined the seakrtistrate
compatibility by assessing tiseirfacefree energy of the bond. The second testuse
direct tensile test (DTT) machine to estimate the adhesion at the interface. The third test
used air pressure tte-bond sealant from various substrates. In addition to testing
adhesion charactetiss, the team also investigated chemical compos#ahsurface
roughness of various aggregates.
2.7.2.1 Surface Energy Method

The surfacdree energy testing revolvearound the ideas of adsorption and the
surface angle between a liquid and a sulestdat this theory, a substrate that allows a
drop ofliquid to spread out across it easily has a high adhaesiengthassociated with
it, whereas a substrate that does allow the same drop of liquid to spread has a low
adhesion valueFigure28 shows a diagraraf the sessile drop testing apparatus and a

closeup image of a liquid resting on a substrate with the angles of contact.
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Figure28: Design and Schematics of a Sessile Drept(after A-Qadi et al., 204)

Using this technige, a thin film of sealant was rolled out onto a sheet of
aluminum and drops of liquids with known surface energies were applied. Knowing the
surface energies and their recorded contact angles wile#thent, the surface energy
componenbf the sealanivas established. This was done for 13 different sealdis.
next step was measng the contact angles between the sealant and the substrate.
Substrates of quarts, granite, and limestone wer@&Qrmm plates, cleaned, and dried.
The sessile droppparatus was used to apply a drop of sealant onto each aggregate
surface. The contactaingleof each substrate was recorded in addition to that of
aluminum, to establish aluminum as a replacementdgoremate.Using surface energy
equations, the work afdhesion between the sealant and each substrate was calculated
and is shown ifrigure29 below. The esting results show that surface adhesion work
varies lagely between different types of aggregates, and hceiuminum test plagedo
not serve as an accurate representation of actual field surface adhesion work

characteristics.
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Figure29: Testing and Analysis Results of SurfageeE)y Testingafter AFQadi et al.,
2014)

2.7.2.3 Diect Tension Test
Since aggregate composes of nearly 80 percaaM# by volume Al-Qadi et al

(2014)assumed that a strong correlation exists between the adhesion at the sealant
aggregate interfacend the adhesion at the seal&iIA interface. Based a this
assumption, various test specimens were examined to evaluate the adhesion at the
sealardaggregte interface. Various testing specimen geometries were proposed due to
difficulties in proper seaint installatiorbecause oits high viscosity.Due D its high
viscosity, sealant was unable to properly coat the end pa¢dlescylindricattype
samplsthatwere placed inside a mold-heresearcherattempted pressure injecting
sealant via a hosbapwever, sealant clogged inside the hose as it coolexbm

temperature.These two failed sealant applications are showkigare30.

Figure30: Failed Sealant Installation Pradsf{after Al-Qadi et al., 2014)

Due to thesabovemetioneddifficulties, an assembly consisting of two half

cylinder aggregatesf 25 mm in diameter and Irdm long was createdl' he moldwas
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placed between the two aggregates on a level surface soalaait gured into the mold
couldbe confined betweemé two end pieces of aggregata.order to control the

location of sealant failure, a 25x2m debonded shim was placed on one side of the

mold against the aggregate substrate prior to applying $eélan removed after the

sealam cured. Upon mold exraction, the specimen was tested in direct tension at a
displacement rate of 0.0Bm/s. Both load and displacement were recorded. Maximum
load (Pmax) @and bond energy, were calculated for each paseafantsubstrate.Energy is
defined as the area uadthe loaedisplacement curve divided by the contact cross

section. Figure31 shows a sample load/displacement curve and the energies required to
break bondsFigure32 shows a bar graph comparing the maximum load for aluminum,

limestone, granite, and quartzite substrates for different sealant materials that were tested.

120 - Surface Testing | ¢ .
nergy
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00 dee P e Sealant (?:jrrﬁ!) (Pas) | (C) T(efcng" (JIm?)
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Figure31: Load/Digplacement Curve and Testing Resyiétler Al-Qadi etal., 2014)
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Figure32 Measured Load for Various Substratafier Al-Qadi et al., 2014)

In order to address the field effects of sealant aging due to weather exposure, the

research team developed a lab procedure to replicatetsihim aging of sdant material.
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In this procedure, sealamascut into thin pieces and placed in a stainlge®l pan and
heated until it melts and creates m&rthick film. It is then cooled tair temperature
and placed in a vacuum oven agingidewand heated to 115°C for 16 houl$e sealant
is then transferred to a regular oven, heated to 180°C to melt, and transferred to
containers for storageDirect tensiontests wee then performed wh an aluminum
substrate to compare the performancagdd vanonaged sealant. Results as shown in
Figure33 show that aging hdsgtle effect on Rhax but a large effect on Energy.

EH Aged
- Non-aged
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Figure33: RequiredLoads toBreak theBond BetweenAluminum andAgedNon-aged
Sealantqafter Al-Qadi et al., 2014)

2.7.2.3 Fracture Mechanic
In anothertest performed by AQadi et al(2014) a cylindrical sample was tested

to failure by appling air pressure. In this test, sealant was adhered to sawiples

aggregate connected to a pressurized air hose. Air pressure was applied to the sealant to
form an air pocket between the sealant and aggregate. The test was performed until the
sealant completelyylled away from the substrate. Internal fracture gnéi-E) was

expressd in terms of the critical air pressure and height of the dome at failure. The

testing schematics and results are showigure34. The esting showed weak adhesion
properties between amorgetlimestone and aluminum in comsam to those of

guartzite and granite
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Figure34: Blister Testing Apparatus Schematic and Test Being Performed

2.7.2.4 Substrate Proptézs
The tests performed bA1-Qadi et al., 2014howed variable results among

adhesion qualities between sealant and different substrates. To investigate the reasoning
for these differences in adhesion strengths, the rsigrtace texture and minerology

the substrate materials was investigatedhag/ain Figure35.

Table 5-b. Chemical Composition of the Five Tested Aggregates (%)

Quartzite Granite Element | Granite ' | Limestone | Limestone * [ Sandstone * | Quartzite *
Sio2 75.16 1.89 1.24 97.94 82.42
Al203 12.14 0.24 247 1.06 8.97
Fe203 2.37 0.23 0.53 0.06 3.36
0.042 0.02 0.119 0.003 0.006
0.31 11.67 0.5 0.05 0.34
0.53 275 53.14 0.02 0.43
3.79% 0.01 <0.01 0.02 0.08
4.85% 0.03 0.02 0.12 1.49
0.2% 0.01 0.02 0.04 0.37
0.01 0.02 0.03 0.01 0.06
<0.01 <0.01 <0.01 <0.01 <0.01
0.523 44.63 41.97 0.333 243
o . 99.93 86.24 100 99.65 99.95
Figure 34. Atomic Force Microscopy to compare surface roughness of substrates 1) Oklahoma; 2) Ohio; 3) lllinois; 4) Pennsylvania; 5) Wisconsin

Figure35: Substrate Physical and Chemical Characteristics

Al-Qadi et al(2014) also noted that aggregate cherhm@amposition plays a key
role in sealanaggregate dtesion Due to much variation between aggregate even

from the same quarry, the reproducibility of the results was an issue.

2.8 Summary
1 Al-Qadi et al(2017)reported better performance of the rantiseal method

over the clearandseal method Rajaggal (2011 reported that application of
crack sealing is more cost effective thanmdhing only in certain conditions.
1 No literature was found to corape the coseffectiveness of the cleaandseal

and routandseal methods.
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Thermal cracking is the moeritical distress for asphalt pavement in Minnesota,
largeseasonalemperature differens&reate thermal cracks.

Sealant can fail idifferent ways: adhesive failure, cohesive failure, etc.

In Minnesota, asphalt pavements are generally sdakauy spring, fall, and
summer. Theinstallationseason has a large influence ongbal performance
(refer toFigure13).

Preventive maintenance is approximgt&k to ten times more cost effective
than a denothing approaclaccording to Johnson (2000).

Both MnDOT (2011)and AlQadi etal. (2014 have performed various testing
procedures to estimate the adhesion performance of sealant materials.

Test results shw that surface adhesion work varies largely betwetardnt

types of aggregates, and also that aluminum test plates do not serve as an
accurate representation of actual field surface adhesion work characteristics.
The tests performed b4-Qadi et al (2014 all included aggregate substrates
that had beefreshly sawed, however, in a cleandseal operation, aggregates
are neither sawed nor cleaned of the residual binder that adhered to them
crackirg.

Furthermore, the testing performied Al-Qadi et & (2014 excluded an analysis
of sealant adhesion tlasphalt binder itself, as aggregates only consist of an

approximated 80% of the HMA surface area.
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Chapter 3: Field Performance and Cost/Benefit Investigation

3.1 CrackSealing Data Collection
Crack sealing performance data veadlectedin four phaes as depicted Figure36.

Phase 2: Phase 3:
Previous crack Newly-installed
sealing projects crack sealing
data (MnDOT projects (site
database) visits)
Phase 1: ~ - Phase 4:
Practitioners Old crack sealing
opinions J projects
ORI Performance G

data Sources

T —

Figure36: Crack Sealing Performance Data Sources

1L1Practi ti onienleedSur@eyi ni ons
The sakeholders of the online survey were supervisors anter@ancesngineers

from variousagenciesuch as MnDOT districts, counties and cities, and private
contractors.The survey mainly included questions regarding the commonly expected

crack sealingrocalures and estimated lifespan of these techniques.

3.1.2 Previous Crack Sealing Projects Data (MnDOT Database)
From the MnDOT construction log and other relevant sousteth as traffic and

bid letting databases, the service period ofctiaek sealing mthods corresponding
traffic levels, and pavement $ace layer detailg/ereobtained. An analysis was
conducted to recognize the typical service period of crack sealing methbes
influence of other parameters such as traffic, pavement surfacelajeressand age

were also usedn the performancevaluationof these crack sealingethods.

3.1.3 Newly-installed Crack Sealing ProjedtsSite Visits
Newly-installed crack seals were evaluated at 11 sgasythe parameter known
as Performancentiex (PI). Thisis function of sealant full/partialapthadhesion loss,

cohesion lossand spalling (development of a secondary crack along the origiFiad).
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addition of spalling in the PI criteria, which was not included bygati et al (2014)

was mplemented dut a high amount of these failuresseved in the fieldof the

current project This implementationllws the Pl calculations to be representative of

the entire seal, rather than just the material itself

The sites were documented dwgitheinstallation of the sealant maity then theseas at

all thesites were evaluatedliring winter and summer for the next two yearsonitor

the changes in performancBata was then plotted in Excel to show a downward trend in

Pl vs Time. Table8, Figure37, andFigure38, shows the length of each specified failure

(in feet)for a site on TIA00 east of Hill City(Site E)after the second winter since

seablns were installed All cracks at this site were treated with r@utdseal installation.

Photos from various site inspecticofsSite Earepresented ifrigure39. The data

cdlectedand photos takefor the remaining 10 sites ppeseted inAppendixB: Field

Performance Table9 summarizes the data for all sitesvasd| as presents an average P

for the two sealing methods after the first and setwinter. Note that it may by

inaccurate to conclude that a clesmd-seal approach lasts longer, since the data is

limited and clearandseal was only used on roads that exhibited tigépigced crdcs.

I red 8

|-

Where:

Fa r=

Pl = Performance Index

FlFr=8

I

4

(1)

PPDA = percent partial depth adhesion loss by length;
PFDA = Percent full depth adhesion loss by lengfS= Percent spalling by length
PCL = Percent cohesion loss by leng#PCL = Percent partial adhesion loss by length

Table8: Cracks Documented at Site E near Hill City, MN

Site E Performance (end of 2nd Winter)

Crack ID |crack lengthLength PDA Length FDA  Length Spaling| Unfailed length Performance Index
E-1 12 15 3 15 6 56
E-2 12 15 3 0 7.5 69
E-3 12 2 3 2 5 50
E-4 12 0 1 0 11 92
| s | o | | w0 x|
E-6 12 1 3 1 7 63
E-7 12 1 3 1 7 63
E-8 12 3 0 0.5 8.5 83
E-9 12 0.5 0 2 9.5 81
E-10 12 3 0.5 0.5 8 79
sum 108 13.5 16.5 8.5 69.5 71
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Performance Index (PI)

P

-

= Length PDA = Length FDA = Length PDA = Length FDA
= Length Spalling= Unfailed length = Length Spalling= Unfailed Length

Figure37: Amounts of SedFailuresafterFirst andSecondwinter

Site E Performance (second winter)
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Figure38: Age vs Performance Index (PI) at Site E near Hill City, MN
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Figure39: Pitures duringlnstallatio(ril), First Winter(ii), and Second W
Installatian

intgrii) since
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Table9: Summary of Performance Evaluations for Newly Installed C&azing

Projects
Avg. PI
. Traffic | Avg. Pl| during
ol Pavement Surface Layg Crack Sealing (AADT) after 1st| 2
No, Site [Route Winter | Winter
Year | Thicknesy Year Sealant tyoe
Pavec (Inch) |[Treated yp
Cleanand-seal (C&S)
1 US53 2008 1.5 2017 C&Y3723) 10,300 - ]
2| C |US53 2008 1.5 2017 C&Y3723) 16,100, 100 ]
C&S3725) anl 99
3 I |CRY - - 2017 R&S (3725) - 99.5
4| M - - - 2017 | C&Sand R&S* - 78.5
5| N - - - 2017 | C&Sand R&S* - 75 58
6| O |[CR1| - - 2017 | C&Sand R&S* - 95.5 84
Averag{ 90 80.5
Routand-seal (R&S)
63.5
1| D |US53 2009 8 2017 R&3725) 7,800 88
Mn- 71
2 E | 200 |2012 3.5 2017 R&S(3725) 1,200 84
us 59
3 F |169|2010| Var. 2017 R&3725) 6,100 74
40
4| G |Mn-1|2014 3 2017 R&Y3725) 2,300 67
5| H [TH5] - - 2017 R&S3725) - 95 63.5
C&S (3725) and 96
6 I CR5| - - 2017 R&S3725) - 97
71 M - - - 2017 | C&S andR&S - 95.8 -
8| N - - - 2017 | C&S andR&S - 63 51
9| O |ICR1| - - 2017 | C&S andR&S - 100 98
Averag¢ 85 68.5
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3.1.40Id Crack Sealing ProjectsSite Visits
Someproject sitesvith different seal ageverealsovisited andevaluatediusing

the same Performance Ind@X) parameters as the new crack sealing sites of this study.
ThePI values derived from thaata collectionas shown irFigure 40, showed a

downward trend in PI with respect to tim&.trendline was created frorhis data to
estimate crack sealing Pl with respect to time, where Pl starts at 100 upon initial
constructio. The year 2014 included only sites of less trafficked streets, which may

suggest why the Pl was high from cracks sealed during this year.

125

100

~
v

50

25

Average Performance Index
(PT)

2012 2014 2015 2016 2017
Year of Sealant Installation
(Rout-and-seal)

Figure 40: Crack Sealing Pl with Respect to Time

3.2 Benefit Amalysis

3.2.1 RouteandSeal
In order to analyze the overall performancermaick sealing, athreshold PI of 50

was assignedThis indicates that half of a seal has fdjland thus, the seal is ineffective
at preventingheintrusion of water.By combining the Pl values from the latest
inspections of the new crack sealing sites with the trengiemeratedrom evaluations

of older crack sealing sites, an estimated tim@1=50 was established for each sitde
area underneath this curve was then calculated and defined as the Performance Area
(PA). The estimations of PI=50 times for all sites and a lumped average of peréerma
area for all sites are shownhigure41 for both the first and second winter inspections.
All cracks represented in this data were sealed with thearuiseal method From the

data, it was estimated that an average of 3.12 years can be expautaddaandseal.
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Figure41: Pl and PA Values of all Crack Sealing Sites

3.2.2 Cleanand-Seal

Due to a lack of sufficient datéghe Plvs age of seal trend line fahe clearand

seal methodvas obtained indirectly by adjusting the trend line developethéroutand

seal methogdas shownn Figure42. Themainassumption of this adjustment was that the

clearrandseal methogberforns about one year less than the ranttseal method This

assumption was develeg based on construction database research, literature review, and

practiti onEh s dertedpieimshaolad & .greyrefersthe performancerea

for the clearandseal. T h e

6 u n c oG shadlad in eed, refens ® the difference in the

performancearea between the reahdseal and cleaandseal methods. For this
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particular example, # clearandseal method provides 21.6% less benefit than what is
provided by the rouaindseal method.

Using the abovementioned procediithe Plvs age of sead were plottedor the
routandseal sites. Data was also plotted for sites thaintained the cleaandseal
method All data is displayed ifrigure43. Thewider black line represents the average
valueof all eight sites combinedFrom the data, it was estimated that approximately 2.3
years can be expected from a claawtsea) with an overall benefit areRA of 86. Future
studies may consider the collectiohmore clearandseal data in order to ake a more
informed estimation of crack sealing performance area for the-aledseal method, as
different results would lead to different conclusion for the cost/benefit analysis of clean
andseal.

Site N Clean-and-5eal Pl Forecast
100

50

e P | [LIncorrected)
- e Threshold PI

= "o rected Pl Prediction

Difference= 21.6%

Pl
n
=]

a0

EL

20

10

Age [years)
Figure42: CleanandSealBenefit Area Determination (end of first winter)
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0] 0.5 1 1.5 2 2.5 3 38— Site OL/S 4.5 5
Age (years) —@— Site O (R/S Correlation)

Figure43: Service Life of ClearandSeal method for Different Sites after Second Winter

3.3 Cost/Benefit Analysis
By incorporatinghe PA valuesobtained from field inspectionsto a benefit/cost

analysis of rouandseal and cleaandseal, it was discovered that as a treatment alone,
cleanrandseal has a highdrenefit/costratio. This may be misleading, however, as when
considered in a life cycle cost analysis of émirepavemenstructure including all
maintenance and rehabilitation activitigkheroutandseal has a higher ratio due to an
extended service period and delayed timiémextmore expensivpavement

maintenance activity

3.3.1 Cost Analysif?arameters
Maintenance and rehabilitation activity scheduesecollected from the

MnDOT Pavement desigmanual (MnDOT, 2018bfor four different casesThe

relevant unit costs of maintenance and rehabilitation activities (other than sealing costs)
within these @ndard activity schedulegere obtainedrom the MnDOT Districtl 6Lge

cycle cost analysid CCA) spreadsheetThe Net PresenYalues (NPV) of different

items were calculated using the following equation:
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Net Present Value (NPV) =g.. B7, —£* (ii)

A

Where,
Cin = initial cost of construction
t = the time in future in years
N = the number of years the analysis period
Cat = the cost of activity t years in the future
| = the annual rate afhterest in decimals (1.22%, collected from the MnDOT
District1 060 s LCCA spreadsheet)

3.3.2 Cost/Benefit Analysis Scenarios
The fourdifferent casesonsidered in this analysis as follows: (i) Case INew

HMA with 20 years design life and 35 yearsadysis period; (iilCase 2New HMA with

20 years design life and 50 years analysis periodJé@ge 3HMA Overlay with 13

years design life and 3gars analysis period; and (€pse 4HMA Overlay with 20

years design life and 35 years analysisqueriThese schedules consider a fgaar

service period between crack sealant installation and the folosurface treatment,
which is similar to tke service life of rouandseal treatment, determined in the previous
chapterof thisthesis The servie life of clearandseal was determined to be 3 years.
As the clearandseal performs one year less than 4 years;seabng activity was
considered for the remaining ogear service life; it was assumed that 30% of the failed

cleanrandseal seals wodlbe resealed after 3 years of service period.

Table11 presentdhe example of different costs involved at different aapes
Figure44 presents theesults of théB/C ratiosanalysis Note that in this analysis, a
discount rate of only 1.22% was used. This rate, obtained from MnDOT life cycle cost

spreadsheet, is lower than typically used national rates.

Table10: Benefit/ LifeCycle-Cost Raib of RoutandSealand ClearandSeal Methods

LCC Benefit B/C(1000%)
Case R&S C&S R&S C&S R&S C&S
Case 1 $528,900 $527,467 98 86 0.185 | 0.1630
Case 2 $612,421 $610,458 98 86 0.160 | 0.1409
Case 3 $287,588 $285,436 98 86 0.341 | 0.3013
Case 4 $309,967 $308,485 98 86 0.316 | 0.2788
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Table11: Example LCCA per lane mile for a TypicNew HMA with 20 years design
life and 35 years Analysis Period

Rout-and-seal Clean-and-seal
Initial Age, | NPV ($) | Initial Cost | Age, | NPV
Cost ($) | Year (%) Year | (9)
Initial 355,584 0 355,584 355,584 0 | 355,584
Construction
Crack Treatment 3,238 8 2,939 1,799 8 1,633
Crack Re-sealing - None - 600 11 525
Surface Treatment | 50,688 12 | 43,824 50,688 12 | 43,824
(UTBWC)
Mill 1.5" and HMA | 123,739 | 20 97,091 123,739 20 | 97,091
Overlay 3.5"
(9.5 Wearing- 4,B)
Crack Treatment 3,238 23 2,450 1,799 23 1,361
Crack Re-sealing - - - 600 26 438
Surface Treatment | 50,688 27 | 36,535 50,688 27 | 36,535
(UTBWC)
End of Analysis 14,557 35 9,523 14,557 35 9,523
period
Life Cycle Cost $ 528,900 $527,467
B/C RATIO: TREATMENT COST B/C RATIO:LIFE CYCLE COST(LCC)
5 BR&S mC&S
! C&S CASE 1 CASE 2 SE 3 CASE 4
LCC Benefit BIC
Benefit Cost per lane- B/C ratio Case R&S C&S R&S C&S R&S C&S
mile (C) Case 1 $ 465,005 $ 463,502 98 86 0.21 0.19
Rout-and-seal 98 $3.2384 4539 Case 2 $ 560,901 $ 558,841 08 86 017 | 015
Clean-and seal 86 32,1589 70.67 Case 3 $ 321,258 $ 319,000 98 86 031 | 027
Casc 4 § 252,803 § 251,248 08 86 o.;n2 0.34

Figure44: B/C Ratios of RouaindSeal and CleaandSeal
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3.3.3 Cost/Benefit Decision Trees
In order to provide practical solutions to pavement engineers and crack sealing

practitioners, a paiof decision trees was developed for optimal crack sealing technique
section. The considerations used in the development of the decision trees included
treatments costs, benefit cost ratios, expected life, ease of installation, pederman
opinions of practitioners, and traffic levels

The variables mentioned above were factored individually, assigning each one its
own i yas agpérdentagi the decsion making process for selecting a sealing
method. The weights assigned to eaatiable were selected based on knowledge gained
from this study and practitionerso prefere
shown inTable12 aong with an analysis of different treatment scenaribise weights
of treatment cost came from a rardseal costing 1.8 times as much as a ckaathseal
(64:36 = 1.8:1) A similar technique was used for assigning weights for cost/benefit as
well. The weighted scores for each decision varialgeecalculaed by multiplying the
score with the corresponding weight. The last two coluoffi@ble12 provides the total
scores for all the decision vabias together and ranks for two crack sealing methods for

various trafic levels and crack treatment number.
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Table12: Analysis of Treatment Options for Decision Trees

Decision Crack | B/C [Expecte| Ease of| Performanc{Traffic| Total| Rank
Variables |TreatmenRatio* Life |Operatiol Opinion by | Level |Score
Cost Practitioners
Weigh 10 15 15 10 30 20
Alternative
1st Treatment, All Traffic Levels
Rout | Score 36 53 57 33.3 60 50 1
and |Weighted 51.43
Seal| Score 3.6 7.95| 8.55 3.33 18 10
Clean| Score 64 47 43 66.7 40 50 2
and |Weighted 48.57
Seal | Score 6.4 7.05| 6.45 6.67 12 10
Intermediate, Traffic Levels 2 and 3
Rout | Score 36 53 57 33.3 50 40 2
and |Weighted 46.43
Seal | Score 3.6 7.95| 8.55 3.33 15 8
Clean| Score 64 47 43 66.7 50 60 1
and |Weighted 53.57
Seal| Score 6.4 7.05| 6.45 6.67 15 12
Intermediate, Traffic Levels 3 and 4
Rout | Score 36 53 57 33.3 50 75 1
and |Weightec 53.43
Seal| Score 3.6 7.95| 8.55 3.33 15 15
Clean| Score 64 47 43 66.7 50 25 2
and |Weightec 46.57
Seal | Score 6.4 7.05| 6.45 6.67 15 5
Last TreatmentAll Traffic Levels
Rout | Score 36 53 57 33.3 40 50 2
and |Weightec 45.43
Seal| Score 3.6 7.95| 8.55 3.33 12 10
Clean| Score 64 47 43 67.7 60 50 1
and |Weightec 54.67
Seal| Score 6.4 7.05| 6.45 6.77 18 10

From the data generatedTiable12, two decision trees were created. The first

tree, as seen iRigure45 branches into new pavements vs old pavements, then into

analysis periods of 35 and 50 years as well astfeatment, intermittent treatment, or

final treatment for optimized method seleati@hesecond ddsion tree, as shown in

Figure4s6, is a simplified version that can easily be used to practitioners to quicgbt sel

a crack sealing treatment.
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AP = Analysis Period; DL = Design Life; CT = Crack Treatment; PA = Pavement Age; TL = Traffic Level; R&S = Rout-and-seal; C&S = Clean-and-seal

Figure45: Crack Sealing Decision Tree for Pavement Engineers.
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Figure46: Simplified Crack Sealing Decision Tree for Maintenance Practitfoner
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3.4Summary
Performance and benefit information of crack sealing for both ebrafseal and

routandseal wasollected by means of surveys with local practitioners, inspection of
online databases, inspection of nemd previouslynstalled cracks sealing projects, and
by means of a literature reviewrigure 47 displaysthe results from all phases of the
performance investigation. Note that for the field investigations, the years displayed to
failure are those predicted after thesfiwinter inspections. Performance after second

year inspections was slightly less.

'% 10 z Rout-and-seal I Clean-and-seal

o

ng 4 % o 77 8 %

L> 2 /:f:f: % o /f:f:f:

é 0 /,«;/’ e é o % ]

= Online Survey MnDOT Field Other States
& ConstructionInvestigations

Log
Data Source

Figure47: Data from Performance Investigation

In addition to the results found from the analysis of performance, it was
discovered that wheronsidered as a treatment alone, fautseal has a much lower
cost/benefit ratio ass@ted with it that cleasandseal, however, when considered in the
overall life cycle of the pavement structure, ranttseal has alightly higher pay off.

An analysis was performed for four different pavement scenarios and pavement
structures, for which rotandseal had a higher value associated with-itrthermore, a

pair of decision trees was developed to aid in optimal selection of sealing methods.
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Chapter 4: Preliminary Sealant Adhesion Testing

As it was observed in the literature review, in most of the previous studies
sealants were tested on a metallic surtacaggregate alonghich does not represent
the actual surface of the cracked face ofHIMA layer. The current study focusen
creating textured crack faces similar to what are observed in the Aislthe work is
completely new, multiple trials were performed to agkithe desired crack faceEhe
first trial useddisk-shaped samples whke geometries were similar to thasdlined by
ASTM D731313, while the seconttial used gpartially notched cylindrical sample

4.1 Disk-shaped sample
In this trial sealant teisig procedure, a standatditsk-shaped compact tension

(DCT) sample was maufactured and broken according to testing specifications outlined
by ASTM D731313 to achieve a surface comparable to that of a cediseal

application. In order to create a sgésimilar therouted crack fagea DCT sample was
simply sawed in halfThe two halves of the DCT sample were then placedisreggde

at a trial width of approximately 4mm apatiot sealantaterialwas poured into the
cracks and allowed to cure prior to placing in a cooling chamber and tested in ténsion.
order to negte the difficulties in proper sealant distribution across the @eson, as
encountered by AQadi et al(2014) it is proposed that the HMAt thecrack surface be
heated prior to sealant application. This heating could allow for sealant to@&dslos
heat andhusexperiencdess dramatiincreasan viscosityas it attempts to flow down

into the crack and fill voidsThe dimensions of a standard DCT sample and a photo of a

sample while being fractureate shown irFigure48.
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110 35
Figure48: Standard Sample Dimensions aneg&king DCT Sample to Achieve clean

andsealSurface(afterASTM, 2013

One largdifficulty associated with this test is the replicability and feasibility of
comparison between the adhesion performance of the-atehseal and rouéndseal
samples.During the standard DCT testing, crack propagation begins at the end of the
pre-cut notch, but typically follows a new path that may angle toward the top or bottom
of the sample. Due to thisvitasproposed that rotandseal samples be cut at angles
equivalent to the angle of cracking in their partnering chrashseal type samples. This
is depicted irFigure49 below;, whereasFigure50 shows the assembly and installation

of sealant on thesamples with offset band saw cultting.

T S e b4

< : : : r. 4. : . - : .'-‘ ‘
Figure49: Cleanandseal Samples and their Counterpart RandSeal Senples with
Proposed Cutting Line
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Figure50: Sealant Installation Assembly Before akitier

Aside from the dilemma dheangle of cracking propagation associated with this
type of test, another large problem that been experienced is the high ductility of the
sealant material, even at low temperatures. The CMOD Gageasbeing used for
DCT testing hd a travel length of 0.28ch. When applied into a crack dth of roughly
4mm, the sealant was able to exgdeyond the travel length of the gauge prior to
reaching a peak load. In addition, the testing softwargoetbpecording data once this

limit was reached, sthe peak load was not found.

-

i =1 A [ £k
Figure51: Failed Sealant Adhesiofest Using Standard DCT Sample wi
Seal

th Cleard
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To negate the excessive sealant elongation, a second set of holes was cored into
DCT samples after being fractured via DCT. This second set of holes applies a load
centered directly over the centroidtbé sealant crossectional area. Testing in this
manner did achieve a peak load, but the extensometer once again reached its travel
threshold as shown fRigure52. From this error, it was decidéd use thdess accurate
actuator readings for measuring strain on the sampii@gs also noted that, despite the
load being centered over the seal, some areas of the seal tended to fail sooner than others,
causing the saple to rotate in the testing hardware andaaoty even loadlistribution.
Software output is shown iRigure53 andFigure54.
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Figue52: Sealnt Adhesion Testlngvusing Modified DCT S&mp
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Figure53: Testing Software of Sealant Adhesion Test Using Standard DCT Sample
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Figur554: Testing Data Ouut of Sealant Adhesion Test Using Modified DCT Sample
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4.2 PartiallyNotchedDirect TensiorCylindrical Sample
In order to apply an even load across the sealant/substietace cylindrical

asphalt samples were usedhe second trialCylindrical samples that atesedto
conduct asphalt fatigue tess pelAASHTO TP 107 procedureverefirst produced.
These 4inch dia. samples were ciubm 61 inch x 6-inch gyratorycompacted samples.
For a routeandseal type surface, theidch cylinder was simpl cut in half. For the
cleanrandseal surface, the cylinder was notched anticeheightas a means of
providing a defined place for cracking propagation to océur.axial tensile load was
used tacreate two equal halve3he described sample dan example of the two types
of crack surfaces are shownRigure55.

Clearandseal(3)

Problems associated with thigal included intensive application of expensive
glue and improper craing location Initially, ai 6deepnotch was cut into the center of

the cylinder to propagate cracking from that location. This yielded poor resitslers
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boke at or near thateel plateat the end Next,sbamds aw was wusedept o cut
notch around the entire perimeter of thendh cylinders at the center. This also yielded

poor results, as samples continued to break at or nekiMide Steel interface. Testing
modifications of futureonsideration includkusing a bad saw to cugzinch deep

around the entire cylinder in addition to cutting away the top and bateimch of each

to get a strong and homogeneous asphalt to bondhetkteel platesThe final chosen

sample consisted of cuttiraply ¥2-inch notcharound the perimeter drcutting off the

first inch from the top and bottom of the sami@echieve a loading into a more
thoroughlycompacted portion of the samplBy cutting off the first inch of the top and

bottom of the sample, the bond between the HMA and the steabtesdite was strong

enough to maintain larger testing surface@ara wi t h only a 10 notch

4.3 Summary
Various complications ltaarisen in this brief experimental developmenthaf

cracksealantadhesion performance test that comphesadhesion qualities between

clearandseal and rouéindseal type surfacan field.

In direct tension testing through DCT Specimens, complicati@ms® an the
application of sealant material, angle of crackingpagation, point and distribution of
loading across samples, and extensometer capabilities. Heating of the substrate surface
may compensate for sealant viscosifyngle of cracking propagation may be
manageable by increasing DCT sample width tdiBdhand cutting &zinch deep
notch alonghe top and bottom of the sample past where the initiatkpth notch ends.
This would allow for preservation of surface area and a path of least resistance for
cracking to follow. Point and distribution of loading across samples beyegated by
apdying loads directly over the centroid of thes@t surface areaComplication arise
in this, however, as the sealant magibdo fail earlier in some areas than others,
causing the sample totatein the testing jig and create atruniform loadasseen in
Figure52. Finally, extensometer capabilities may be maxed out due to the high ductility
of the sealant materiallhe proposed solution is to measuredhtiator displacement
rather than the displamentof the clipon gage.Theactuator installed at UMIBivil
engineering labbkad arecordable travel length of 50m.
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In the direct tension testing through the partially sawed cylindrical sample
complications arose in fracturing thglinder to achievéhe desired surface
characteristics for cleaandseal. Further complication of this type of samplesegin
applying sealant, but may be compensated for by heating the substrate surface prior to
sealant application. A final anticigat complication thatay arise with this test is
maxing out the travel length of extensometers due to the high ductility of sealant
materials. For this, it is suggested that a-amdseal crack be prepared with a width
equal to that of a typical cleaamd-seal crack rathaghan a standard achwide
Areservoiro to | i miAssumihgsa reBableandhreprodusiblec apabi |
testing schematic and procedure can be establistmediri of sealant adhesion tests

proposed to be performed is givin Figure56.
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Figure56: Proposed Sealant Adhesion Testing Matrix



Chapter 5: Final Sample Specifications andMachining Process

A brief overview offinalized samplepreparatiorproceduras presented irhis
chapter Detailed descriptions and a stey-step manual for preparation of the described
samples is presented ippendix D andAppendixE.

5.1 Modified Diskshaped Compact Tension (DCT) Sample

As described .1 Disk-shaped sampljé¢he standard DCT specimen had various
problems associated with it for this testing proceddriee following sample geometse
and manufacturing processes were chosen for-@eeiseal and rouandseal crack
faces.

5.1.1 ClanandSeal Type Sample
Figure57 andFigure58 show the 2.8nchthick diskshaped specimen that has

been cut from a-éhch gyratorycompacteaylindrical sample The speimen consists of
two pairs of linch coring holes.The firstpair of holes isn compliance with théSTM
D731313 DCT Testing procedure, in which a tensilad is applied to propagate a crack
through the length of the specimen. The red line, {bh.Eigure57) between these holes
indicates a preut slot through the entire thickness of the specimen to control where

crackingpropagation originates.

In order to maintain the established ASTM D7313testing aga of the sample,
the sample thickness wancreasedt@ . 5 0 w islét sawel into the top and bottom
of the sample running through the |l ength
cleanandseal type surface for sealant adhesion. Thensi f i cance of t hi s
that it creates more uniformity between samples that would otherwise break along various
planes, resulting in varying geometric properties for sealant adhesion testing to take place

on.

Upon being cracked, a sealant erél is applied to the crack alorfgetsection
indicated by the blue line (2.1 he second pair aforing holesare centered above and
below this(2.1) portion of sealed crack. A tensile load is applied though these points to

test the adhesion qualibf the sealant. An wdepth guide to the manufacturing process
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of these samples is givemAppendix D: Sample Preparatiorrétedure of DCT Type
Samples

Figure57: Cleanandseal tyg DCT Sample top view

Figure58: Cleanandseal type DCT sampléront view
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5.1.2 RowtandSeal Type Sample
In order to maintain the same cresecctional area for testirag the cleaandseal

type samplesthe routandsealtype samplevasdecreased to a thickness einZhes
Thiswasdue to the 0.28nch slot in the clearandseal samplethat sealant material is
removed from prior to testingn addition to this difference, the reahdseal sample is
sawed in half to mvide a different adhesion surfac®nly one set bholes is cored into
this sample, which are in the same location as hole set (2) of theatidaral sample.

Figure59 presents the described sample.

Figure60: Routeandseal type DCT Sampléront view
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5.2 Cylindrical Sample
The final chosen sample consisted of cuttingéh around the perimetend

cutting offthetop and bottoninch of the sample to achieve a loading into a more
thoroughlycompacted portion of the samplEigure61 shows the described sample
before and during testing. The geometriesiath the clearandseal and rouandseal

samples are the same.

"

in

Figure6£ Falricated Sample Before and During Test

5.3 Sealant Material Preparation
The sealant material used in tetsidycame boxed and wrapped in pilas Due

to the small quantities needed for each batch of application on samples, small pieces of
this largeblock were cut away with the use of a hot knife. These small pieces that were

cut away were then heated aqplied to samples.

68



< g 2 ke N
S Bilniax T~ #n

-

Figur62: Cutting Sealant Material from Lar‘géi Block

Thematerials were heated their manufacturespecified application
temperatures. For the Crafco sealtmat was providedhis ranged from 19204

degrees Celsius. The heating took plata blast furnacevenas shown irFigure63

with material placed into a double walled container, as to avoid sealant from becoming

Acharredo directly against the wall

consistent with industrial heating trucks, wharie double walled as well. Thieviation

from industrial practices, however, is that due to limited lab equipment, the sealant was

not able to be constantly agitated duriveating Following being heatd the

temperature was checked with a thermometest@awn inFigure64. The sealant was

applied as described &ppendix D and Appendix E

mnri
B
@ @ (:9> C) Temp ® Door Balance Indicator

QOO Oww = F
OO® O ke e o
Ceoos R W W

@ Sample Weight (g) @ surtTime
@ Calib. Factor .

Figure63: Blast Ovenlemperature Control
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Figure64: Sealant in Oven and Temperature Regdin

5.4 Summary
Some important lessons learned aothtsto consider are listed below:

1 For the clearandseal DCT sample preparation, a very specific order of cutting
had to be followed in order to achieve the desired cracking pattern in the samples.

1 For thedirect tensiorcylindrical samples, care had to be taken in properly
cleaning the loading plates well as evenly applying glue and pressure during
curing.

1 Rubber cabinet bumpemwere found to be very effective for keeping a consistent
crack spacing amongst samples.

1 When applying sealant to both types of samples, problems were noted in sealant
not evenly coating all bonding surfaces. This was solved by keeping the two
halves ofthe sample approximately a half inch apart, then pressing them together
once a reservoir of sealant was poured between them.

1 Preparation of samples required intermittentquks of cutting, drying, and
loading (for clearandseal samples). This cadsmanufacturing times to be
over an hour per sample.

1 Certain steps of the described manufacturing process can be done in reverse order.
It is up to the practitioner to deciahat works best, given their availability of

testing equipment.
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Chapter 6: Testing Procedure and Results
The testing procedures and results of both the modified DCT type samples and

direct tensiorcylindrical samples are presentedhis chapter Along with each

described testing procedusmme background information aegplanatios for why the
chosen testing procedure was establisrecbrovided The testing results are presented
in a series of tables, graphs, and charts with explanations of certain discrepancies and
other altercations encountered while performingtéises.

6.1 Testing Procedure of Modified DCT Type Samples
After being sealed anshaped to their desired geometyiesth the cleatandseal

and routandseal type sampleme measuregrior to beingbroken in tension inside of a
climatecontrolled chamér. Measuements to the nearest millimeter were made with
calipers Specifically, only the dimensisiof the seal ireach sample were measured.

Both length and thiakessof the seal were measured by taking the measurement on each
side of the sample anging anaverage of the two for calculation of cressctional area.

Measuringa DCT-type samples is shown iRigure65.

‘‘‘‘‘‘‘‘
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Figure65: Measuring the Length and Thickness of the Seal on a Modifield RdLit
andSeal type Sample

Thetestchamber used in this testing procedure wasos@(’® F, as specified by
the MnDOT 3723pecification The deviation from this specification, however, is that
the testing performed in this study consists of onlyaywdetaken to seal failure

whereasthe ASTM D5329 specification that MNnDOT follows loads the samples for 3
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cycles at a 12.5mm extensjasshown inFigure66. The reason for this deviah is

that scope of thitesting is to determine the difference, if any, in fractotghness
required to fail a seal between a cleanttseal and rouandseal type surfacas well as
any differences in the failure mechanisms (adhesion or cohedibis) scope is also the
rea®n for different sample geometries thangboutlined in the MNDOT and ASTM
specifications, because modification was needed in order to achieve a rouglanclean
seal type surfacelt can also be noted that tA&TM D5329 specification specifies
extendng at a rate of 3.1mm/hr. Due to time resions of this study, the extension rate
has been increased to 3mm/niiris important to note that the results obtained from the
increased extension rate may not be truly representative to the temperatimeeand
dependent strain properties of the sefaaterial.

Table 3723-1
ASTM D 6690, Type II Modifications

Test Requirement

i * 60 — 90 dmm
Bond at —20 °F [-29 °C], 3 cycles, 100% No adhesion or cohesion
extension bond failure after 3 cycles

Vlandrel bend test at =29 ©
[25 mm] mandrel
Resilience at 77 °F [25 °C] > 40%

No cracking

Figure66: ASTM D6690 Specification

In order to prevent any temperature shocking, which could weaken the HMA
structure and lead to more preature sample failures, tharapleswereplaced into the
chamber at roonemperature and the chamber cools the samples down to the desired
temperature over a matter of hours. In this study, with the equipment being used, it was
determined that from room temperature, samples neegedxamately4 hours to reach
2(° F through their entire thickness. This was determined by the use of a dummy sample
with a thermometer placed inside of it,sdmwn inFigure67. Note that irfFigure67, the
dummy sample is-ihchesthick. When sample sizes are increased tarih, a

corresponding 2-nchthick dummy is rquired.
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