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Summary

Thin surfacings are widely used as surface layergrovide additional
functions and to extend the service life of exigtpavements. They can protect
the treated road surfaces from external aggressibstances, the degeneration
process of weather and the ageing caused by UWitedight and oxygen.

Antiskid surfacing is one type of thin surfacindfsrefers to road surface
treatment which includes high-friction aggregated an adhesive binder to bond
the aggregates to the road surface. Antiskid sundais designed to provide skid
resistance, which means excellent adhesion propertthen necessary for
binding the aggregates together on the surfacebisters with high adhesion
strength with aggregates are strongly required.

In the Netherlands, most of the airfield runwaysdutar-containing binders
for the antiskid surfacings. Unlike bitumen base@tenals, tar-containing
surface layers, because of the unique chemicahaidcular structure of refined
tar, are inherently resistant to chemicals andpramide better adhesive property.
However, tar-containing binder is toxic and cargeoic because of its high
Polycyclic Aromatic Hydrocarbons (PAHS) content.cinnot meet the Dutch
environmental standards and hence will not be atbvor antiskid surfacing on
the runways. Therefore, alternatives to tar-comtginbinders are urgently
required. Research on this topic has been beingrundestigation for a number
of years.

This research mainly focuses on the definition efuirements for the
alternatives, together with a design approach om #urfacings. Firstly,
specimens with tar-containing antiskid layers om $hrface were collected from
six airfields’ runways. Fourier Transform Infraresyrface characteristics, tensile
adhesion and shear adhesion at the interface werestigated. The tar-
containing antiskid layers have a minimum 1.26 nineature depth and can
keep this texture depth for a long service lifeeTimproved pull test and shear
test methods are suitable for evaluating the adbegroperties between thin
antiskid surface layer and underlying asphalt nextayer. The shear strength at
the interface between tar-containing antiskid layerd underlying asphalt
mixture layer is higher than the value at the iisteg between asphalt mixture
layers. The conclusions from these test results used as benchmarks for
alternative antiskid surfacings.

Secondly, newly designed binders, which are comsdleas potential
binders for antiskid surfacings, were researchempof/mer modified bitumen
emulsion (MBE), 2-component Modified Epoxy ResinER)) and 2-component
Epoxy Modified Bitumen (EMB) were included. The mg behavior, direct
tensile strength, high temperature resistance, heeatesistance and low
temperature relaxation properties were studied bgnma of Direct Tensile Test,
oven ageing and weatherometer ageing, Dynamic SiRdsometer test,
Dynamic Mechanic Thermal Analysis and Relaxaticst.t@est results indicate
that the investigated 2-component epoxy modifigdrben can be designed as a



suitable binder for antiskid surfacing, with goowh temperature resistance,
qualified relaxation behavior, sufficient tensiteesigth and enough failure strain.

Thirdly, one of the researched 2-component epoxdifieal bitumen was
then used to design antiskid surfacing in the [Bhe surface characteristics,
resistance to tensile stress and shear stress there investigated. Noise-
reducing thin surface layers were also includethis research. The results show
that EMB based antiskid layer can provide bettdreatbn at the interface than
tar-containing antiskid layer and polymer modiflatbimen based antiskid layers.

Fourthly, the Finite Element Models of antiskid faging were developed
to simulate the loading condition in the antiskidface layers. The viscoelastic
properties of EMB and MBE were used as input. Taleuwtation shows that the
antiskid structure has huge influence on the riegulbinder behaviors. The
stresses generated in the EMB binder are slighglyer than in the MBE binder,
while the MBE is subjected to much higher maximummgpal strain and shear
strain levels. Furthermore, the EMB binder hasdpe#ibility to recover after
loading. The aggregate skeleton has a higher infe®n the stresses and strains
in the soft MBE binder than on the stresses arainstin the EMB binder.

At the end, some recommendations are given fohéuartesearch. Trial
sections in the field and fuel resistance are ssigge Fatigue property and
failure mechanics are also recommended to invdstidee damage mechanisms
with FEM model.



Samenvatting

Dunne bekledingen worden veel gebruikt als oppktglagen om extra
functies te verschaffen en de levensduur van bedéazerhardingen te verlengen.
Zij kunnen het behandelde wegdek beschermen tegeme agressieve stoffen,
het degenererende proces van het weer en de veraydesroorzaakt door
ultraviolet licht en zuurstof.

Een antiskidlaag is een type van dunne toplagent ldmvat
wegdekbehandeling met aggregaten met hoge wrigimgen bindmiddel die de
aggregaten aan het wegdek hecht. Antiskidverhaedingorden ontworpen op
stroefheid, wat inhoudt dat uitstekende hechtiggrschappen noodzakelijk zijn
voor het samen hechten van aggregaten aan hetwgdpeDus bindmiddelen
met hoge kleefkracht met aggregaten zijn vereist.

In Nederland werden voor het grootste deel vantale-n landingsbanen
teerhoudende bindmiddelen gebruikt als antiskidwklen. Vergeleken met
bitumineuze materialen, zijn teerhoudende oppet®lagen intrinsiek resistent
tegen chemicalién en kunnen ze betere hechtingha&ifen, vanwege de unieke
chemische en moleculaire structuur van geraffiredegr. Echter, teerhoudend
bindmiddel is giftig en kankerverwekkend vanwegd hege polycyclische
aromatische koolwaterstoffen (PAK) gehalte. Het ka@iet voldoen aan de
Nederlandse milieunormen en zullen daarom niet wmwrdoegestaan voor
antiskidverharding op start- en landingsbanen. @raazijn alternatieven voor
teerhoudende bindmiddelen dringend noodzakelijkdegbroek betreffende dit
onderwerp is al voor een aantal jaren aan de gang.

Dit onderzoek richt zich vooral op de definitie vassen voor de
alternatieven, samen met een ontwerpaanpak voanedtoplagen. Ten eerste
werden er monsters met teerhoudende antiskidlageiet opperviak verzameld
van startbanen van zes vliegvelden. Fourier Tramsfo Infrared,
opperviaktekenmerken, treksterkte en afschuifsterkdn het grensvlak zijn
onderzocht. De teerhoudende antiskidlagen hebbenmaal 1,26 mm aan
textuur diepte en kunnen deze textuur diepte befrowgkdurende een lange
levensduur. De verbeterde trekproef en afschunftetoden zijn geschikt voor
het evalueren van de hechting tussen dunne artbgkédjen en de onderliggende
laag van het asfaltmengsel. De afschuifsterkte lag@in grensvlak tussen de
teerhoudende antiskidlaag en de onderliggendetlasiglis hoger dan de waarde
aan het grensvlak tussen verschillende lagen vieattrasngsels. De conclusies
uit deze testresultaten worden als referentie gjebruoor alternatieve
antiskidwegdekken.

Ten tweede, nieuw ontworpen bindmiddelen, die woertleschouwd als
mogelijke bindmiddelen voor antiskidbekledingen deT onderzocht.
Copolymeer bitumenemulsie (MBE), 2-component gefinusirde epoxyhars
(MER) en 2-componenten epoxy bitumen (EMB) werden beschouwing
genomen. Het uithardingsgedrag, de directe trdkstede bestendigheid tegen
hoge temperaturen, de weersbestendigheid en datieleigenschappen bij lage
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temperaturen werden onderzocht door middel van cBreTrekproeven,

ovenveroudering en veroudering d.m.v. weatherome@ynamic Shear

Rheometer test, Dynamisch Mechanische Thermischealy@ en

relaxatieproeven. De testresultaten geven aan elanderzochte 2-component
epoxy gemodificeerd bitumen als een geschikt biddeli kan dienen voor
antiskiddeklagen, met goede hoge temperatuurbagtezid, voldoende

relaxatiegedrag, voldoende treksterkte en voldoerdeormingsrek bij falen.

Ten derde, een van de onderzochte 2-componentety g@modificeerde
bitumen werd vervolgens gebruikt voor het ontwergan antiskidlagen in het
lab. De opperviakte-eigenschappen, weerstand tederksterkte en
afschuifsterkte werden vervolgens onderzocht. @steducerende dunne
deklagen werden ook opgenomen in dit onderzoekredeltaten tonen aan dat
op EMB gebaseerde antiskidlagen betere hechtinghétunbieden aan het
grensvlak dan teerhoudende antiskidlagen en op nm#y gemodificeerd
bitumen gebaseerde antiskidlagen.

Ten vierde werden er Eindige Elementen Modellen vantislip
verhardingen ontwikkeld voor de simulatie van ddagtngstoestand voor
stroeve oppervilaktelagen. De visco-elastische sieppen van EMB en MBE
werden als input gebruikt. Uit de berekening blglit de antiskidstructuur grote
invioed heeft op het resulterende gedrag van hetinbiddel. De ontstane
spanningen in het EMB bindmiddel zijn iets hogen dahet MBE bindmiddel,
terwijl de MBE is blootgesteld aan veel hogere mwie waarden voor
‘principal strain’ en afschuifspanning. Verder hebét EMB bindmiddel een
groter vermogen om te herstellen na belasting.dtésinskelet heeft een grotere
invloed op de spanningen en vervormingen in hehtza®BE bindmiddel dan
op de spanningen en vervormingen in het EMB bindeiid

Aan het einde worden enkele aanbevelingen gegeveor werder
onderzoek. Proefsecties in het veld en onderzoek da weerstand tegen
brandstoffen worden voorgesteld. Vermoeiingseigesspen en mechanica van
het bezwijken worden ook aanbevolen om de schademexnen te
onderzoeken met EEM modellen.
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ABBREVIATIONS

AC Asphalt Concrete

Al Ageing Index

BST Black Surface Temperature

CROW A Dutch technology platform for transport, infrastructure and
public space
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DMA Dynamic Mechanic Analysis
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DTS Direct Tensile Strength
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RT Relaxation Test
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SHRP Strategic Highway Research Program
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SPT Sand Patch Test
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CHAPTER 1 Introduction

1. Introduction

1.1 Background

The (treatment of a) pavement surface is very important from a user’s point
of view. In many situations, the load bearing capacity of the pavement can be
entirely met by the structural layers under the surface layers, while the surfacing
layer can be optimally designed to meet specific road-user requirements, such as
noise reduction, high friction also in wet condition, ride quality and durability.

In addition, surface layers can protect pavements against external
aggressive substances such as spilled oil, gasoline, hydraulic fluid, organic
solvents and compounds, deicing chemicals, etc. They can furthermore protect
bituminous pavements against negative effects due to weather and ageing caused
by ultraviolet (UV) light and oxygen.

An antiskid surfacing is one type of such a specially designed surface layer.
It refers to a road surface treatment in which high-friction aggregates with a high
Polished Stone Value (PSV) are used, together with binder to bind the aggregates
to the road surface. Usually it is an expensive material, but it is particularly used
in areas like crossings, roundabouts and access slopes of parking garages where a
high friction is required and is more durable than regular surface layers. In
antiskid surfacings for road pavements mostly bitumen based binders are used.

In the Netherlands, antiskid surfaces are mainly used for airport runways.
Airport runways can get slippery because of snow, ice, water and rubber deposits
and these conditions should be avoided at all costs to enhance safe aircraft
operations [1]. Therefore, the macrotexture of an antiskid layer should be high
enough and the aggregates should have a high microtexture. Good friction is
useful for sage landing at a runway particularly when the runway is moist or wet.
Excellent adhesion properties are necessary for binding the aggregates together
and to the surface. All in all, binders with a high adhesion to aggregates are
required.

Besides a high adhesion, the antiskid surface on runways also requires a
good fuel resistance, because on runways, fuel spillage happens quite frequently.
Unfortunately, most bitumen based materials do not have such a good resistance.
Bitumen based materials can easily be affected by gasoline and oil drippings, salt
and chemicals. Furthermore, bitumen based materials can be gradually damaged
and eventually aged due to thermal, UV and oxygen induced oxidation.

Tar based materials have several advantages over bitumen based materials.
Tar-containing surface layers, unlike bitumen based materials, are inherently
resistant to chemicals from outside and have better adhesion properties, due to
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the unique chemical and molecular structure of refined tar. Regular application of
coal tar emulsion pavement sealers did protect the pavement surface and
extended the service life of pavements. The better fuel resistance and adhesion
were the main reasons for the extensive use of tar-containing antiskid surface
layers on runways in the Netherlands.

Tar-containing materials are toxic and carcinogenic because of their high
Polycyclic Aromatic Hydrocarbons (PAHs) content. In the Netherlands and
many other European countries, the use of tar in pavement applications is not
allowed anymore because of environmental concerns. The only temporary
exception for the use of tar was on antiskid runway surfaces for airport
applications (See Figure 1-1). However, also this application is not allowed
anymore since 2010. Therefore, alternatives to replace tar-containing antiskid
runways were urgently required. Research on this topic has been done previously
[2, 3], and this thesis is building on these earlier research findings.

Figure 1-1 Construction of an antiskid runway surface in the airfield

1.2 Research Questions

In 2004, a CROW' working committee was founded in the Netherlands
with the task to determine if there were any existing surface layers or coatings
available that were qualitatively comparable to tar-containing antiskid surfaces.
Six existing materials for surface layers and coatings were selected, and
compared with tar-containing antiskid surface layers. The result was that none of
those possible alternative surface layers achieved the same results on all
properties as the tar-containing antiskid layer.

It was concluded that, instead of using these existing thin surface treatment
technologies, new materials were needed to replace tar-containing materials for
antiskid layers on runways. By considering this goal, one of the major questions

" CROW: The Dutch technology platform to provide professional technical and specialized knowledge
about infrastructure, traffic, transport and public space, http://www.crow.nl.

.



CHAPTER 1 Introduction

for this research was formulated, namely how to determine which material can be
used to replace the tar-containing material in antiskid thin surfaces for airfield
runways.

In order to answer this question, it is necessary to consider first the
following sub questions:

Q1: What are the properties of the tar-containing binder that is currently used
for antiskid layers on airfield runways?

Q2: What are the most important properties to be determined for new potential
binders? What are the requirements for these important properties? Are all
requirements equally important?

Q3: How can we measure these properties?

Q4: How can we relate the test results that are obtained in the lab to field
performance?

Q5: What materials can be used to replace tar-containing materials for antiskid
layers?

Because the application of antiskid layers on runways and thin high friction
surfaces on road pavement are quite similar, the question was also raised if we
can expand the usage of such materials to road pavements. This is a very
important question, because if producers can develop materials for a larger
market, they could be much more interested. Therefore, two additional sub
questions were raised:

Q6: Can we use these materials for high friction thin surfaces on road
pavements?

With respect to answer Q6, another sub question, which is also important
for designing durable and sustainable thin surfaces for road pavement, arose,
which is:

Q7: What are the most important properties for materials to be used for thin
surfaces on road pavement?

Summarizing these 7 sub questions leads to the main question of this
research, which is how to determine a given material is applicable to design
durable and sustainable thin surfaces for pavements and runways? This main
question can be answered by answering the seven sub questions.

1.3 Objectives of This Research

Generally speaking, the objectives of this research are to answer the seven
sub questions that are mentioned in the previous section. In order to be able to do
s0, two research projects were carried out, which are both part of this PhD study.
Both projects were supported by CROW, Amsterdam Airport Schiphol and the
Dutch Ministry of Defense [4].

The aim of the first project was to develop benchmarks for binders to be
used in antiskid runway surfaces. The tar-containing binders used in these layers
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were produced by the POSSEHL Company and are patent protected. It was not
possible to get the pure binder and fresh antiskid samples from them for testing.
In order to be able to test the antiskid layer, cylindrical cores with tar-containing
antiskid layers on top were collected from six military airports in the Netherlands.
Tests were designed to determine the properties of these materials. Benchmarks
were developed from these test results [5].

The second project was carried out to verify the requirements that were
concluded from the first project. In the meantime, new materials for antiskid
layers were investigated. Potential binders were supplied by several Dutch
companies and antiskid layers were constructed with these new binders [6, 7].

Figure 1-2 shows the research outline for this PhD study. It has three main
parts. Part One is a general research plan for the first project. Many tests are
included to answer questions Q1 to Q4. Surface macrotexture, structure
characteristics, bonding strength and ageing resistance properties of tar-
containing antiskid layers were determined. A pull test and a shear test were
developed to investigate the tensile bonding strength and shear strength between
the thin surface layer and the underlying layer.

Part Two is a test plan for the second project that was needed to answer
question QS. Tests used in Part One were reviewed by using new binders and
antiskid surfaces. The new binders include a 2-component epoxy modified
bitumen and a high content co-polymer modified bitumen emulsion. Additionally,
the resistance to weathering and ageing were investigated. Rheological properties
of the pure binders were tested to understand their behavior at both lower and
higher temperatures. FEM simulations were carried out at meso-level using the
properties derived from these new binders. All results obtained on these new
binders were compared with the benchmarks developed in Part One.

Part Three is aimed at providing answers to Q6 and Q7. A typical road
pavement structure with a thin noise reducing surface layer on top was analyzed
using the results of pull tests and shear tests.

From the research outline, one can clearly see that this PhD research is
highly inspired by practice and practice has also supported this research
significantly. The author is therefore very grateful for all the supports he received.
The big problem however was that only a limited amount of cores from runways
could be obtained by the Ministry of Defense and Amsterdam Schiphol Airport.
This is understandable because (unnecessary) core holes should of course be
avoided as much as possible on operational runways. Therefore a compromise
had to be found between the desired number of cores and the number of cores
that could be made available. The number of cores that were made available is a
reasonable number, but for more real research in depth more material would have
been needed.
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CHAPTER 1 Introduction

The second problem was that all the materials investigated in this research
are patent protected. Because of this no information could be obtained from one
supplier, while the other suppliers provided some information that was very
helpful but did not give full details about their materials because of commercial
reasons. Although this is very understandable, it had of course an adverse effect
on the depth of this research.

1.4 Organization of This Thesis

According to the research outline shown in Figure 1-2, this dissertation can
be divided into three research parts, which are research on tar-containing antiskid
layers, research on possible alternative binders, and FEM simulations to
determine the performance of the investigated binders in antiskid applications on
runways.

Chapter 2 Literature Review
Thin surface applications, new binder technologies and modeling

Chapter 3 Test Methods and Materials

T ~ t . . M . l
ar-containing rais Chapter 5 Rheological and

Aging Properties

Chapter 6 New Antiskid and
Thin Surfacings

Chapter 4 Properties of Tar-
containing Antiskid Layers

Chapter 7 FEM Analysis on Surfacing Layers

Figure 1-3 Outline of this dissertation

Figure 1-3 gives a flow chart of the outline and organization of this thesis.
After this introduction chapter and is used to introduce the contents of this thesis.
Chapter 2 gives a literature review on thin surface layer applications, new
technology on binders and research methods that are used to test surface
treatments. Chapter 3 includes information about the materials that are used in
this research as well as the test methods.

In chapter 4, the test results obtained on the tar-containing antiskid layers
are presented. These results include the surface characteristics, adhesion
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properties, and ageing resistance. Adhesion property here means the adhesion at
the interface between the top layer and the underlying layer.

Chapter 5 and Chapter 6 focus on the properties of potential alternative
binders and their application. Antiskid surfaces made with these binders were
placed on a layer of a reference asphalt mixture. Several tests were performed to
investigate the adhesion between the antiskid layer and the asphalt mixture.
Chapter 5 presents the rheological and ageing properties of the alternative
binders, and Chapter 6 shows the adhesion properties of the antiskid layers made
with the alternative binders.

Chapter 7 demonstrates the results of Finite Element Modeling performed
on the antiskid surface layers. The obtained stress and strain distributions in the
binder under vehicle loading are discussed.

Chapter 8 presents the conclusions and recommendations.
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CHAPTER 2 Literature Review

2. Literature Review

A major objective of this research was to eitheentify or develop a
method to select particular binders that can bel dise thin layer applications,
mainly for antiskid surfacings. In order to achigkis objective, the current state
of knowledge with regards thin surface layers i8awed in this chapter. At the
same time, the focus is on the latest researchimfets and new application
technologies for thin surface layers (TSLS).

In this research, include surface dressings, slsegls and thin asphalt
mixture surfacings, which are applied on road paa@s) runways and bridge
decks to improve the skid resistance propertieshan tire-pavement surface
interface.

2.1 Overview of TSLs

Thin surface layers are treatments applied to treement surface that
increase the pavement thickness by less than 40lmsome situations, the load
bearing capacity of the pavement can be entirely gethe structural layers,
while the surfacing layer can be optimally designedneet specific road user
requirements. Application of this concept has giviea to a new class of thin or
ultra-thin surfacings. Thin surfaces are specidéigigned to provide significantly
improved surface properties of pavement and bridgeks in terms of skid
resistance, noise reduction and durability, withsiginificantly affecting other
characteristics of the surface such as ride qualite surface characteristics of
aggregates used for TSLs have significant influemicehe skid resistance and
rolling resistance [1].

Thin protective surfacing materials can be usetht¢oease durability and
improve safety on road pavements. A thin surfacdegts the treated pavement
against attacks from spillage of oil, gasoline, faydic fluid, organic solvents
and compounds, de-icing chemicals, etc. It canegtobituminous from the
degrading effects of weather, and also protect r@d@cpavements and bridge
decks from chloride attack.

There are many types of thin surface layers, siglsuaface dressings,
slurry seals and thin asphalt mixtures.

2.1.1 Surface Dressing

A surface dressing, also named as surface sea@aaseal, chip seal and
surface treatment [2], is a quick and convenierthoe of rejuvenating a surface
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which is beginning to show signs of damage. Wheplieg in time, surface
dressings eliminate the need for replacement oe#tigting wearing course and
therefore reduce maintenance costs. Bitumen enmukgioayers and aggregate
spreaders are used to lay down the seal coat.uUseasl to improve pavement
surface performance, to form a fresh wearing coargkto improve the friction
of the pavement surface. It can be used to traatllghtly and heavily trafficked
roads. The surface of all classes of roads, ranfgorg single tracks, unclassified
roads and footpaths to national high speed motswegn and have been
successfully treated in the past in this way.

2.1.1.1 Advantages

A Surface dressing is a long established and préovgimway maintenance
technique. In simple terms, the application of gdaxe dressing is as follows.
First a hot bitumen or cold bitumen emulsion isaged onto the road surface
with a spray tanker followed immediately by spregdhigh quality aggregate
chippings (see Figure 2-1). Then rollers are appiceensure proper embedment
of the aggregate into the binder. A surface drgssnan economical way to
provide the pavement with a water impervious sa#t the added benefit of a
much-improved surface texture and increased fnatimefficient (wet).

Figure 2-1 Bitumen emulsion is sprayed onto theepaant for surface dressing

Surface dressing is an extremely cost-effectivefasar maintenance
treatment when properly designed, specified andwgrd and when applied at
the right moment in time. Advantages of surfacessireg are [2]:

1. Sealing the road surface against moisture damagehvi$h known to be
one of the major causes of asphalt pavement dedé&dn.

2. Stopping the deterioration of the pavement surface.

3. Reducing spray caused by vehicles travelling onraed surfaces.

4. Restoring the necessary level of skid resistanddefoad surface which
results in a reduction of skid related traffic aeits.

5. Enabling treated surfaces to last longer therelzyeasing service life
before maintenance is required.

-10 -
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6. Maximizing the cost effectiveness of limited highwaaintenance funds.
The cost for a surface dressing is lower than fdraditional asphalt
surfacing.

7. Specially designed ‘quiet’ surface dressings candwsal to reduce the road
noise generated by traffic, although the level@ta reduction that can be
achieved is much smaller than that of porous asphal

8. It only takes a very short time to apply the suefacessing, which means
disruption to road traffic and local services iswmiized.

Furthermore, proper attention to design and coastmu has provided
surface dressings with a lifetime of over 10 yeavgn on very heavily trafficked
areas.

2.1.1.2 Applications

Surface dressings should be applied before the soegdce deteriorates to
the stage at which expensive major patching aneé@ynstruction is required. It
should be carried out before the skid resistancthefsurface falls below the
acceptance level set for the road.

Applications can be made in one or two layers a agin combination
with other surface treatment techniques such asysteals to achieve the desired
result. Surface dressings can be constructed innabar of ways to suit site
conditions. Selection of the suitable surface dngssnethod depends on the
condition of the pavement and traffic conditiondhheTmost commonly used
surface dressing types are listed below [3]:

1. Single surface dressing: used on light and mednaffidked roads where
the pavement damage is still slight or moderate amate or less
uniformly distributed over the pavement’s area.

2. Single surface dressing with double applicationclifpppings and single
surface dressing with pre-coated aggregate: usetieanily trafficked
roads, crossings, sharp curves and slopes.

3. Double surface dressing: used on strongly damagefhces showing
raveling, cracks, unevenness and on heavily tkdticoads.

4. Double surface dressing with pre-coated aggregategravel roads and
heavily damaged asphalt pavements;

5. Surface dressing with crushed gravel and all-inregate (meaning sand
and coarse aggregate combined): on gravel roadsraads with light
traffic.

Single Surface Dressing

A single surface dressing is constructed by sprpgifitumen emulsion or
hot bitumen onto the existing pavement surfacevadd by spreading a layer of
fine aggregates. The upper part of Figure 2-2 shitsconstruction steps of a
single surface dressing. For heavily loaded road®wible dressing is a more
durable solution than a single dressing [4, 5].
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Single DQO@QGOODQ Aggregate

Binder
Existing layer

0000002000000V VD0 Aggrggate
inaer

Double Dbo@@@ OO @ O Aggregate

Binder
Existing layer

Figure 2-2 Construction steps of single and dosbléace dressing [5]

Double Surface Dressing

As the bottom graph in Figure 2-2 shows, a doulbidase dressing is
applied in two steps. A layer of single size chipgs is applied after the first
spray application of bitumen emulsion to form tlettdm layer. Then this single
size chipping layer is dressed with an additiopafged layer of binder and fine
single size chippings to form a final surface laygris surface dressing method
can be used for pavements that only need a sekivirsg surface where has low
traffic volume It can also be used on existing pavement surfacesthance the
durability and minimize the frequency of mainterame (sub)tropical countries

[5].

Other Surface Dressings

Besides single and double surface dressing, therenany other types of
surface dressings used in different situations [5].

A triple surface dressing is typically used for pments where a new road
Is expected to carry high traffic volumes. A thiagier of small chippings is then
applied on a double surface dressing. This laydirraduce noise generated by
traffic and the additional binder will ensure aden service life.

Sandwich surface dressings (a layer of chippingpiead prior to a single
surface dressing being applied) are principallydus@ existing binder rich
surfaces [6].

2.1.1.3 Antiskid Surfacing

An antiskid surfacing is a special surface dressiiig high skid resistance.
The high skid resistance is achieved by using agdes that produce a high
friction between the tyre and the pavement suri@ee have a high Polished
Stone Value. Sometimes artificial aggregates suchstael slag are used. A
binder (modified bitumen, epoxy and polyurethans) used to bind the
aggregates to the road surface. Such surfacingm@me expensive but also more
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durable than a surface dressing, and are therafa@ on areas such as crossings,
roundabouts and runways where a high skid resistenequired. Moreover, Liu
also claims that antiskid surfacings have noiseicgdn capabilities [7, 8].

Figure 2-3 shows a high macrotexture antiskid simtaon a runway (left
picture) and a colored antiskid surfacing at ditrdight area (right picture).

gL l:—_‘
| IR -
(8- 1 R
- " dd 1

v 1 L
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Figure 2-3 Antiskid surfacing on runways (left) aswored antiskid surfacing at
a traffic light area (right)

Aggregates used for antiskid layers need to be hggiegates that are not
likely to crush under heavy loads. They shouldinetlae sharp edges and facets,
which were produced at the time of crushing, duthngr service life. Basalt and
bauxite are normally used for this purpose.

In specific cases, antiskid surfacings may be geetifferent colour to the
road surface such as red and yellow. These colargkid surfacings are
constructed by using colored aggregates (e.g. tgurr pigmented binders.
Colored surfaces are used for traffic calming, dpeeluction and hence prevent
accidents from happening. Colored antiskid surigeioan also warn drivers of
dangerous sections, and mark different functiomales, such as parking lots,
pedestrian crossings and walking paths.

2.1.2 Slurry Seals

Slurry seals are mixtures of bitumen emulsion, fimieeral aggregate, filler,
water and specific additives. These materials areeanin special designed
proportions, and then uniformly spread over thegared surface. The completed
slurry seal is a relatively homogeneous materidlictv firmly adheres to the
prepared surface. Slurry seals are similar to mscndacings, but the mineral
skeleton does not need to have the high crushsigtaece as the skeleton for the
above mentioned antiskid layers. The reason isttieaskeleton for slurry seals
has limited interlocking of the aggregate partig@s Consequently, slurry seals
are applied in thin overlays (thickness varies frBnmm to 20 mm) to avoid
permanent deformation caused by traffic.
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According to the International Slurry Surfacing Asmtion, application of
slurry seals can significantly extend the life afséing pavements by protecting
the underlying layers against ageing and the enmient. They also will fill
smaller cracks.

2.1.2.1 Advantages

Slurry seal technology can be applied on highwalysets, parking lots etc.
Like surface dressings, slurry seals have theviotig advantages:

1. Itis very quickly open to the traffic: after abcualf an hour the road can
be reopened to traffic.

2. It can repair smaller defects of the pavement, saaglsmall cracks and
light raveling.

3. With the limited thickness of slurry seal, no adjnents of the
surrounding pavements because of height differeaceseeded.

4. By considering its price and lifetime, it is a cheaethod for improving
the durability and appearance of the pavement.

The thickness of a slurry seal layer depends onatjgregate size and
usually ranges from 3 to 20 mm. Layers with appr@ately 10 mm thickness are
mostly used. Slurry seals with finer aggregateused on roads and parking lots
with low traffic levels, whereas slurries with cear aggregate are used on roads
with heavier traffic levels. Depending on the agmte size, the rate of
application is 4-14 kg/fn To manufacture and spray the slurry seal, special
equipment mounted on a truck is used [9, 10]. @ shows how slurry seals
are applied.

ateBip—"_ =7

FﬁlerBtnf

b lack DolbuiFChange —
Figure 2-4 Placement of a slurry seal

!Pavement Interactive -Slurry Sedtstp:/pavementinteractive.org/index.php?title=8tuSeals
Micro surfacinghttp://www.blacklidgeemulsions.com/micro-2.htm
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2.1.2.2 Micro-surfacing

Micro-surfacings are advanced forms of slurry séads use the same basic
ingredients and combine them with advanced polyemditives. They are
applied to restore and preserve the surface cleaistats of pavements. Micro-
surfacings are designed to correct rutting, improvadequate pavement cross
profiles, and enhance frictional properties of pagement surface.

Slurry seals are used to cover the entire surigb#ée micro-surfacings are
normally applied to fill minor wheel ruts. Microdacings are low-cost
preventive maintenance treatments that preventideggon of the pavement,
maintain or improve the functional condition of deaays, and extend the service
life of the pavement when applied to suitable cdatis.

The placement of a Micro-surfacing system on mediaitmgh traffic roads
offers a competitive alternative to traditional heds of restoring surface
characteristics of roadways. The life of the pavein®e extended by 4 to 8 years
[11].

2.1.3Thin Hot Mix Overlays

Both thin hot mix overlays and slurry seals aren tlaisphalt mixture
overlays. The difference is that thin hot mixtunafacings can enhance the
structural quality to a limited extent as well he tide quality and skid resistance.
Slurry seals do not contribute to the structunarggth of the pavement.

Thin asphalt mixture overlays include thin surféd&gers with a thickness
between 25 mm to 40 mm. Ultra-thin surface layergeha thickness less than 25
mm and are assumed not to contribute to the staldtrength.

Typical thin mixture surfaces include High Performoa Thin Overlays
(HPTO), Open Grade Friction Courses (OGFC), Storest Asphalt (SMA)
surface layers and Graded HMA surface layers. inesparticular situations, thin
mixture surfaces like Ultra-thin overlays, Novachgmd Ultra-thin friction
courses (UTFC) were utilized to restore and pres@avements by improving
the skid resistance. They can also correct rutspmatéct the pavement surface
[12-14].

2.1.3.1 Novachip

Novachip was originally developed in France in 1@8@ was introduced
into the United States in 1992. Novachip is a tmiodified bitumen based hot
mix layer. First, a layer of modified emulsion grayed on the road surface to
form a membrane, and within seconds, a layer of Mot Asphalt (HMA) is
applied on the emulsion, see Figure 2-5. At thatneat, the water driven from
the emulsion cools the HMA, setting both materetsl providing bond to the
underlying surface. Compaction is the final stefhis process [12, 13].
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Unlike surface dressings, slurry seals, micro-sumigs and hot mixed
materials, Novachip combines a surface seal witlheveel paving surface,
resulting in a negative textured surface, whickigsy good for noise reduction..
The layer thickness of Novachip ranges from 10 @Qon#m, depending on the
maximum size of the aggregate.

Hot mix tank
Auger running parallel with the road

Bitumen emulsion tank
Pavement

Figure 2-5 Specifically designed paving equipmet ghickness of Novachip

Russell [13] did pavement condition survey on Ndwaafter it has been
applied for 8 years. They reported that the replotiiat Novachip was effective
in reducing both the frequency and severity of kiragz Novachip is ideal for
both urban areas and high traffic volume areas &hether preventive
maintenance treatments could have application prol

Advantages of Novachip are the following. Novacagheres (sticks) very
well to the underlying asphalt layer. It provideswaface with high friction and
can reduce the traffic noise and hydroplaning. bilemen membrane prevents
moisture damage in the underlying asphalt layee pévement can be reopened
for traffic within 15 to 20 minutes.

Disadvantages of Novachip are that it is only rec@nded for flexible
pavements. Like most surface layers, the servitee df Novachip may be
substantially reduced due to cumulative distresgdsn the existing pavement
structure. During application, Novachip needs dpmdly designed paver
equipment which makes it more expensive and resaltsigher initial cost.
Because of the very thin layer, the pavement sarfamperature and the ambient
temperature shall not be lower than 8 °C when apgliMovachip.

2.1.3.2 Ultra-Thin Friction Cour ses

The principle of UTFC was developed in France i ¢larly 1990s. UTFC
is a very thin, 15 to 20 mm thick asphalt layert tisalaid by spraying a thick
tack-coat to the road surface all in one pass,|&into the Novachip concept. It
was initially produced as an alternative to slugegls [14].

The rapid construction of UTFC can ensure an eadpening of the road.
It gives a better smoothness compared to slurrg.searthermore, it can reduce
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traffic noise and water spray during rain. SimilarNovachip, UTFC needs a
special paver which results in higher initial cost.

Figure 2-6 UTFC applications and its surface

2.2 Thin Surfacingsfor Airfields

One of the most important functions of runway pagetnsurfaces is to
guarantee sufficient friction between the tire dnel runway surface. There are
several ways to achieve this. One way is to appbyraoved asphalt surface.
Grooving also protects aircrafts from hydroplanimgletting the water film flow
into the grooves. Even in wet weather, the peaksden the grooves will still be
in contact with the aircraft tires. Existing paverteemay have surfaces that are
not suitable for sawing grooves. Grooves will oftead to raveling, are
unnecessary when an asphalt mixture is used asutface layer. But the
reveling is not wanted on airfield runways at abJ.

Another way to maximize friction is using chip dursy seals to provide
sufficient friction and other properties. Antisksdirfaces however are a widely
used solution. Nowadays, the development of nefasings has been followed
by improvements in mechanical tests for bitumindusders as well as in
specifications and surface layer design procedufesidelines have been
developed based on various special binders, whachbe used to lead to new
binder solutions for airfield runway applications.

2.2.1 Resear ch on Tar-containing Antiskid

In 2001, a CROW working committee has been senupe Netherlands to
establish whether there are any existing surfagersaor coatings that are
qualitatively comparable to tar-containing antiskisurfaces [16]. The
precondition for the selection of the potentiakalatives was that they had to be
existing products and be proven techniques foraserflayer. Five alternative
systems for surface layers and coatings were seleehd compared to tar-
containing antiskid layers.
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Bonding tests, raveling tests and steel brush (kstesene resistance) were
performed in this research. The results showed tloae of the six selected
possible alternative surface layers that were deatdieved the same results on
all properties as the tar-bearing antiskid. Theeralitive coatings were
comparable on skid resistance and texture depththbu raveling and chemical
resistance was substantially lower [16, 17].

2.2.1.1 Bonding Test

This test was only conducted on the tar-containargiskid surfacing
(POSSEHL ANTISKID), tarless antiskid surfacing asdrface coatings with
epoxy binder. Tarless antiskid surfacing is a newiage coating developed by
the Possehl company that can be compared to twemsaining antiskid but with
a tarless bituminous binder. This coating meetssgiexified requirements (skid
resistance, texture depth and environmental stdsjift6].

Holes with 9 centimeters diameter were cored inpdaeement to a depth of
20 mm so that the core penetrates through thecudaating. Steel plates were
glued to the dry surface with a quick-hardeningesilve. Once the adhesive was
dry, the antiskid layer was removed and the terfsilee measured. Figure 2-7
shows the test set up and the failed surfacings.

Figure 2-7 Setup for bonding tests (left) and exaspf tested surface coatings

The results of the failure load measured duringhbitveding strength test on
the pavement depend on aspects that include theeamtemperature. The
temperature was assumed to have no effect on tisdeestrength tests on the
epoxy, while a temperature correction was madé@tar-containing antiskid.
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The average failure stresses are presented in PableThe tar-containing
antiskid surfacing and the tarless modified bitunmmfacing were pulled
entirely free from the underlying pavement. In tase of the epoxy coating, the
aggregate was pulled away from the surface codhtiagstuck to the underlying
layer. The results of the coating on epoxy basscamparable to tar-containing
antiskid. The results for the tarless surfacingendearly poorer [16].

Table 2-1 Average failure stress from CROW pult tes

Surfacing types Average failure stress [MPd]
Surface coating with epoxy binder 1.34
Surface coating with tarless modified bitumen 0.64
Tar-containing antiskid 1.14

2.2.1.2 Raveling Test

The raveling test is used to expose the pavemefdacguto repeated shear
stresses. A ring—shaped rubber load plate (outdideneter 200mm, inside
diameter 100mm) is placed on the asphalt and wiaeeatedly. The weight of
the apparatus was set at approximately 500 kg dbase friction coefficient of
0.5-0.7). Figure 2-8 explains the setup that waslder the raveling test. Figure
2-9 shows the results of raveling tests on thréferéint coatings at the same
rotation frequency and rotation time [16]. The dag resistance of bituminous
binder coatings without tar is the poorest. Unfoately, the raveling resistance
of tar-containing antiskid layer is not availahtetihe references.

B: Rotator 3
C: Rubber load plate Geometry
D Weight Rubber load plate

E: Pavement
F: Acceleration recorders

Figure 2-8 Asphalt raveling tester setup
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Figure 2-9 Results of raveling test on three défercoatings

2.2.2 POSSEHL ANTISKID

POSSEHL ANTISKID is a thin high-friction surfaceathis used on airport
runways to give a high friction and guarantee gadletring take-off and landing.
It is a patent protected technology owned by compa@SSEHL SPEZIALBAU
in Germany. The POSSEHL ANTISKID Surface Treatment has aspit of
approximately 8 to 15 years or longer (claim frdma tompany). Since 1956, it
has been applied on more than 130 runways at réigomd international airports
and has proven itself as an excellent protectigb-grip surfacing system.

From a pavement technical point of view, the mogiortant characteristics
of POSSEHL ANTISKID are as follows [18]:

1. High friction coefficient on new runways and higbegd exit taxiways
when wet.

2. Reduced aquaplaning danger through improved drair@gthe water
under the tires due to the pronounced macro texb@irthe surfacing;
considerably higher effective drainage capacity comparison with
grooving, retaining the same high friction over émgire surface.

3. Local penetration of the water film through high ar@exture provides
direct contact between the tires and the pavemefdace.

4. Resistance against aircraft fuel, chemical de-ichggnts, heat and jet

engine exhaust streams.

Savings on de-icing material of up to 80% are fmssi

Minimized danger caused by foreign object debriscanse specially

graded aggregate with a maximum aggregate size5oMm8n and a tar-

containing binder, which provides excellent adhesare used.

Test results obtained on POSSEHL ANTISKID will bésalissed in
Chapter 4. Although POSSEHL ANTISKID can provideywgood service from
a technical point of view, it is a non-environméntaendly tar-containing
material.

o a1

3POSSEHL ANTISKID® Surfacinghttp://www.possehl-spezialbau.de
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2.2.3 Super AirMat

Recently, new technologies have been developedrduide sustainable
surface layers for runways. Super AirMat has beesigihed especially for
airfields, by Nynas Bitumen UK. It is a very duraldsphalt material that holds
the aggregate firmly in place. It was laid for fivet time on a runway in the UK
by Bardon Contracting in October 2005. Resurfacingways using Super
AirMat helps airport authorities to prolong theelibf the pavements and ensures
the highest standards of safety for airctaft.

Super AirMat [19, 20] contains a 10 mm nominallygesl gritstone with a
very high polished stone value. A polymer modifg@de of bitumen (Nynas
Bitumen’s durable binder Nypol TS) was used in Supé&Mat to bind
aggregates together. It is designed to providegtmvd adhesion and cohesion
with the stone. Cellulose fiber was added to thghak mix to achieve extra
durability. Because the cellulose fiber can préwkain down of mastic, as well
as enhance the direct tensile strength in the morta

2.3 Aggregatesfor Surfacings

The ability of the road surface to provide a highdsresistance is a
combination of the surface texture and the mickbute on the aggregate itself.
The resistance against polishing of the microtextisr expressed in the PSV
(Polished stone Value) of the aggregate in the msaathce. Higher PSV values
usually result in a higher resistance to polishaighe aggregates. Most hard
aggregates such as gravel, crushed stone, andedruslag can be used
successfully as aggregate for surface treatmersyever also the right
combination of harder and softer minerals in thgregate can give very good
results. In practice, natural gravel and crusheuhestare typically used. The
selected aggregate, must meet certain requirenergze, shape, cleanliness,
crushing resistance and surface properties.

2.3.1 Aggregate Shape

Aggregate shape can be described as either flatfwcal. It can also be
either round or angular. These shapes will affeetiSL in different ways. If an
aggregate is flat, the seal coat will lose chipsessively in the non-wheel path
area of the road bed, or it may bleed in the wha#l. This is due to the pressure
from traffic tires causing the flat chips to setiiéo the binder on their flattest
side, failing to increase the road surface frictibhe TSL becomes thinner at the
places where the tires pass. Aggregate with a méaki Index of 20% or lower
should be used for high volume roads

“Super AirMat by Nynashttp://www.nynas.com/templates/Page 8898.aspidspuage=EN
®Bituminous Surface Treatmentgtp://pavementinteractive.org/index.php?title=BST
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Figure 2-10 Superior cubical aggregates (up-left) faky aggregates
(bottom-left); traffic influence on cubical aggregs (up-right) and flake
aggregates (bottom-right)

Therefore, the preferred aggregate shape is cubezuse of its stability.
With cubical aggregates, traffic will not affectetlthip orientation. No matter
how the chips are oriented, the seal coat heiglheasentially stay the same and
chip embedment will be uniform. Round aggregatal¢eto roll and becomes
displaced by traffic. Angular aggregates lock toeoanother and resist
compaction. This will result in many uncompactedlgoOn high volume roads,
a double chip seal may be the better option. Thigeagte in the bottom layer
should be about twice as large as the one uséxitop layer. The smaller stones
on top will likely cause less windshield damage dhe surface is typically
smoother than a single seal coat [21].

2.3.2 Aggregate Gradation

Aggregate gradation and size are important to #dopmance of TSLs.
There are two options for a surface treatment, eyfagggregate and one-size
aggregate, as Figure 2-11 shows.

Graded aggregate means that the aggregate hasdsstmgution in size.
There are many types of gradations, such as demssdjor gap graded. One
difficulty that may arise from using graded aggtega that due to the lower air
voids in graded aggregate means the binder mayfintetween the chips.
Problems such as bleeding and aggregate loss reayttur due to over filling.

In order to avoid this, single sized aggregateemmended [21]. Single
sized aggregate is an aggregate mixture that ceegroughly of equally sized
stones. If all the aggregates are approximatelhefsame size, there is enough
void space for the bitumen to fill and bond thens® to each other and to the
pavement structure. Other benefits of single ssggegate include good friction
between the surface and vehicle tires due to maxagpitire-aggregate contact
area and good drainage between the stones.

-22 -



CHAPTER 2 Literature Review

‘\‘o ) ‘I..\gs

Figure 2-11 Cross section of one-size aggregateaiugh graded aggregate
(bottom) [21]

2.4 Bindersfor Surfacings

Generally speaking, thin surfaces for road appboat should have a long
service life (longer than 10 years [22]). FurtherejoTSLs should meet the
following requirements:

1. A good adhesion at the interface between the TSL the underlying
layer is essentially important in order to be ablearry horizontal forces
due to breaking. Also adhesion between the aggrsgatid the binder is
important to provide resistance to raveling.

2. Low traffic noise production: the macrotexture gbavement surface has
a dominant influence on the road noise, which mélamsoise production
depends to a large extent on the surface textuwréhanvoid content.

3. Sufficient skid resistance is needed to provideughdriction between the
tires and the pavement surface.

4. Good fuel resistance is also required especiallgreas like parking lots,
gas stations and runways.

To obtain optimum performance of TSLs, a properiachaf type and
application ratio of binder and aggregates is dsdelfrailures such as raveling
and lack of friction will be minimized in such a warlechnically, the binders
used for thin surface applications should at lease the following qualities [4].

1. Having sufficiently low viscosity in order to be raged properly and
cover the surface uniformly when applied. Yet viss@nough to remain
in a uniform layer;

2. Retaining a proper consistency after applicatiorbéoable to wet the
applied aggregates.

3. Quick development of curing and adhesion. The guspeed should be
fast enough to allow reopen to the traffic, andvsémough to have enough
time for application.

4. Holding the aggregate tightly to the road surfateraolling and curing to
prevent raveling caused by traffic.

Currently, bitumen emulsions, polyurethane resind apoxy resins have
already been used for pavement surface layers emddpd these layers with
good adhesion and good fuel, water and chemicabtagse. Particularly,
bitumen emulsions are used widely, because theyhareeasiest to apply and
have the lowest price. Furthermore, additives &keulsifiers and modifiers can
significantly improve the performance of bitumenutsions.
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2.4.1 Bitumen Emulsion

Bitumen emulsions are heterogeneous systems withdwmore liquid
phases, made up of a continuous liquid phase (Janber at least a second liquid
phase (bitumen) dispersed in the former liquidiraes droplets. Standard bitumen
emulsions are normally considered as the oil irewsfpe and contain from 40%
to 75% bitumen, 0.1% to 2.5% emulsifier, 25% to 6@&ter plus some other
minor components. The size of the bitumen droptatsges from 0.1 to 20
micrometer in diameter.

The ideal emulsion should be stable under stotagesport and application
but should break rapidly after application and iegva binder having the
properties of the original bitumen adhering strgngp the road and to the
aggregates [23]. It should have a low viscosityatlow early handling and
application and should flow to minimize irregularaying but should not flow
due to road irregularities or gradients.

The most important properties of bitumen emulsiares stability, viscosity
(or, more accurately rheology), breaking and admesi

Stability

Emulsions are inherently unstable. Over a periodiroé, which may be
hours or years, due to the gravity force and tfferdince in density between the
two phases, the bitumen phase, or part of it,wilve slowly towards the bottom
of the emulsion container. This process is calletflesnent. If the stability of
bitumen emulsion is poor, settlement may lead tlestence and breaking, in
which case agitation can no longer restore thetyuztthe emulsion.

The speed of settlement depends on the bitumereriont the emulsion
and decreases with increasing bitumen contente&song the bitumen content
will increase the viscosity of a bitumen emulsiamich will therefore result in
better storage stability and lower settlement sg2dfl In emulsions containing
more than 65% of bitumen, settlement is normallgligéble. The following
methods can be used to reduce or prevent settld2&nt

1. Increasing the viscosity of the water phase byragldithickening agent.

2. Preventing flocculation by changing the types amshcentrations of
stabilizer and emulsifier or by changing the pH.

3. Reducing the size of the droplets for example bytebemilling or
changing the emulsifier.

4. Improving the storage conditions, for example bgpirg the emulsion at
higher temperature than the ambient temperature.

Besides settlement, the bitumen droplets may ati#rering to each other,
which is called flocculation. Bitumen droplets ihet emulsion have a small
charge. The source of the charge is the emulsifar,well as ionizable
components in the bitumen itself. These small atsu@n the droplets normally
provide an electrostatic barrier which prevent thnmapproach close to each
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other (like charges repel). However, when two dgtgpldo achieve enough
energy to overcome this barrier and approach cglpsbken flocculation will

happen. This flocculation may sometimes be revelsedgitation, dilution, or

addition of more emulsifier.

When droplets in an emulsion merge to form biggepkkts, this is called
coalescence. Flocculation is often followed by eseénce. Coalescence will
start because of mechanical action such as agitapamping or vibration.
Coalescence occurs in the breaking process andpsndent on the aggregate
type. Coalescence cannot be reversed.

Factors that force the droplets adhering togetheh @s settlement under
gravity, evaporation of the water, shear or fregziwill accelerate the
flocculation and coalescence process [26]. Lowosgyg bitumen will coalesce
more rapidly than high viscosity bitumen. Howeveventually we want the
emulsion to coalesce fast after the bitumen emulsas come in contact with the
aggregates and has been placed on the road.

Viscosity
Viscosity of a fluid is defined as the resistanceflow. For bitumen
emulsion, it is usually measured with a rotatingpgje viscometer at 40 °C [27].

The viscosity of bitumen emulsions is almost indejsnt of the viscosity
of the dispersed bitumen. It is possible to prodeomilsions of hard bitumen
(<10 pen) which are readily pourable at 10 °C. fitamufacturer must be able to
produce emulsions with the desired viscosity foaregle for spraying. The
viscosity must be predictable and remain constatftinvcertain limits (depends
on the storage, transport and application situatibnoughout the storage life of
the emulsion [15].

The viscosity is influenced by many factors. Thestniportant are the
bitumen content, the temperature of the emulsiomg @&he droplet size
distribution. Figure 2-12 Iillustrates the relatibips between viscosity and
bitumen content and temperature [25] (the liteeatdid neither mention the
temperature for the left graph, nor the bitumenteonfor the right graph).
The kinematic viscosity (cSt) is the dynamic visgpénPa-s) divided by
the density of the fluid (g/cth Type and dosage of emulsifier, type and dosage
of stabilizer, salt content and viscosity of theubien also have an influence on
the viscosity of the emulsion.
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Figure 2-12 Example of relationship between vidgoss. bitumen content and
temperature [25]

Breakin

When a bitumen emulsion is applied on a minerareggje surface, the
coalescence process will start which eventuallyl Wvabd to breaking. The
electrical charges on the stone surface rapidlgréba number of the emulsifier
ions from the water phase of the emulsion, thusuciedy the number of
emulsifier ions on the droplets to such an extkat the breaking process starts
(See Figure 2-1RL5]). A point is reached where the charge on tintase of the
droplets is depleted that rapid coalescence tak®sepThe aggregate is then
covered with hydrocarbon chains and, therefore,litterated bitumen adheres
strongly to its surface.

The rate of setting and curing depends on the ixggcof the emulsion
towards the aggregate and environmental condisankh as ambient temperature,
wind velocity and humidity. Aggregates have a sipecurface charge in the
presence of water. Acidic aggregates such as ggaazd granite contain silica
and have a strong negative charge in the preseheeater. These negative
charges attract the positive charged cationic lketunparticles, leading to
destabilization of the surfactant system and sules®gcoagulation of the
bitumen particles. This breaking mechanism is abgdren anionic emulsions
are used with acidic aggregates, in this case dlgudation can only take place
by evaporation of the water phase [28].
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Figure 2-13 Schematic diagram of breaking processdtionic bitumen
emulsion [15]

Adhesion

Adhesion is a very important property in all apations where bitumen is
used as an adhesive between aggregates. The bitweesi the surface of the
aggregate to create a maximum contact area. Bsiaigregates can be
classified as alkaline or acidic. Therefore, ifaamonic emulsion is applied onto
an acidic aggregate, the resulting adhesion cgobe

On the other hand, a cationic emulsion breakingaonacidic or basic
aggregate results in a strong absorption of tharocgcation (R-NH, chemical
group in emulsifiers) on the surfaces. This cagores oleophilic properties to
the surface on which it is absorbed, and has arwl#placing effect resulting in
strong adhesion of the deposited bitumen film ® dlggregate surfaces. In this
way, cationic emulsifiers will act as anti-stripgigents after breaking of the
emulsion [25].

Table 2-2summarizes the breaking rate and adhesion reduitionic and
anionic emulsions with two types of aggregates .[ZH}e cationic emulsion
breaks fast both on acidic aggregate and alkalygeegate. And it can achieve
good adhesion with alkaline aggregate and exceldditesion with acidic
aggregate. Since most aggregates used in roadrectiat have a majority of
negative charges on its surface, cationic bitunmealgons are mostly used.

Table 2-2 Results of cationic and anionic emulswitk two types of aggregates

Emulsion Aggregate . Results -
Breaking rate Adhesion
Anionic Acidic Slow Poor
Anionic Alkaline Medium Good
Cationic Acidic Fast Excellent
Cationic Alkaline Fast Good
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2.4.2 Modified Bitumen Emulsion

The use of Polymer Modified Bitumen Emulsions (MBRgs increased
dramatically in the road maintenance industry. Mieds that are used can be
divided into elastomers and plastomers. All of #lastomers considered are
rubbers, either natural or synthetic (e.g. SBR &BE). Plastomers used in
highway construction are typically classified asgblns (e.g. LDPE, EVA) [29].
Typical polymers are listed in Table 2-3.

Table 2-3 Typical Polymer modifiers for bitumen dsion

Type Form Chemistry
Block copolymer Crumb or powder SBS (Styrene-BugadiStyrene)
Random copolymer Latex SBR (Styrene Butadiene Rubbe|
copolymer Crumb or powder EVA (Ethylene Vinyl Acietp
Homo-polymer Pre-blended with AC LDPE (Low Dendnglyethylene)
copolymer Crumb or powder EMA (Ethylene Methacrg)at

Polymers can be blended in many ways into the @tyrand it can be done
indirectly in the case of modified bitumen emulsorlrhe final modified
bitumen/polymer blend can be described in four Waos:

1. Polymers can be a separate phase dispersed inttimeeh. This occurs
when the polymer is incompatible with the bitum&hese products are
generally unstable with very poor storage charsties.

2. Bitumen can be a separate phase dispersed in flgegro This only
occurs at a high polymer content (>12%). These madgeare used in
industrial products such as roof sealers etc.

3. Polymers can form a network within the bitumen.sTis typical for the
type of polymer modified bitumen generally usedraad construction.
The long polymer molecules become entangled to felastic net. The
elastic structure changes mechanical propertieh@fbitumen such as
ductility, softening point, viscosity, etc.

4. Polymers can be molecularly bound to the bitumenhis Thas the
advantage that bitumen and polymer are chemicalked and form a
homogeneous material.

Figure 2-14 compares the complex modulus of unnextiibitumen (PG
58-22) and 3 wt. % SBR latex modified bitumen awide temperature range
from -60 °C to 80 °C. The latex film is flexible @v below -30 °C and maintains
an elastics modulus at an elevated temperaturbafea80 °C. This is due to the
high molecular mass of this polymer, which yieldssafficient amount of
polymer chain entanglements. The complex modulasgés only by a factor of
10 between -20 °C and 80 °C. In contrast, the cermphodulus of the
unmodified bitumen changes by a factor 100000 dwesame temperature range
[31].

- 28 -



CHAPTER 2 Literature Review

Figure 2-15 illustrates that the rutting resistateraperature (Temperature
at whichG' /sin@) =1kPa, whereG" is the complex modulus andl is the phase

angle) of emulsion type mixtures increases aftedifioation, especially after
modification with cement together with SBR (the & content was not
mentioned in the reference) [32].
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The mechanical adhesion of four emulsions was aedlyvith the Vialit
Plate Shock Test, by Kucharek [33]. This test metiscan indicator of adhesion
between binder and chippings. Bitumen emulsionpgliad to stainless steel
plates and aggregates are embedded in the binohgy ashand operated rubber
wheel roller. The prepared test plate is turnedr aued placed on 3 pointed
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support rods. A stainless steel ball is made tbffain an ‘angled slide’ three

times within 10 seconds period onto the invertetl pdates. Figure 2-16 explains
the setup for Vialit Plate Shock Test [34]. Theutesf adhesivity is defined as
the sum of number of chippings remaining bondetthéoplate and the number of
fallen chippings which are still bonded with bind&00 chips were used).

Steel bal
\J

After tes

Support rge

Figure 2-16 Set up for Vialit Plate Shock Test

The four tested emulsions were cationic rapid+sgtaand were prepared
using a commercially available emulsifier for cai® rapid setting bitumen
emulsion (CRS), with identical dosages. One was-modified and the other
three were polymer modified, all containing the sgmlymer content of 3 wt. %
to the emulsion. The difference between these tbnegsions lies in the type of
polymer modification. One was modified using SBRexa(CRS-Latex), while
the second was made by modifying the bitumen WBR $rior to emulsification
(CRS-PMA). The third contained the same 3% SBRIlbuthalf is contained in
the binder and half is contained as latex (CRS-QdB8].

Table 2-4 shows the results of adhesivity. The fennulsions showed to
have a adhesivity level of 100 to the granite dredttaprock chips, after 24 hours.
The CRS-PMA shows some failures with the limestomi@. This means that the
adhesion properties of CRS-PMA are lower than tludgke others [33].

Table 2-4 Adhesivity at 24 hours cure by Vialittel&hock Test

Adhesivity Limestone Granite Traprock
CRS 100 100 100
CRS-Latex 100 100 100
CRS-PMA 93 100 100
CRS-Comb 100 100 100

Kucharek also evaluated the cohesion propertiesmiens of Frosted
Marble Cohesion Test [33]. Figure 2-17 shows theiseln the test [35], 15
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frosted (sand-blasted) marbles were placed ingphait emulsion. The emulsion
thickness is 1.6 mm and corresponds to an apmlitatite of 1.5 L/fh The
average torque (kgm) required to move 5 frosted marbles was recoegethe
chip retention strength. The test is conducted iwightrough plate containing 3
rows that each held 5 frosted marbles. Each mashkested individually and the
average of the five results per row is reportedrestest.

Frosted

Figure 2-17 Setup for Frosted Marble Cohesion Test

Cohesion results with the Frosted Marble Test aesgnted in Table 2-5.
CRS and CRS-PMA have consistently higher cohesimnes than the other
emulsions. The cationic emulsions containing ldtexe lower initial cohesion
values compared to the others. The difference gbddretween the latex and the
PMA cationic emulsions is because of the differemcgolymer morphology.
The PMA emulsion contains SBR polymer in the bintierefore, with breaking
of the emulsion, the cohesion buildup can take athge instantly of the
polymer presence. This seems to be especiallytaféeduring the first 2-3 hours
of its curing time. With the emulsions containirgelx, it needs almost complete
curing of the binder before it can deliver its futlechanical benefit. The
combination CRS-Comb shows relatively low cohesafter two hours but has
the highest cohesion of all emulsions after 4 anto@rs. All four cationic
emulsions display similar cohesion values afteh@drs.

Table 2-5 Cohesion by Frosted Marble Test

Cohesion [kg-cm] 2 Hours 4 Hours 6 Hours 24 Hours
CRS 9 10.83 12.23 21.92
CRS-Latex 4.4 7.8 11.6 22.42
CRS-PMA 11.2 13 16.4 23.8
CRS-Comb 6.6 18.6 19.6 23.8
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In Jones’ research, the Wet Track Abrasion Test AWjTand Cohesion
Test were performed on various emulsion mixturés38]. Slurry mixtures of
fine graded aggregate, asphalt emulsion, and watere prepared to a
homogeneous mix and are formed into a disk by pgun the circular template.
After curing and removal of the template, the ditleped specimen is dried to a
constant weight at 60 °C. The cured slurry is thited in a water bath for 1
hour, and then mechanically abraded under waten witrubber hose for 5
minutes. The abraded specimen is washed free aisdebyied at 60 °C and
weighed. The loss in weight expressed as gramsqeare meter is reported as
the wear value (WTAT loss) [37]. The left graph kigure 2-18 shows the
WTAT set up.

Figure 2-18 WTAT setup (left) and Cohesion testigdtight)

A cohesion tester provides the numerical strengilnesof the slurry. The
cohesion tester puts forces on the slurry to sitaud@wer steering movements
and rotating tyres. The torque measurements are el a certain curing time
by means of a torque tester. The highest torqtieeis reported as the cohesion
value. The right graph in Figure 2-18 shows thegetup.

The results in Table 2-6 indicate that SBR polynarisanced the cohesion
properties of bitumen emulsions. According to albdratory tests, SBR latex
performs the best.

Table 2-6 Test results of various polymers modigetllsions

Polymer Cohesion [kg-cm] WTAT loss [ghf | Vertical Displacement
30 min 60 min 1 hour 6 days [%]
Natural 16 18 161.5 441.3 7.8
SBR 16 21 118.4 161.5 1.3
SBS 12 17 247.6 301.4 8.6
EVA 13 16 549 602.8 11.2
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The temperature of the bitumen emulsion when spraye the road
pavement surface will affect its viscosity and weey it flows on the surface, and
will therefore have an effect on the final perforroa of thin surface layers.
Therefore, an optimal temperature is needed fayspg bitumen emulsion.

2.4.3 Epoxy M odified Bitumen

An epoxy modified bitumen binder is a two-phase nsioal system in
which the continuous phase is an epoxy curing ageathe discontinuous phase
iIs a mixture of special bitumens, which makes tlefggmance of epoxy
modified asphalt mixture different from traditioredphalt mixtures [39]. Unlike
conventional bitumen, epoxy modified bitumen naitlecome as brittle as
bituminous binder at low temperature and nor meltigh temperature [15]

Epoxy modified bitumen was originally developedte late 1950s by the
Shell Oil Company as a material designed to witidtle damage caused by jet
fuel. In 1967, it was used to strengthen the serfaicSan Francisco Bay's mile-
long San Mateo Hayward Bridge. After more than é@rg, the bridge's surface
is reported to be in excellent condition [40].

Generally, compared to traditional asphalt mixtaine, cured epoxy asphalt
mixture has an extremely high temperature stabiibd strength, excellent
fatigue and anti-bleeding properties, and supeniting resistance. Marshall
Stability values of epoxy asphalt mixtures tendntrease with curing time. The
Marshall Stability value of a cured specimen caacheto 37 kN (See Figure
2-19). Even at the beginning of curing, the staptialue is more than 10 kN,
which is more than enough for opening to traffianiest situations. When used
on roads, it sets quickly enough for normal traffiche early life even without
full curing, which enables the road to be reopengdin two hours [41, 42].
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Figure 2-19 Marshall stability-curing time curveasf epoxy modified asphalt
mixture at 60 °C

Luo used the Marshall stability test and indiregndile strength test to
evaluate the moisture sensitivity of epoxy aspmaiktures [41]. PG 80/100
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bitumen was used as reference. The aggregate grhchiis are shown in Table
2-7. The binder content is 6.5 wt. %. From the ltesshown in Table 2-&nd
Table 2-9, it can easily be seen that the epoxy ifredd asphalt mixture
performed significantly better than the referent®Smixture. The results show
that the epoxy modified asphalt mixture is lessceptble to moisture damage.
Figure 2-20 also shows that epoxy modified aspimatture has higher stability

values.

Table 2-7 Grading limits of the asphalt mixture$][4

Sieve size [mm]

16

13.2 9.5 4.7% 2.36

0. 0.075

Percentage passing [%]

100

100  95-100

65-85 50-78-402

7-14

Table 2-8 Marshall Stability test for different Kisof asphalt mixtures [41]

Marshall Stability [KN] Retained
Mixture type Standard | Conditioned at 60 °C for 48 h in .
o Stability
condition a water bath
Epoxy asphalt mix 36.1 35.7 98.9%
SMA 10 5.6 4.4 78.6%

Table 2-9 Indirect tensile strength test for diéigrasphalt mixtures [41]

Indirect tensile strength at 25 °C [kN] Retained
Mixture type Standard | Conditioned at -18 °C for 16 h, then atStabiIit
condition 60 °C for 24 h in a water bath y
Epoxy asphalt mix 31.9 25.8 80.9%
SMA 10 7.4 5.6 75.7%
14
z 12 5— =
~ H\S\
= &—/—ﬁ-\
S 10 A <5
% 8 —=— Epoxy modified
7 —A—Unmodified

6

2.5

3

3.5 4
Bitumen content [%]

Figure 2-20 Marshall Stability of pure bitumen nuire and epoxy asphalt

mixture [43]

The fatigue properties of the epoxy modified asphakture and asphalt
mixture were evaluated by three-point beam fatigasés using a sinusoidal load
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(load controlled mode, the modulus of epoxy modifesphalt mixture and the
applied stress level were not mentioned in thereefge) with 5 kN maximum
peak load and a frequency of 10 Hz. The epoxy nmemliisphalt mixture was
cured at 120 °C for 6 hours. The beams were 30 N5 mm in cross-sectional
area and 250 mm in length with a span length 200 Tira fatigue test results in
Table 2-10 indicates that the fatigue life of thmxey asphalt mix is more than
three times longer than that of SMA10 [41, 43].

Table 2-10 Fatigue life for different kinds of agftmixtures at 20 °C [41]

Mixture type Load cycles [times] Condition of thensples
Epoxy asphalt mix 12 000 000 No damage
SMA 10 3 200 000 Cracking in the middle of the skemp

The low temperature properties were evaluated bgnsief three point
bending tests on an epoxy asphalt mixture, SMA anagtic asphalt mixture
(MA). Table 2-11shows the test results. It indicates that at tineesgemperature
of -15 °C, the epoxy asphalt mixture has the higtessile strength and stiffness
modulus value. It can be concluded that the ep®phalt mixture performed
significantly better in terms of strength at lowngerature, while its deformation
characteristic (strain at failure) is similar t@ttof other mixes [41].

Table 2-11 Bending test results for different kimfisisphalt mixtures [41]

Mixture type T Flexural Tensile Maximu.m FIexyraI . Flexural
[°C] strength [MPa] Tensile strain Stiffness [MPa]
Epoxy -20 20.54 2.26x16 10172
asphalt mix | -15 20.29 2.60x10 7808
SMA 10 -15 7.51 2.06x10 3477
MA -15 13.56 3.63x10 3736

Figure 2-21 shows an asphalt mixture and an epsphait mixture after
being submersed in diesel (the reference did nattiore the submersion time
[44]). Since the tests were comparison tests, riéasonable to assume that equal
submersion times were used. Within the same tilme asphalt mixture almost
fully dispersed while the epoxy modified bitumenxtare was still in good
condition. This shows that the epoxy asphalt mitoifers relatively good fuel
(or diesel) resistance. Epoxy modified bitumen bnsd are classified as
“thermosetting” as the epoxy resin components cahbsebinder to cure by
chemical action and it is not subsequently softdmetigh ambient temperatures
or by the spillage of fuel. An epoxy modified bitam layer thus acts as an
effective seal against the ingress of fuel.
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Figure 2-21 Effect of diesel immersion [44]

Furthermore, tests performed by the California Depant of
Transportation showed that surfaces with epoxy fremtlibitumen obtained
maximum skid resistance. Research carried out bghWligton State Department
of Transportation showed that the epoxy modifiedurben doesn’'t need
maintenance for a longer period of time. Advantagfespoxy modified bitumen
can be listed as follows [39, 42]:

1. More resistance to low temperature cracking becatisis higher tensile
strength and flexibility, the temperature influescen the fracture
resistance of epoxy modified asphalt mixture areasosignificant as that
of HMA.

2. More resistance to fatigue cracking, rutting andiag; less susceptible to
water induced damage; sufficient resistance to $pelage and blast from
jet-type aircratft.

3. Stiffer (higher modulus) at service temperaturesithwgreater load
spreading ability.

4. Excellent adhesion properties, more resistanceuttacse abrasion from
tire action.

2.4.4 Other Binders

Besides the modified bitumen emulsion and epoxyifieadbitumen, there
are many other binders that were developed forimgain building and
construction market. New technologies provide ueidachnical solutions to
overcome well known problems, like good adhesioodicrete, water resistance
and acidic resistance.

2.4.4.1 Polyurethane Resins

Polyurethane resins are now being widely used & toatings and
adhesives industries. They provide a tough, durabtehighly flexible seal. The
advantages of polyurethane coatings are their kegisile strength, excellent
weathering and chemical/mechanical resistanceq2346].
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Polyurethane is formed by a chemical reaction beitwee polyol resin and a
polyisocyanate hardener. When the two componergsnared, the hydroxyl
groups (-OH) in the resin react with the isocyangteups (N=C=0) in the
hardener and then a three dimensional moleculactate is produced. Only one
iIsocyanate group can react with one hydroxyl greaphere is an ideal ratio of
hardener molecules to resin molecules which willegoptimum mechanical
properties. Despite of this fact, it is possiblevéwy this ratio slightly either way
in order to modify the mechanical properties of flystem. This is because the
isocyanate hardener is also capable of cross-pnkirth itself in the presence of
atmospheric moisture. More hardener than the optinmatio will produce
coatings which are harder, more brittle and hawatgr resistance to chemical
attack. Less hardener will have the opposite efteet film will be more flexible
and its resistance to weathering will decrease.[47]

Van Lent [48] investigated the potential of usinglypirethane binder for
pavement purposes by means of testing the bindewedl as a polyurethane
binder based mixture. He found that the investdapolyurethane binder
behaved elastic. For temperatures below 20 °Chiés@ angle was lower than 10
degrees (see Figure 2-22). Compared to generaheitinder, the polyurethane
binder had a larger shear modulus and a more ®lbshavior (smaller phase
angle). The tensile strength of the polyurethamaldxi (more than 30 MPa) is
much higher than the tensile strength of bitumeat (nigher than 6 MPa,
dependent on temperature and loading speed). Tiigudaresistance of the
polyurethane binder was much larger than the fatigsistance of a bituminous
mortar.
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Figure 2-22 Master curve of the polyurethane birsed&0°C [48]

Unfortunately, the relaxation behavior of the pobthane binder (see
Figure 2-23) investigated by van Lent was much woaltsan the relaxation
behavior of bituminous binders. This can cause temperature related stresses
of significant magnitude which, in combination witlaffic induced stresses, can
result in possible cracking in pavement structuiidse coefficient of thermal
expansion of the polyurethane binder based mixtat®ut 5.76x10 /°C) is
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different from the value of asphalt mixture (randgesgween 2 and 3xT0/°C
[15]). This will cause higher temperature inducéesses in the polyurethane
modified mixture when the temperature changes [48].
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—sk—"-10°C 10rm/min"
40 —8—"0°C frmimin’
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Figure 2-23 Relaxation of the polyurethane bind&t0aC [48]

During the last decade, Addagrip Surface TreatmextsLtd designed a
special two-component polyurethane resin, namedagudgd’'s 1000 System resin,
for sealing and protecting asphalt surfaces froosien caused by frost damage,
chemical attack and aviation fuel spillage. It bagn used to carry out durable
and extensive repairs to the concrete runways ofRalish airports. In 2001 they
used this kind of resin at Radom airport and thréase is still perfeét Applying
this polyurethane resin onto the pavement surfage result in a significant
reduction of water and fuel absorption, which aasuit in long service life.

2.4.4.2 Epoxy Resins

Epoxy is a co-polymer. It is formed from two diféert chemicals. These are
referred to as the "resin" and the "hardener". idstn consists of monomers or
short chain polymers with an epoxide group at eidred. Most common epoxy
resins are produced from a reaction between Epiajdiin and Bisphenol-A.
The hardener consists of reactive hydrogen, fomgika Epichlorhydrin. When
these compounds are mixed together, the amine grilig,-R) react with the
epoxy groups (-CH(O)CH-) to form a covalent boneke(§igure 2-24)Each NH
group can react with an epoxide group, so thatéisalting polymer is heavily
cross linked, and is thus rigid and strong. Polysniamido/amine and

®Addagrip. Available fromhttp://www.addagrip.co.uk/1000system.html
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aliphatic/aromatic amine hardeners react with epoasins upon mixing to
provide films that are extremely resistant to cheats [45].

o o
Step 1 CH/,—}H AV, {:H/—:H, + 2H-N—H)
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é
¢ Unreacted Resin Amine Hardener
0] ]
on  OH
| I /7 N\ /N
Ste 2 H—N—CH,~CH \/\, CH—-CH,-N—H -} 2(CH,—CH ", CH —CH,)
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Fully Cross-linked Resin

Figure 2-24 An fully cross-linked epoxy resin fornay reacting between amine
groups and epoxy groups

Many epoxy products also contain additives sucbrganic solvents, fillers
such as fiberglass or sand, and pigments. Whenyepasin systems are used,
single molecules (monomers) of the epoxy resintaaccuring agent combine to
form long chains of molecules (polymers). This @& of polymerization is
called "curing”, and can be controlled through temafure and choice of resin
and hardener compounds, the process can take mirtotehours. Some
formulations benefit from heating during the curipgriod, whereas others
simply require time at ambient temperatures.

Epoxy resins consist of a linear chain moleculdaitreactive epoxy group
at each end of the chain. Each particular typgookeg resin varies in terms of its
detailed structure and the length of the chain betwthe epoxy groups. The
actual properties of the final epoxy resin coatiags highly dependent on the
type of resin and hardener used. Solid epoxy rdsne larger molecules and the
distance between cross-linking points is greatdriclv results in more flexible
and resilient films. Liquid resins with shorter of& give harder and stronger
films due to denser cross-linking [47].

In general, epoxies have excellent adhesion anchamézal properties, as
well as excellent chemical and heat resistance.alvantage of epoxy resin is
that this compound can be cured at atmosphericaeatyre and humidity within
a reasonable curing time. It can be mixed with cammmaterials like cement
mortar and concrete to enhance the early stremgfiact resistance and moisture
resistance of these materials.

-39 -



CHAPTER 2 Literature Review

2.5 Modeling of Thin Surfacings

Various laboratory and field test methods are eggiloto characterize the
performance of thin surfaces. Generally each tethad can only represent one
specific state of stress, e.g. bending or tensrocompression etc. However, the
real stress situation in a TSL cannot be repreddmgeany of those lab and field
test methods alone. The challenge now is how echs properties quantified by
these lab tests to predict material behavior inctraplex field situations.

Many Finite Element Models (FEMs) have been intastlito simulate the
performance of road pavements and hence predictgbegformance. The main
damage type on TSL'’s is raveling, which is the lotstone from the surface.
The Road and Railway Engineering Section at TU tDetf substantial research
in trying to explain and solve this problem at méseel [49, 50].

2.5.1 Different Modeling L evels

The determination of the stresses and strains ias@halt mixture can be
divided into three different levels, macro-leveleso-level and micro-level.
Figure 2-25 presents these three levels.

Sand
Adhesive layer

(A) Macro-level (B) Meso-level (C) Micro-level

Figure 2-25 Three levels for asphalt mixture sirhafes

2.5.1.1 Macro-level

The macro-level model (see Figure 2-25(A)) for pagat design means
application of multi-layer theory, with the possilyi to model the tire road
surface interaction as non-uniform. At macro letied, load is mostly modeled as
a circular area with constant vertical stress edoathe tire pressure. Also
combinations of such circular loads can be madeddel the complex contact
pressure distribution which occurs in practice. sTimethod works well for
obtaining a schematic picture of the stress arainstionditions in the pavement.

However, as the failure of thin surface layers oscat the surface, the
interaction between tire and road is very importand therefore the surface layer
structure and the load on the road surface musnbdeled as realistically as
possible, which is not possible with these macuallenodels.
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2.5.1.2 Meso-level

Meso-level modeling allows taking into account tpeoperties of the
various components of the asphalt mixture. At mesel, the asphalt mixture
layer is modeled with a stone skeleton, masticdy@nd an interface between
aggregate and mastic. The stone skeleton condisiggregate particles larger
than 2 mm, while the mastic is the mixture of biemmfiller and sand smaller
than 2 mm.

As Figure 2-25(B) shows, the loads at this level applied on individual
stones. By using realistic values for the paramsetiscribing the response to
loading of the mastic and interface, the stressdsstrains in the mastic and the
interface can be calculated.

2.5.1.3 Micro-level

At micro-level as Figure 2-25(C) shows, the bindemodeled in terms of
sand, filler, bitumen, interface and voids. At midevel, several separate models
need to be developed to characterize the diffecentponents. A micro-level
model should be able to predict accurately thessé® and strains developing at
places of adhesive zone between stone and bituanehat cohesive zone in the
mastic.

However, from an engineering point of view, modgliat meso-level is
refined enough to analyze problems like raveling.

2.5.2 Macro-level Models

Macro-level models like BISAR, CIRCLYetc. were used in the past to
study the behavior of pavement [51]. They use ntajter theory which assumes
each pavement layer to be linear elastic, homogenand isotropic.

In this research, the binder areas between theeggty particles are of
special interest. In this case, the homogeneousail@eel model can no longer
be used. Modeling of the individual composites aghale skeleton is therefore
required. The size, shape and position of everyeggde should be taken into
account.

2.5.3 M eso-level Models

The Lifetime Optimization Tool (LOT) project, caed out at TU Delft [49],
iIs based on an meso-mechanical analysis. The mezaeldeveloped to explain
the phenomena that take place in Porous Asphal) {Ritures during the
passage of a tire and because of temperature chaimpe developed FEM
models basically translate the PA surface load,nindure geometry and the
response behavior of the mortar into signals oésstrand strain at various

" Overview of CIRCLY: http://www.mincad.com.au/ciydhtm
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locations in the PA mixture. By interpretation detcomputed stress and strain
signals, the life expectancy of the modeled PAstgyaated.

2.5.3.1 Idealized Models

The idealized model in LOT considers perfectly mbuand rigid spheres
bond together via mortar bridges. Figure 2-26 gimesoverview of the 2D
idealized model. As it is shown, the model hasngtle of 11 particles at the PA
surface. It consists of three layers of stone gladi In each layer the outer two
particles are enclosed in a mortar film modeledsyngle layer of elements. The
mortar films closer to the middle of the model anedeled by two layers of
elements. Figure 2-27 is an enlargement of thesiian area where the mesh is
refined [49].

2 element
layers

In this idealized model, the particles themselvwesret visible and formed
by implementation of restraints. In this case thesses that mark the center of
the various particles have the freedom to rotateteanslate. All nodes at edge of
the particle are rigidly connected to the mastetesoindicated by the crosses;
this effectively creates rigid body stone particlEs/e particles closest to the
center of the model are fitted with a layer of Obth thin elements that represent
the adhesive zone [49].
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In order to get more accurate simulation result8Daidealized model as
shown in Figure 2-28 was developed. In this 3D lided model, the aggregates
were modeled by rigid bodies through implementatbrestraint conditions. As
was the case in the 2D model, only the upper cestome was fitted with an
interface layer that represents the adhesive Zemethe other aggregate particles,
the binder is directly connected to the aggregaiigbes to form the bonding
bridge [49].

Both 2D and 3D idealized models can simulate theure behavior under
certain loading conditions quite well. But the ughce of aggregate geometries
such as size and shape were not included. A 2Dophaidel, which was
developed from the skeleton structures of mixtuiesgloser to real mixture
structures.

Figure 2-28 Overview of the 3D idealized model [49]

2.5.3.2 Scan/photo M odels

In the LOT research, real scan images/photos of Wé&e semi-
automatically translated into a 2D element ske#t9}.[Then a mesh is generated
automatically. Figure 2-28ives an indication of the obtained models and m&sh
in relation to the original image. Adhesive zonethwa thickness of 0.01 mm are
also presented only in the central upper part efrttodels. This is because the
real interest is in the phenomena that play a abline surface while the models
are most accurate in the center of the model.

Figure 2-29 From photo to mesh geometry for FEM [49
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Compared to the idealized models, models generdtedn scan
images/photos are a closer representation of yedlence they give more
reasonable simulation results. Therefore, modeleged from scan images will
be used in this research.

2.6 Summary

In this chapter a literature review on thin surfdeger applications,
including surface dressings, slurry seals and libinmix overlays has been given.
New technologies for thin surface layer applicateoe also addressed, such as
newly developed binders and new surface layer tsires. At the end of this
chapter, modeling methods that are currently usegdvement surface analyses
were discussed. The following items can be condudan the literature review:

1. Thin surface layers, including surface dressingrrglseal and thin mixture
surface, are widely used on road pavements, bratpis and airfields.
They can significantly extend the service life byhancing the surface
properties and protecting the underlying layersifial spillages, chemicals
UV light and etc. Furthermore, most of these meshax@d cheap and can be
quickly applied.

2. An antiskid surfacing is used for a pavement tadeaese the friction and
hence to reduce the possibility of skidding. Itcenmonly used at special
areas/places where higher friction values are requHigh quality binder
and aggregates are needed for antiskid surfacings.

3. Newly developed binders can significantly improlie televant properties
of TSLs. Polymer modifiers can improve the adhesiépoxy modified
bitumen can achieve enough strength in a short &thogving reopening of
the road to traffic in a short time. They providéetter fuel and moisture
resistance and flexibility at low temperature, €olyurethane resins and
epoxy resins also have potential to provide goatbpmance on TSLs.

4. Super AirMat is a recently developed surfacing fanways. It uses
polymer modified bitumen and cellulose fibers asders and provides
good adhesion with aggregates.

5. Modeling at meso-level can be used to simulaté#tevior of TSLs under
tire and temperature loading. 2D element meshesbeadeveloped from
real scan images/photos of TSLs, using the methatwas developed in
LOT project.

Based on the literature review, it seems that theeea number of potential
binders for antiskid surfacings. When the potenbailder and mixture are
optimally designed, good performance like adhediensile strength and fatigue
can be achieved. But at this moment, none of theenweell supported by
research for the thin surfacing and antiskid ajgpilins.

Therefore, the potential of using modified bitumemulsion, epoxy
modified bitumen and epoxy resin for antiskid teurfaces was studied in this
research. Furthermore, research on a performarataagon method for durable
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and sustainable thin surfacings is proposed. Irerotd design a durable and
sustainable thin surfacings, a workable performan@duation model should be
proposed to evaluate both the property of the iadd the thin surfacing layer.
The curing behavior, the adhesion property andviBeoelastic behavior in a
wide temperature range should be considered.
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3. Materials and Test Methods

The main question of this thesis is how to desigraldle and sustainable
thin surface layers for runways and pavements. Tusstion is originally
generated from finding alternatives to tar-contagnimaterials for antiskid
surfaces for runways. Because of the urgency w diternatives, samples with
tar-containing antiskid layers were first evaluatex serve as benchmark.
Requirements which have to be fulfilled by the namtiskid layers were than
concluded. From its name it is clear that an aitidyer should provide
excellent skid resistance for landing and deparéimgraft. These requirements
put high demands on the macro texture of the layer the microtexture of the
aggregates to be used for this layer.

Furthermore, the adhesion between aggregates amgdye the antiskid
layer and the underlying layer should be excell€hts is essential because loose
aggregates and loose layers can result in significgOD (Foreign Object
Damage). A number of years ago e.g. an MD-11 dirtoat its tail engine at
Schiphol airport because loose aggregate fromnhskad layer was sucked in it.
These good adhesion characteristics are mainlyndiepé on the characteristics
of the binder and the interaction between aggregated binder.

Maintenance operations on runways of busy airpsintsuld be limited as
much as possible. This means that the antiskid Iglyeuld have a long lifetime
itself and should be able to protect the layer umelgh from environmental
induced damages as well as damage due to fuehgpilde-icing chemical etc.
This immediately means that the antiskid layedfitsieould be highly resistant to
fuel spillage and de-icing chemicals as well. Om b that the layer should have
a high resistance against weathering and ageing.atlhesion should stay good
and the layer should not become brittle as a reswageing.

All these requirements are very much or even mamdlated to the
characteristics of the binder.

Finally it is obvious that the antiskid layer shiblle able to sustain the
combination of high induced stresses due to rolind braking aircraft and high
temperature stresses that can be induced durimgvgater periods. In order to
be able to sustain the combination of aircraft andronmental induced stresses,
the antiskid layer should have very good stressxegion properties. Also these
properties are very much dependent on the charstatsrof the binder.

Therefore based on the literature review, new bintkgterials developed by
local producers, including polymer modified bitumemulsions, two-component
epoxy modified bitumen binders and modified epcesims, were investigated by
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performing tests both on binders and newly desigaetiskid surface layers
made with these binders.

Information about the materials and test methodsl uis this research are
presented in this chapter. Figure 1-2 in Chapteas explained the outline of the
research approach for this study. Tar-containinggskid layers were first
investigated by means of sand patch test, CT swaeroscope, pull test and
shear test. Then newly designed materials suchaasfied bitumen emulsion,
epoxy modified bitumen and epoxy resin was studMdelwvly designed antiskid
layers were included in this research as well.

3.1 Materials

3.1.1 Tar-Containing Antiskid Surface Layers

All the tar-containing samples used in this redeasce collected from
runways on Dutch military airfields. Normally a mary runway has an asphalt
construction over its entire length, except atehes. Both ends of the runway
are constructed with Portland Cement Concrete. d3phalt is covered with a
coal-tar based antiskid layer. This layer is noflynalt used on taxiways or
aprons. The antiskid layers on the Dutch militarfiedds were all constructed by
the contractor, Possehl Spezialbau GMBH. The bindema coal-tar based
emulsion made by Possehl in Germany. The aggretipate used for these
antiskid layers was special basalt from a Germaarrgu with grain sizes
between 1.5 and 3.5 mm. The mineralogical commositf this aggregate is
presented in Figure 3-1. It contains the followmiperals:

o Diopside, CaMggde) 24Si 806
Forsterite, Mg ade 61 SiOy)

0
0 Bytownite, N& 14Ca gsAl1.8351> 1608
0 Microcline, K0.58Na0.42AISi308
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Counts

] | ockd-antiskid_11apr13.raw = File Name
§_' I PDF 04-013-6106 Ca Mg0.88 Fel .24 §11.88 O6 Diopside, ferrian, syn
a | PDF 01-079-1201 Mg1.38 Fe 61 ( 5104 ) Forsterile

E | PDF 04-015-8270 Na0.14 Ca0.55 Al 83 5i2.16 O8 bytownite

] I PDF 04-012-8471 K0.58 NaD 42 Al 5i3 O8 Microcline, sodian, syn
g_

3000
Lis

1000
|

1l
Tttty A .-‘.,'..Ji..iﬁi‘f.a;lrh; il L{]“fl .m... Ll .il. ' . S .u' cu BEWE | J (i u‘l.h:“‘ll L gt il
' 40 50 89

10 20 30 &0 70 =0
2Theta {Coupled TwoTheta/Theta) WL=1.78837

0

Figure 3-1 XRD plot of the mineralogical compogitiof the aggregate used by Possehl for tar-conigiamntiskid surfaces
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Cored samples were collected from six military ialds, Soesterberg,
Gilze-Rijen, Leeuwarden, Woensdrecht, Volkel anddBoven. These airfields
are named after the cities near which they aretéocaFigure 3-2 shows the
locations of the airfields. The antiskid layers thfese six airfields were
constructed in different years. Hence propertieantiskid layers of various ages
could be investigated in this research. It is neacwhether Possehl has changed
the tar-containing binder during all those yearaatr But the FTIR test results in
Chapter 4 will show large differences among spensrfeom different airfields.

‘THE NETHERLANDS

Leeuwarden

NORTH

5EA

A L . %
L et
e T o

Thie Hagun | LB
ipector g BOUTH o

Soesterberg

Woensdrecht
r Gilze-Rijen
Volkel

Eindhoven

G ER M 4

Figure 3-2 Locations of six airfields [1]

From each airfield 10 cores were taken, includimg antiskid layers and
the underlying asphalt mixture layers. The coresewtken after visual
inspections on the runways to ensure that the dwres same surface conditions.
Due to some misunderstanding between coring corapamd airfield authorities,
the diameters of the cores from different airfielde not identical. They vary
between 133 and 143 mm. Cores from Gilze-Rijen beduwarden airfields
have a diameter of 133 mm, while cores from thesrofour airfields have a
diameter of 143 mm. Table 3-1 shows when the adtitkyers were placed,
together with the sample diameter.
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Table 3-1 Construction years of antiskid layers diatheters of cores

Airfield Woensdrecht Gilze-Rijen Leeuwarden
Construction year 2009 2008 2007
Runway Length [km] 2.4 2.5and 1.8 3.2and 2.1
Runway width [m] 40 50 50
Core diameter [mm] 143 133 133
Airfield Eindhoven Volkel Soesterberg
Construction year 2005 2004 1989
Runway Length [km] 3.0 -- 3.0
Runway width [m] 40 -- 40
Core diameter [mm] 143 143 143

The coring locations on the runways are shown gufé 3-3. In order to
avoid differences due to variation in constructioares were taken in the same
construction lane. To eliminate the influence oblver deposits which can be
found in the touch down zone, the second constmidéine from the side and far
enough from the landing and takeoff places was emdsee Figure 3-3 (a)).
However, because of a misunderstanding, No. 1 $arbples from Gilze-Rijen
and all the samples from Leeuwarden airfield weoé taken in longitudinal
direction, but perpendicular to the constructiamelaas Figure 3-3 (b) shows.

After coring, the antiskid layer was gently washedhe laboratory with a
brush under running water. Then a high pressureflrwas used to blow off
dust and rubber fines. After measuring the thickr@sthe asphalt layers, all the
samples were cut to 100 millimeter thickness fathier testing. Some of the
samples from Soesterberg Airfield were shorter th@@ mm. After these pre-
preparations, the cores were kept in a storage aidih °C.

The cores were numbered by the first capital characf the airfield
location followed by roman numerals. Example: Nof@sents core No.2 from
Eindhoven Airfield.

b: perpendicﬁ]'é‘r T ) the col
lane in Gilze-Rijen ™

a: The same constructi lane

Figure 3-3 Sample locations on the runway
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3.1.2 New Potential Binders

In this research, different types of binders weneestigated. These binders
were two-component Epoxy Modified Bitumen (EMB), ckwomponent
Modified Epoxy Resin (MER) and high content co-pobr Modified Bitumen
Emulsion (MBE). All these investigated binders waeswly developed products
by companies. Only limited information about thexders could be obtained
because of commercial reasons.

3.1.2.1 Two-Component Epoxy M odified Bitumen

The two-component EMB binders were obtained fro®@R&L Company.
They were carefully selected to achieve proper rmeicial properties and
excellent compatibility with bitumen without phasseparation and. The
hardening mechanism is based on a chemical reda¢itveen component A and
B after mixing, leading to an open 3-dimensionaldure of epoxy resin
throughout a bitumen based matrix. Therefore, théure shows the advantages
of both epoxy and bitumen.

According to the producer, component A is a bitunEsed material.
Component B is the hardener. After mixed and cuEdB specimens can be
prepared. EMB binder is a special mix of bitumeddiaves, fillers and different
bitumen-compatible epoxides. The composition i€giin Table 3-2.

Table 3-2 Compositions in the EMB binder

Chemical epoxy resin 40-55%
Nynas bitumen (160-220 Pen) 10-20%
Mineral fillers 25-40%
Bio-oil (as a plasticizer) 2-10%

At the beginning of this research, three types ahgonent A for EMB
binders were investigated, named Al, A2 and A3.s&hthree binders differ
from each other in their chemical composition anechanical properties. Their
basic physical properties are given in Table 3&8n& component B was used to
mix with three types of component A.

! 1copal bv, http://www.icopal.nl/
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Table 3-3 Technical information of binder A1, A20aA3

: Component A
Properties AL | AD ‘ A3 ‘ A3-UV Component B
Appearance Viscous liquid Viscous liquid
Colour Black Yellowish
Viscosity at 25 °C [mPass] 7500 6700 | 6300 6500 400
Density at 25 °C [g/cri) 1.28| 1.3 | 137 1.44 1
Reaction speed with component|B  fast middiow | slow --
14.5 for Al
Mass percent [%] 855 86| 86/5 875 113451:‘]32 rA/fs

12.5 for A3-UV

The obtained EMB binder was named as Al, A2 andrAthis research
according to its type of component A. A list ofteewas then conducted on these
three binders. EMB A3 binder was selected for fertlanalysis because it
behaves better than other two binders. A UV resisdditive (Hindered Amine
Light Stabilizer, HALS, 1 wt. %) was specificallg@ed into A3 to improve its
UV resistance. The UV additive modified A3 bindemsmtherefore named as A3-
UV in this research. An EMB based antiskid surfages also constructed on
slabs in the laboratory with A3-UV binder.

Table 3-4 presents the chemical bonds determinethdsns of FTIR for
component A [2]. Figure 3-4 and Figure 3-5 presdmat FTIR spectrums of
component B and component A (component A for bindler A2, A3 and A3-
UV). In Figure 3-4, the absorbance peak located/éen 3289 and 3352 ¢his
the N-H stretching, and the N-H deformation is tedsat 1500- 1610 cn

Table 3-4 Characteristic bonds in component A

Wavenumbers [cifj | Chemical bonds

2969- 2871 C-H stretching of Glnd CH aromatics and aliphatics
1508 C-C stretching of aromatics

1034 C-O-C stretching of ethers

915 C-O stretching of oxirane groups

829 C-O-C stretching of oxirane groups
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Figure 3-4 FTIR spectrums of component B

Components of the Aliphatic compound, the etherGRR') group and the
Ethylene oxide (gH;O) group can be observed from Figure 3-5. The dlasme
peaks for A2, A3 and A3-UV are very similar. But Aiffers strongly from the
other three with the absorption levels. The absmbgeak of CH stretching at
2969 cn is the highest. The absorbance peak of C-H ineplaending of Chl
and CH at 1440 crit is also the highest compared to the peaks of tther three
A-components. This means that there are more alkands in the A component
of Al.
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Figure 3-5 FTIR spectrums of component A
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The sample preparation of two-component EMB is diesed hereafter [3].
After this preparation process, samples were cumed temperature cabinet
(22 °C and 14 °C). Then Direct Tensile Tests (DTRglaxation Tests (RT),
Dynamic Shear Rheometer (DSR) tests, Dynamic Machanalysis (DMA),
ageing evaluation and weatherometer simulation wesed to investigate the
properties. The sample preparation involves thieviohg steps:

1. Add component B to component A at the right masie (gee Table 3-3)
at room temperature.

2. Mix thoroughly with a mixing machine till a homogswus mix is
obtained (1-2 minutes). Homogeneous mixing of camgots A and B is
necessary for making the samples.

3. Then prepare the samples by pouring the mixtucetimt mould for DTT,
DSR and DMA test specimens. Air voids need to lrefodly avoided.

3.1.2.2 Modified Epoxy Resin

The MER materials were obtained from LatexXf@lompany. One type was
investigated in this research. Some basic infolwnatin this material is given in
Table 3-5. More information such as chemical contmsswas not available in
this research.

The sample preparation steps for the MER are sirtoléhe steps used for
the two-component EMB. However, sample preparatbnEMB and MER
binders differs slightly. After mixing componentahd B together, the MER is in
a liquid state and cannot be poured into the DTRIDBIA sample mould
immediately. In order to get DTT/DSR/DMA specimetise mixed epoxy resin
was kept in the mixing container at an ambient emragure of 22 °C for 2 hours.

Table 3-5 Technical information of MER

Properties Value
Component A Component B
Appearance Viscose liquid Viscose liquid
Colour Clear Light yellow
Viscosity at 25 °C [mPass] 0.7-1.1 0.2-0.4
Density [g/ml] 1.12 0.99
Volume ratio for mixing 61.28 38.72

After 2 hours curing, the viscosity of the MER whigh enough to be
placed in the silicon rubber mould and DSR mortaulth. Then samples were
cured in the mould at 14 °C to study its curingawedr.

Z Latexfalt, http://www.latexfalt.com/
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3.1.2.3 Polymer Modified Bitumen Emulsion

A high co-polymer content MBE was also obtainednfrd_atexfalt
Company. It was made from a hard bitumen binden @itow penetration.

Ten grams of MBE were placed in a container at@2o°follow the water
evaporation speed and the residue content. FigtBesBows the remaining
weight in relation to time. It shows that thereaisveight loss of 44.8% due to

evaporation, which means that the bitumen bindatest in the MBE is around
55.2%.

Figure 3-6 shows that around 120 hours (loss p&genis 30% after 20
hours) are needed to get the water phase fullyaratgd. However, this simple
test cannot simulate the real situation on a rtradhe field, when the bitumen
emulsion is applied, the specific surface chargegdregates will attract the
emulsifier. At higher temperatures and wind, theypmration speed will be
enhanced.

100
80 \
60 | \

40

20

Remaining weight percent [%]

Y
0 ! 1 1 ! ! 1

0 20 40 60 80 100 120 140 160
Time [Hours]

Figure 3-6 Weight lost percentage versus time oBVIB

Following specification EN13074 (see Figure)3firee steps were used to
obtain bitumen residues from MBE in the lab. 60ngraitumen emulsion was
spread onto a sheet of silicon paper with a siz20&f mmx200 mm [4]. This
resulted in a film with a thickness of 1.5 mm. Rlesis obtained from this
procedure are uniformly cured. After each of thee¢hstages, the residue binder
was removed from the silicon paper for furtheribegt
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1% Stage 2" Stage 3% Stage
MBE — Ambient Temperature= Temperature 50 °GC={ Temperature 85 °C
24 hour: 24 hour: 24 hour:
_ r——=—=—-=-=-=-==-=== [——————==- _——=n
Residuel | Recovered bind Recovered bind Stabilized binde |!

Tests orbitumen emulsion residu

Figure 3-7 Curing program for tests on bitumen esnoul residues

3.1.3 Potential Antiskid Layers

Based on the research results (which will be dsedsn Chapter 4 and
Chapter 5) obtained on the new materials listedr@ptine ICOPAL EMB binder
was used to design a new antiskid surface layeiuftiner research. It should be
mentioned that also other companies were invite€CRBPW to produce antiskid
surfaces with their own products, but unfortunatéhgy were not able to
contribute to this research.

Antiskid layers were constructed on dense asphiatiune slabs with a size
of 600x600x50 mm. The underlying asphalt mixtuebslwere constructed by
KOAC-NPC? under contract with CROW, while the surface aidisyers were
constructed by ICOPAL Company themselves. The dsphiature below the
antiskid layer is an AC 11 mixture made with bitun#0/60. The density of this
asphalt mixture is 2326 kgAnand the average volumetric void content is 4.9%.
Figure 3-8 shows the slab of a newly designed ICOEMB based antiskid
layer on top of an asphalt mixture. This antislagedr is then named EMB-based
antiskid layer in this research.

Table 3-6 Aggregate gradation of the asphalt mefar the slabs

Aggregates <2 mm 2-5.6 5.6-8 8-11.2 11.2-16
Percentage [wt. %] 0.61 10.34 23.66 13.09 1.12
Quartz sand 29.21 % filler 9.74 %
Moraine crushed sand 6.43 % bitumen 5.8 %

The EMB-based antiskid layer was constructed devist first, a thin cold
epoxy modified bitumen film of approximately 1.5 ntinickness was sprayed
onto the surface of the asphalt mixture layer. 8dlyo aggregates with a high
Polished Stone Value were spread over the bindenlgvAfter the binder was

¥ KOAC-NPC: http://www.koac-npc.com
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fully cured, the lose aggregates were swept awayail@d information of this
newly designed antiskid layer will be presented disdussed in Chapter 6.

Figure 3-8 Slab with newly designed antiskid lagertop

Besides the newly designed EMB based antiskid ldg@n ICOPAL,
Schiphol airport also provided specimens with a-tawrcontaining antiskid
surface layer (see Figure 3-9) produced and plageBossehl. The specimens
were collected from a newly constructed runway, amasined as “Schiphol
antiskid” in this research. The coring was donéiinibne year after construction
of the antiskid surface layer. The binder usedfiernew Schiphol antiskid layer
is still patent protected and therefore no infoioratand test results were made
available about this new binder. Only researchhencompleted antiskid surface
layer could be carried out.

Figure 3-9 Schiphol cores with new Possehl antikkyer

The mineralogical composition of the aggregate wWes used for the EMB-
based antiskid layer and Schiphol-antiskid are egreesd in Figure 3-10 and
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Figure 3-11. The aggregates from Schiphol-antidgkadve the same mineral
composition as the basalt for the tar anti-skidsamt. The aggregates used for
ICOPAL EMB-based antiskid layer contain the follogyimineral components:

Corundum, AJO4

Hematite, FgO;

Quartz, SIQ

Diaspore, AIO(OH)

Chloritoid, Mg ,dMNg ogF€1 75Al 3 88S12.05010(OH)s

O O0OO0Oo0ooOo

The sand patch test was first conducted on thesles s{or cores) to
investigate the macro surface texture and structtinaracteristics. Then
cylindrical cores were drilled and used for furthiesting. These tests included
adhesion tests and Nano CT scanning.
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Figure 3-10 XRD plot of the mineralogical compasitiof aggregate for EMB-based antiskid surfaces
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Figure 3-11 XRD plot of the mineralogical compasitiof aggregate for Schiphol antiskid surfaces
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3.1.4 Noise Reducing Thin Surface Layers

In addition to the research on new binders forskidilayers for runways,
thin surface layer applications for roads are alsalyzed in this research. Two
types of noise reducing thin surface layers, natN&ISL-R and NRTSL-1,
were investigated (see Figure 3-12).

Figure 3-12 Thin surface layers and cylindricalcspens

Table 3-7 gives basic information about the twote®@sNRTSLs. The
difference between these two NRTSLs is the voidern The NRTSL-R has a
void content of 12% by volume, while NRTSL-1 hawv@d content of 18%.
ShellCariphalte DA binder was used. Cariphalte DA isceglly designed for
friction layers [5]. It can provide sufficient addien to prevent cracking and
raveling. The underlying asphalt mixture is a corivgral base layer from the
mill (according to the Standard RAW Bepalingen 20@ROW [6]). It
satisfies the mix composition requirements of tA&\Rstandard 2005.

Table 3-7 Information for thin surface layers

Properties Value
NRTSL-1| NRTSL-R
Coarse aggregate content, % by mass 78 78
Max. aggregate size, mm 2/6 2/6
Air voids content, % by volume 18 12
Binder content, %, by mass ratio with the minaggregate 6.1 6.1
Aggregate type Bestone Bestone
Layer thickness 30 mm
Bitumen type Cariphalte DA
Surface texture 0.87 | 0.71
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3.2 Testson Binders

3.2.1 Ageing Evaluations

Binder tests were performed on both the original aged binders. The
commonly used ageing procedures for bitumen bindansiot be used for EMB
and MER since they are thermal setting materigteyTwill get hard after being
fully cured and cannot be reheated like bitumerddia to make specimens.
Furthermore, exposure of epoxy type of materialsigh pressure condition (e.g.
Pressure Aging Vessel) may damage the large meeculhis would not
represent realist ageing in the field.

Therefore, an oven and a weatherometer were ussihtdate ageing due
to environmental conditions.

3.2.1.1 Oven Ageing

In this research, an oven was used to simulate tagiperature ageing.
Cured samples (DTT specimens, DMA beams and DS&rrowd of A1, A2, A3
and MER binders) were placed in an oven at 85 ?Q fdays. Figure 3-13 shows
the original EMR binder and 7 days aged EMR binderchange in color
occurred during the high temperature ageing inaven, which indicates that
chemical reactions may have taken place.

Figure 3-13 Oven (left) and MER binder before aftdraageing in the oven

3.2.1.2 Weatherometer Ageing

The effects of weather conditions were simulatedisipg a weatherometer.
The available equipment at TU Delft for accelerategathering is the
SUNTETST XXL+ from Atlas Materials. The instrumensimulates
environmental parameters like UV radiation, tempeeg and moisture/humidity.
An artificial light source (Xenon arc lights) isadthat closely simulates the UV
and visible part of the solar radiation. This equgmt is recommended to
accelerate ageing of materials which are exposedtioral sunlight during their
service life [7].
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Columns and beams of A3-UV binder were placed & Wweatherometer
chamber for accelerated ageing. The research sepudisented in Chapter 4
indicate that A1, A2 and MER binders did not previas good behaviors as A3
binder. Hence weatherometer ageing was not condlactehe Al, A2 and MER
binders. Figure 3-14 shows the instrument and sapats placed in the chamber.

Figure 3-14 Weatherometer and DSR/DMA samples

The equivalent number of hours to simulate one fielt conditions in the
Netherlands can be calculated as [7]:

2 6
t(hr) = HWs/m°?) _ 215x10 — 995
E(W/m?)x360Qs/hr) 60x3600

Where,H is the annual mean radiant exposure, 215x106 Y\estposed in
the UV range of 300-400 nnE is the intensity of xenon lamps, 60 W/m
Therefore, 1000 hours of UV exposure in the weatimeter chamber is realistic
to simulate the effect of one year UV radiationidgrservice life.

As Table 3-8 shows, the ageing conditions are:G@FCHT (temperature
of the air circulating within the chamber), 60 °G BST (black surface
temperature of the specimens), and UV irradiancthénrange of 300-400 nm
with 60 Wi/nf.

(3-1)

Table 3-8 Simulation conditions in the weatheromete

Ageing protocol UV-Humidity ageing
Air temperature [°C] 40
BST temperature [°C] 60
UV light (300-400 nm) [W/rf] 60
Humidity [%] 70
Time [hour] 1000
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According to research by Hagos [7], the mean aweratative humidity for
an entire year in the Netherlands is between 7798%d%. Because of the
limitations of the used weatherometer, 70% humidifgs used in this research.
Specimens were placed in this environment for 100@s.

3.2.2Direct Tensile Test

The DTT was employed to determine the tensile gtreof binders under a
constant displacement loading speed. Figure 34émsatically shows the size of
the DTT samples. Figure 3-16(1) shows typical DTamples in the silicon
mould. When the liquid binders were poured into theuld, overfiling was
necessary to ensure that enough binder was avatalgompletely fill the mould
after curing. Sample preparation is critical and hadarge influence on the test
results. Specimens with bubbles should not be 8e8]

Normally, in the DTT test for bitumen binder/morsamples as shown in
Figure 3-15 are used. But for the MER and EMB biadée tensile strength is
much higher than the adhesive strength betweerbitiger and steel plate. In
preliminary tests, the specimens mostly failedhat adhesive zone between the
binder and steel instead of in the binder. In ortteravoid this undesirable
adhesive failure, the tested samples were firsedjlto the steel with X60
polymer glue before testing.

18 mm Radius = 5 mm

Figure 3-15 The schematic sizes of DTT samples

X60* is a 2-component fast curing adhesive glue. Ivided a high enough
adhesive strength between the binders and steispl®60 is not sensitive to
ambient temperature. Figure 3-16(2) shows testisgecwith glue at both sides.

*X60 glue:http://www.hbm.com/nl/menu/producten/rekstrokenksites-bonding-material/x60/
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A
o

eI {

Figure 3-16 Sample preparations for DTT test
(1) Specimens, (2) Specimen glued to steel plédgs$ailed specimens

After a certain curing time, the samples were tbstg a constant
displacement rate (different values dependent stmtgtemperature) until failure.
The maximum failure stress and displacement arerded. Figure 3-16(3)
shows the specimens after the tensile tests waferped. The DTT samples
mainly failed in the middle area. Tests were penied on Al, A2, A3 and MER
binders.

The following equations are used to calculate émsite strength and tensile
strain.

Tensile strength:

i (3-2)
g, =— -
TOA
Tensile strain:
D
E=— 3-3
C (3-3)
Where,
o; = Tensile strength, also named as direct tensgmgth, [MPa];
A = original cross-sectional area, [firrhere A=36 mm
P = maximum load, [N];
£ = strain at maximum load;
D = the displacement at the maximum load, [mm];
L, = the effective length of DTT samples, [mm].

If the entire sample length (40 mm, see Figure Bidused for the strain
calculations, the actual strain occurring in thentee section (18 mm) is
underestimated. However, in this research it wagassible to establish reliable
reference points for a laser system to measurediti@dacement only in the
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central part (18 mm). Therefore, an effective langt 33.8 mm is used as the
equivalent length [10].

Figure 3-17 shows the plots of displacement andltieg force versus time
as measured during a DTT test [3]. When a consligptacement rate is applied,
the responding force sharply increases at the hagjnBefore it fails, there is a
more or less constant force plateau which is thlaréapropagation stage. The
shorter the failure propagation stage is, the rhoitde the material is. When the
applied displacement reaches the maximum straie $pecimen fails
immediately.

500 7
HHHWHHHHHHHMHHWHHHMHHHHHHHHH””‘F— ] 6
400 | Failure propagation —_
1 5 E
E
=z 300 14 c
Q Failure 2
2 200 - |3 é
—o— Force 128
100 —— Displacement 11 =
0 I ! Ememun: 0

0 10 - 20 30 40
Loading time [s]

Figure 3-17 Displacement rate and resulting foraee for DTT on EMB

3.2.3 Relaxation Test

Relaxation tests (RT) were performed using DTT dam@and the DTT
machine. Relaxation time and loading force were itooed at constant testing
temperatures. The test was performed in three .sképs, the specimens were
conditioned in the testing machine at the specifesd temperature for 60 to 75
minutes. Then a constant displacement rate of 10mmmuate was applied till a
certain force was reached, which was 40% of thkiraiforce of fully cured
samples. After that, the displacement was kepttaohdor 10 minutes and the
relaxation of the resulting force was monitoredisTiest was conducted on Al,
A2, A3 and MER binders.

At the same time, relaxation tests were also peréor on the A3 binder
with a DSR machine. A strain level of 2% was fiagiplied onto the specimen
within 2 seconds. This strain level was kept camistor 5 minutes. The resulting
stress was then recorded.

The relaxation percentage after 10 minutes in thé& Est (or 5 minutes in
the DSR relaxation test) was calculated by usiegdiowing equation:
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R= (1-@) x100 (3-4)
MaxApplied
Where,
R = relaxation percentage after 10 (or 5) minuteq; [%
Femein = remaining force after relaxation at certain tirfid;
Fyaamies = the maximum applied force, [N].

Figure 3-18 shows a typical graph of the appliesbldicement and the
resulting force as a function of time for a relaoattest performed on the EMB
binder [3]. EMB is a viscoelastic material, so whke displacement is fixed, the
stress generated in the binder will decrease sogimfly at the beginning. After a
certain period of time, the remaining stress walysconstant at a low level. The
relaxation property of purely elastic materialsOk, while for purely viscous
materials it is 100%.

O I 5
: o— Force
—o— Displacement ) 4__
150 Relaxation g
Z =
) E 3 5
2 100 E e
e H ,8
©
s 2
50 § X%l
| 117
0 L L L L L L

0 100 200 300 400 500 600
Loading time [s]

Figure 3-18 Example of applied displacement andltieg force versus
time in a RT from DTT on EMB

3.2.4 Dynamic Shear Rheometer

Bituminous binders are viscoelastic. They behabath viscous and elastic
characteristics when deformation is applied. Furtwee, the viscoelastic
properties of bituminous binders are also tempesadependent. This means that
they behave like an elastic solid (deformation doidoading is recoverable,
which means they are able to return to their oabsihape after a load is removed)
at (very) low temperature and like a viscous liglddformation due to loading is
non-recoverable, which means they cannot at alirmeto their original shape
after a load is removed) at high temperature. TB® s capable of quantifying
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both the elastic and viscous properties in the Tdbs makes the device well
suitable for characterizing asphalt binders at omadio high temperatures.

From the DSR measurements in sinusoidal mode teeimpn’s complex
shear modulus@’) and phase angled( can be determined. The complex shear
modulus can be considered as the sample’s totatarse to deformation when

repeatedly sheared in sinusoidal mode. It can lmileéed by equation 3-5 and
3-6:

2T a
T = —= =— 3-5
max n3 ymax h ( )

Where:
T o = maximum applied stress;
Vinax = the resulting strain;
T = maximum applied torque;
r = specimen radius;
7 = rotation angle, in radians;
h = specimen height.
The Complex shear modulus’() can be determined by:

G = Imax (3-6)

ymax

The phase angled() is the lag between the applied shear stress laad t
resulting shear strain during sinusoidal loadinge(dFigure 3-19). It is an
indicator of the relative amounts of recoverabld aon-recoverable deformation.
The larger the phase angle is, the more viscoumdterial will be. Purely elastic
materials have a phase angle of O degrees, whitdypuiscous materials have a

phase angle of 90 degrees. So the phase angleecaagérded as a measure of
the viscoelasticity of the material.

Applied shear stress

, N - — — Resulting shear strain
A

Figure 3-19 DSR applied stress, resulting strath@rmase angle
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The sinusoidal signal of the applied stress andltiag strain can be
represented by a complex notation as shown below:

y =y, =y, (cosut +isinat) (3-7)
= Tdei(a1+5) =1, (COSEI.I + J_l +i sin[a,t + J_l) (3-8)
Where, ) is the complex shear straip, is the shear strain amplitudg,is

the complex shear stress, is the shear stress amplitude, ahds the phase
angle.

The complex shear modulus can be given by thevimtig equations:

G(w) =L =167 =1 (coss +isind) =G +iG’ (3-9)
14 d d
G =G xcosp) G =G xsin() (3-10)
tané':g. (3-11)
G

Where,G' is the storage modulus a@ is the loss modulus. The storage
modulus represents the elastic component of theelastic behavior, while the
loss modulus represents the viscous componentTFg. in-phase and out-of-
phase component of the complex shear modulus arersim Figure 3-20 [7].

b Complex Shear
Modulus

(Loss modulys}) Viscous componefit, )

—

Phase angle

1
1
:
1
1
1
1
1
1
:
1
1
1
1
1
1
:
J

(Storage moddlus) Elastic component, )

Figure 3-20 Relation between complex shear modaaksits storage and
loss modulus components

3.2.4.1 Standard DSR Test

In the standard DSR test on bitumen [11] a thirurb#&n sample is
sandwiched between two circular plates. The lovietegs fixed while the upper
plate oscillates back and forth across the sant@ecartain frequency to create a
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shearing torque (see Figure 3-21). Basic DSR tste only conducted on the
1% stage, 2 stage and "3 stage residues (see Figure 3-7) of the MBE binder.
Figure 3-22 shows the DSR specimen and test ge@setr

Motor and bearing

Normal force | /

Front

Test geometri

est geometries
8 mm '

- 25 mm

Figure 3-22 DSR specimens and test geometries

*TA INSTRUMENTS-Rheometers:
http://www.me.ust.hk/~cemar/Characterization/Matisfio20Characterization/AR_Brochure.pdf
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Residues of the modified bitumen emulsion were atdeto prepare DSR
samples. In order to reduce the effect of samptangdry, 2 different diameter
sizes were used. 8 mm diameter parallel plate2&mim diameter plates were
used dependent on the testing temperature. The @liammeter plate is normally
designed for tests at temperatures below 20 °C.ZEhenm plate is normally
designed for tests at temperatures higher thanC2Before starting the DSR
tests to determine master curves with frequencyepwat several temperatures,
strain sweeps are performed to check if the temtsbe done in the linear visco-
elastic region of that binder over the whole terap@e range.

3.2.4.2 Column Shear Test

EMB and MER are thermal setting materials. They geft hard after being
fully cured, which means that they cannot be redtbke bituminous binders. It
is possible to prepare small DSR type disks and tilem on the top and bottom
plate for shear testing. However, many unexpecteffuances might be
introduced to the test itself and hence the resuiliht not be reliable. Therefore,
shear test on columns were used in this researctvatuate the rheological
properties of EMB and MER binders.

The preparation of the column type specimens isveho Figure 3-23. The
two components of EMB or MER were first mixed horangusly. Then the
liquid state binder was carefully poured into acs@edesigned mould made of
silicone plastic. After the binder was fully curégtle mould was disassembled
and the cylindrical mortar columns were ready totdsted using the DSR test
equipment.

Figure 3-23 Preparation of column specimens foliB& test
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The left-bottom figure shows a typical DSR testedbinder column and the
relevant sizes of column sections. The effectivghiteof DSR column is 12.742
mm. [12]

3.2.4.3 Master Curves

Frequency sweep tests were conducted with the D$Rvasious
temperatures and frequencies (from 0.1 rad/s tor88(). Then master curves
for the shear complex modulus and phase angle emrstructed using the time-
temperature superposition principle. This principllws shifting the response
data at various temperatures with respect to timdrexyuency to a selected
reference temperature. The curve obtained using fhinciple shows the
frequency or loading time dependency of the comglexar modulus and phase
angle over a wide loading time or frequency range.

The amount of shifting required at each temperatiorethe reference
temperature was determined using the Williams-LaReéery (WLF) equation
[13, 14]:

log(ar) = Gl Tu) (3-12)
Cz + (T _Tref)
Where,
as; = the shift factor at a temperature™f
T = reference temperature, [°C];
C,, C, = are constants.

The reduced frequency is then determined by myitiglthe test frequency
by a shift factor:

G (T-Ty)
fo=fxa, = fx109"7T= (3-13)

The data of complex shear modulus and phase arggke then fitted using
the following S-curve model:

G™ =Gy + (Gprax-Grin) X (1~ eXp(-(h)yG ) (3-14)
Bs
o= Jmin + (5max—5min) X exp(_(h)ya )) (3_15)
Bs

Where,
G = complex modulus, [Pa];
fq = reduced frequency, [rad/s];
Guin» Grax = cOmplex modulus when,, is O or infinite, [Pa];
0 = phase angle, [°];
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Oy O

min ? max

ﬂG’le_
yG’ Va

= phase angle when, is infinite or O, [°];

= location parameters of the S-curve;

= shape parameters of the S-curve.

Figure 3-24 presents an example of master curvesht residue from
modified bitumen emulsion after th&' 8tage of curing (see Figure 3-7). The two
blue lines show the master curves of complex malahd phase angle at a wide
frequency range. They were constructed by usingaheer function in the Excel
spreadsheet through minimizing the mean relativer efhe other lines show the
DSR frequency results, each line represents ohéestaperature.
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a Phase angle @10 °C
- Phase angle @60 °C

Figure 3-24 Master curves at 20 °C for tffesgage cured modified bitumen

emulsion

3.2.5 Dynamic Mechanical Thermal Analysis

This research is aiming to define a performancduat@n model for thin
surfacings, as well as antiskid surfacing. So, @ dne hand, tests involved in
this research are chosen because they can chaeadte crucial performance
aspects for antiskid layer applications. On thesptiand, they are also based on
whether they are workable and acceptable from d noaterial designer’s point
of view. The DSR can characterize the viscoelgstaperties of a binder quite
well, but not all the suppliers have a DSR. Somthein may prefer to use DMA
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(Dynamic Mechanical Thermal Analysis). Thereforéyi® is also included in
this research.

DMA was used to investigate the viscoelastic progerof the binders,
specifically at the higher temperature range frdn6 to 200 °C. The DMA is
commonly used to determine the storage and lossulmedthe phase angle, or
the dynamic and complex modulus of materials. Witk DMA, one can
measure the amplitude and phase difference of igmadement of a sample in
response to an applied oscillating force (see Ei@dat9) [15].

Figure 3-25 shows the DMA bending setup for binoleams. The complex
modulus, storage modulus and loss modulus can taeneld by the following
equations:

£ = Tmax :‘Eﬂ\e"’ =E +ixE' (3-16)
£max
5= arctan%) (3-17)
Where:
E = complexmodulus, [Pa];
O nax = the peak value of sinusoidal stress, [Pa];
Emax = the peak value of the sinusoidal strain;
‘E* = the absolute value of complex modulus, [Pa];
0 = the phase angle;
E'andE  =loss modulus and storage modulus.

Thermal-setting Modified Epoxy Resin

.....

l Sinusoidal loading

H

Figure 3-25 DMA bending setup and binder beams

Because of restrictions in availability, two DMAsters were used in this
research. One was used to conduct tests on MERebl®hms which were 30
mm long, 8 mm wide and 2 mm thick. The other one uwsed for A3-UV binder
beams which had a smaller size. This will be disedsin Section 5.3.2.3 in
Chapter 5.
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3.3 Adhesion Tests

The adhesion at the interface between a thin sairfager (e.g. antiskid
surface) and the underlying asphalt mixture laygran important feature
influencing the durability of the surface layerstTenethods that allow evaluating
this characteristic include the tensile adhesiahsirear adhesion test.

Pull tests were widely used because they can be dasily in the field [16].
A CROW working committee did some tests on antiskaterials for runways in
the past [17]. They used a simple pull test to messhe bonding strength
between the antiskid layer and the asphalt mixtayer in the field (see the left
picture in Figure 3-26).

Figure 3-26 Simple pull test setups

Other test methods like the Torque Bond test (ibkt mpicture in Figure
3-26, which was originally developed in Sweden tloe in-situ assessment of
bond conditions, have been adopted in the UK as gbahe approval system for
thin surfacing systems. Furthermore the UTEP Piiilt€3t was developed at the
University of Texas at El Paso (UTEP). These temts widely used for
evaluating the adhesion properties of interlay&ss [9].

These tests can be used to quantify the tensilesadh strength and
identify a failure mode, showing the weakest pliacthe tested system. However,
the measured tensile strength is not reliable emdogrepresent the adhesion
property. Because these tests are controlled bg bperation or pressure, they
are neither force nor displacement controlled [20].

The Leutner shear test was developed in Germarnfearate 1970s as a
simple method of performing a direct shear testthan interface between two
asphalt layers [21, 22]. The test is performed 5@ &r 100 mm diameter cores
with at least two layers taken either from a pavamer prepared in the
laboratory. However, an antiskid layer is a thinface layer and does not fit in
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the standard shear test setup. Modifications weeeefore introduced to allow
Leutner tests to be able to evaluate the sheangilrethrough the interface
between the thin layer and the underlying asphg#rl.

The force controlled mode (constant loading rata$ wsed in the pull tests,
and the displacement controlled mode (constanfatisment rate) was used in
the shear tests. It would have been better tohessame loading modes in these
two adhesion tests. However, some other organimtiid similar tests and they
used the force controlled mode for the pull test #me displacement control
mode for the shear test. In order to be able topawentest results, similar loading
conditions as used by other organizations wereiegppi this research.

3.3.1 Pull Adhesion Test

The pull test is performed on cores taken from mheways and slabs.
Cylindrical cuts with a diameter of 50 mm were tficored into the core to a
depth of 10 mm to make sure that the drill paskedantiskid surface layer (35
mm for TSLs). A steel plate was then glued to theddand cleaned surface with
X60 glue. After the glue got its full strength, teltire sample was placed upside
down on the test table in a temperature controtleamber. The surface layer
was pulled off and the tensile force was measuzéd [

Figure 3-27 shows the sample preparation and d$etupe pull test. Three
displacement sensors were used to record the depknt data during the pull
test. A force controlled speed of 0.025 MPa/s wsesiun this research.

Displacement sensc

Figure 3-27 Sample preparation and test setupuibtegst

The Direct Tensile Strength (DTS) is defined asrfaximum tensile force
divided by the area of fractured surface:
4F

DTS = 5
TxD

(3-18)
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Where,

DTS = directtensile strength, [MPa];

F = the maximum force, [N];

D = thediameter of test specimen, [mm].

Figure 3-28 shows a typical example of the appf@de and resulting
displacement curves versus time. This test wa®padd on core No.W5 at 0 °C.
The force and displacement were recorded and wspbbt a stress-strain curve.
The area under the stress-strain curve from thestaging point to the failure
point (see Figure 3-29) represents the failuregnewvhich is the energy that the
specimen has absorbed up to failure.

2.5 —
o Applied force =
) - 1.5 ¢
—_— —&8— Displacement =
g 2 G
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2 °
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Figure 3-28 Typical curves for the applied force agsulting displacement

Failure point

A

Stress

Failure energy

Strain

Figure 3-29 lllustration of failure energy
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Pull tests were performed on cores both with aimiat and without a cut
into the underlying asphalt mixture layer. The eliinces between these two
sample preparation methods were compared and a&uohlyEhe tests were
performed at 20 °C with a load (stress) controfipeed of 0.025 MPa/s. The test
results are shown in Table 3fgure 3-30 and Figure 3-31. Both tests showed
failures at the interface.

Table 3-9 Differences between tests on cores wittacd without cut in Pull test

Applied failure force [kN] Without
With cut Without cut With
Sample 1 1.684 2.578 1.53
Sample 2 1.428 1.868 1.31

From Figure 3-30, it can be clearly seen that thture force is much
higher when there is no cut compared to the cadeavtut. Table 3-S8howsthat
samples without a cut had a 1.31 to 1.53 timesdrmifdilure load. This is caused
by the larger failure area when there is no cubupgh. So a higher force is
needed. Figure 3-31 shows the displacement-foroesuAfter the initial phase,
both curves show the same slope in the load-diepiaat curve. This means that
the stiffness of the testing specimens is quitsel®ut it is clear to see that more
energy is needed to fail the sample when no datrisduced into the core.

3 2
o Force-without cut A  Force-with cut
—s=— Displacement-without cut —a— Displacement-with cut
- 1.5

€
— S
< =
=, c
Q
-
& g
a
2
- 050

O - T T T T T O

0 10 20 30 40 50 60

Time [s]

Figure 3-30 Applied force and displacement versasling time
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Figure 3-31 Test results on cores both with cudugh and without cut

Figure 3-32 shows the failure area obtained withghll tests. The picture
at the right side shows the failure surface in gaseut was made. The failure
surface is irregular. It is much larger than whathould be. These are the main
reasons for the higher force to reach failure seaao cut is made.

Figure 3-32 Failure surfaces at the interface

3.3.2 Leutner Shear Adhesion Test

The antiskid layers have a thickness of approximgiemm. This is too
thin to perform shear test on the interface bydliyeusing the Leutner setup.
Therefore, X60 glue and steel cylinders are usadddify this test.

Figure 3-33 shows the sample preparation and skiughe modified
Leutner shear test. A steel cylinder of 100 mm ditemand 40 mm thickness
was glued onto the antiskid surface with X60 gltiee liquid glue may penetrate
into the interface or even get into the underlymig layer. In order to avoid this
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undesired situation as much as possible, the specwwas kept upside down
during the preparation process until the glue waed:

Figure 3-33 Sample preparation and test setupdatrier shear test

During the test, a constant vertical displacemeé¢ rof 50 mm/min is
applied across the interface. The resulting sheaefis measured. The average
Direct Shear Strength (DSS) can be calculated éydthowing equation:

4P

=— 7 (3-19)
Where,
DSS = direct shear strength, [MPa];
P = the maximum force, [N];
D = the diameter of test specimen, [mm].

Figure 3-34 shows a typical test graph of displaa@nand resulting force
versus time curves for the shear test on specirinens Eindhoven Airport. The
failure energy can be calculated with the same atktlescribed in Figure 3-29.
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Figure 3-34 Typical displacement and resulting sfi@a@e curve in the Leutner
shear test

3.3.3 Failure Modes

Based on the sample preparation for pull testsstedr tests, five different
modes of failure can be defined when applying al ledth these two setups.
These different failure modes provide valuable rinfation about the thin surface
layer and the underlying asphalt mixture layer.urég3-35 shows a simplified
diagram of these possible failure modes.

In the glue

In surface laye

At theinterface

In substrate layt

Figure 3-35 Four possible fracture modes duringeadim evaluations
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First possibility, if the failure occurs at the labsurface (interface), the
pull-off strength (or shear strength) is in face ttensile (or shear) adhesive
strength. In this case, the ultimate load is aedhat is giving information about
the adhesion between the surface layer and thelymdeasphalt layer. Second
possibility, when the failure occurs between tleekplate and the thin surface, a
stronger glue is needed. In this research, the ¥&@ has a high enough
adhesive strength after it gets fully cured. Hemaéailures occurred between the
steel plate and the thin surface layer. Third poi#si, if the failure occurs in the
surface layer material, the surface layer is thakest point of the system; in this
case the adhesive strength at the interface exdbedsensile strength of the
surface layer.

Fourth possibility, if the failure occurs in thedetlying layer, the surface
layer and the interface are stronger than the lagéw. In this case, the failure
stress is the tensile/shear stress of the undgrlgyer. Fifth possibility, in some
cases the failure occurs partially along the bamthse and partially in either the
surface layer or the underlying layer, and theufailmode is a combination of
two or more of the failure modes discussed above.

All Leutner shear test samples failed at the iaisefbetween the antiskid
surface layer (or thin surface layer) and undegymixture layer. These failure
modes indicate that the modified Leutner shear isest workable method for
evaluating the adhesion properties between a dlyrland an underlying layer.

During the pull test, most of the tests on antisk@cimens failed at the
interface. But for the TSL specimens, just 3 oul@ftests failed at the interface
(this will be discussed in Chapter 6). This mednad the used pull test is suitable
for antiskid surfaces, but not for TSLs.

In this research, failures that are not at therfate were excluded from the
final data analysis described in the following Cleag and Chapter 6.

3.4 Surface Char acteristics

Surface friction plays an important role in theesaperation of traffic on
road pavements and aircrafts on airfields. Surfacgon is generated as the tire
rolls or slides over the pavement surface and aefdhat resists the relative
motion between the tire and surface is developai [2

Generally the higher the friction coefficient i$et safer the surface is.
Friction or skid resistance depends on the mictatexand macrotexture of the
surfaces. Surface texture includes microtexturesrataxture and megatexture.
As Table 3-10 shows, macrotexture has a wavelength 0.5 mm up to 50 mm,
while microtexture has wavelength below 0.5 mm; ategture has wavelengths
from 50 mm up to 500 mm. Figure 3-36 shows the ed#fice between
microtexture and macrotexture.
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Table 3-10 Wavelengths for three level textures

Microtexture Macrotexture Megatexture

Length < 0.5 mm 0.5 to 50 mm 50 to 500 mm

Skid resistance
Tire-pavement noise
Roughness

Skid resistance

Affects Skid resistance . .
Tire-pavement noise

-—— Microtexture
Macrotexture

Figure 3-36 lllustrations of microtexture and maexbure

The microtexture is associated with the surfacehef aggregate and is
controlled by the individual aggregate surface props, such as shape and
asperity. Microtexture has a large influence aesgpeelow 50 km/h, although it
contributes to skid resistance at all speeds. Mextare refers to larger-scale
irregularities of the pavement surface that arec#fd by aggregate size and
aggregate orientations. It contributes to the sykgmbndent part of friction and
to wet surface friction. The primary function ofethmacrotexture is to help
maintaining sufficient skid resistance to aircrativelling at high speeds. It
specifically can provides paths allowing water srape which also helps to
prevent hydroplaning [24, 25].

3.4.1 Texture Depth

Macrotexture is characterized by the Texture D€pi) and Mean Profile
Depth (MPD). The definitions of TD and MPD are aldws:

1. Texture Depth (TD): TD is defined as the verticatahce between the
surface and the plane through the top of the timighest aggregates.
According to EN 13036-1 [26], it is the average ttlepf the pavement
surface macrotexture measured by the volumetrid patch test method.

2. MPD: According to ASTM E1845, the measured profifethe pavement
macrotexture is divided for analyzing purposes sggments, each having
a base-length of 100 mm. The slope, if any, of esgment is suppressed
by subtracting a linear regression of the segmEmt. segment is divided
in half and the highest peak in each half segmendetermined. The
difference between the resulting height and theramgee level of the
segment is calculated for each half segment andwbeage of both halves
is computed. The average peak values of both sdgnaee reported as
MPD, see Figure 3-37 [27, 28].
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Mean Profile Depth (MPD)

Peak level (1)
""""" Y Y ¢ = Peak level (%)
Profile dept

Average level

First half of baseline i Second half of baseline
Baseline (100 mm)

11
VY

Peaklevel (1) + Peaklevel (2")

3 — Averagelev el

MPD =

Figure 3-37 lllustrations of Mean Profile Depth

In this research a microscope and Nano CT scans ugsd to evaluate the
surface texture of antiskid layers. The traditiosahd patch test was used for

comparison purposes.

3.4.2 Sand Patch Test

The sand patch test is a traditional test methogstomate the TD of road
pavement surfaces. It can be easily performedarfitid and it is widely used.
The disadvantage of this test is that it cannopdreormed under wet and windy
conditions. Figure 3-38 shows the sand patch fesland test in the field.

Figure 3-38 Sand patch test in the ffeld

In this research, sand patch tests were carriedaocording to ASTM
E965-96. First, the surface was cleaned and dAecertain volume of special

®http://www.highfrictionroads.com/index.php?g=nod/1
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sand (minimum of 90% by weight passing 0.25 mmesigNo. 60 sieve) and

retained on 0.18 mm sieve (No. 80 sieve)) was mborethe surface. Then the
sand was spread by making a circular area with s&¢ @vhich was kept

horizontally to make sure the surface was filledh® level of the highest points.
The higher the texture is, the smaller the cirbk ts created. [29]

The diameter of the sand patch was measured indwmeactions with an
accuracy of 5 mm. Th&D (in mm) was then calculated with the following
equation.

D= 64000xV/ : (3-20)
mx(D,+D, +D;+D,)

Where,

\% = the volume of sand, [ml];

D, = the diameteri = 1,234 [mm].

3.4.3 Microscope

Besides traditional sand patch tests, other typesj@pment such as laser-
based devices can be used to give 2D and 3D supfafiées. Samples can be
collected from the field and then placed under erosicope for inspection. MPD
values can then be calculated.

In this research, a Leica stereo microscope was ©se tar-containing
antiskid specimens. Figure 3-29 shows the micrascsapup. Four locations were
scanned on every core to obtain an average vatueddPD, as the right graph
in Figure 3-29 shows. During the test, three dinmrad structures of every
scanned position were obtained and an area of sippaitely 8 mmx8 mm was
selected to calculate the surface characteridtigsire 3-39 shows a 3D image of
the surface of Eindhoven’s No. 5 sample; also #lected area for the surface
profile calculations is shown.

Figure 3-39 Microscope setup and test positiontherantiskid cores
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Figure 3-40 3D image of microscope for antiskidace (left) and the selected
area for the surface profile calculation (right)

344 CT Scan

X-ray Computerized Tomography (CT) imaging was ioat]y developed
for medical purposes to produce cross-sectionsi@fhiman body. It creates a
series of two-dimensional slices of X-ray imagdgtain a cross section of the
object. From the slides a three-dimensional viga#ibn and characterization of
objects can be made.

CT scan grey-level images give an overview of therostructure of an
asphalt mixture. In this research it was used teestigate the structural
characteristics of antiskid surface layers andencaslucing thin surfaces. Both a
larger scale medical CT scanner and a Nano CT scamere employed. The
differences between these two scanners are thé gedesity of the scanned
images. Scanned images from a Nano CT scannerahhigher resolution. The
resolution of the medical scanner is 0.3x0.3 mrthenscanning plane, while the
minimum distance of the planes is 0.5 mm. WithNa@mo scanner, the resolution
can be 0.7 to 1 micrometer in all three directiahegpending on the size of the
specimen to be scanned. The medical scanner usedVi@aemens, while the
Nano CT scanner was a Phoenix Nandt¢see the left graph in Figure 3-41).

The x-ray Nano CT system consists of an x-ray sguilte sample holder
which allows the sample to rotate, a high resotutietector and a computer for
control and reconstruction [30]. A schematic diagmaf the Nano CT scanner is
shown in Figure 3-41 (right).

"http://[phoenix-xray.com/
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Figure 3-41 Nano CT scan equipment and its scherdetgram

Figure 3-42 presents an example of 2D and 3D Nahedan images of the
tar-containing antiskid surface layer from EindhovAirport. The top-right
figure shows the cross image at the horizontalllewale the bottom figure
indicates the vertical cross image of an antis&igbt.

Figure 3-42 Typical 2D and 3D Nano CT scan imademntskid surface layer

In the scan images, each voxel is representeddogyavalue depending on
the X-ray absorption that relates closely to dgndiferences within the objects.
The darkest (black) parts are exterior and vots,grey (yellow part in the top-
right graph in Figure 3-42) parts are mastics dralight (white) parts are the
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aggregates. The contrast in gray values in thedam snages is good and can be
used to clearly separate the three phases.

In order to calculate and distinguish the histog@nall voxels into three
phases of aggregates, binder and voids, the Amogrgm was used. Amira is
software for visualization and data analysis ofgdbanning results. It can be used
to reconstruct 2D and 3D images of scanned asfayalts. At the same time, the
volume of voids, binder and aggregates can be leagxzli If necessary, the
volume of voids, binder and aggregate per slicebmplotted over the height of
the sample to get an indication of the volume tigtions over the height. [31]
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4. Set Benchmark by Evaluating
the Properties of Tar-containing
Antiskid Layers

In this chapter, varies properties of tar-contagnantiskid layers such as
surface characteristics, which include texture avehn profile depth, structural
characteristics and adhesion at the interface @meusked. Conclusions from
these test results will be used as a benchmarkhéselection of new potential
binders for runway antiskid applications, as owafinin Figure 1-3 from the
introduction.

As mentioned before, it was not possible to devdlmg benchmark by
testing the original binder used in the tar-contajrantiskid layers. All materials
had to be retrieved from cores taken from airfieltdsvill be quite obvious that
this has complicated the analysis substantiallgesibimplied among others that
only a limited amount of material could be obtainadich in turn resulted in a
limited test. In this research, only 10 cores freath airfield were available.
Figure 4-1 shows the research program for thistenap

Surface Characteristics CT scan, Microscope
Sand patch test

Ageing Resistance FTIR

Tar-containing
Antiskid layers

Adhesion: Tensile Strength| | Pull test

Adhesion: Shear Strength| | Leutner shear test

Figure 4-1 Research program of Chapter 4

4.1 Tar-Containing Antiskid Layers

Most of the asphalt pavement runways in the Nedineld are covered with
an antiskid layer. The present antiskid layer useda patent protected
ANTISKID, which is produced and applied by the Rdd<Company in Germany.
An antiskid layer is designed to keep the skid stasice well above the
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maintenance level for a long period of time angreserve the underlying layers
from wear, heat, fuel and other chemicals. Furtloeemantiskid layers should be
able during their service to resist repeatedly. lilhe high stress levels
introduced by large aircraft wheel loads and spthath to the underlying layers.
Because a tar-containing binder provides excelledihesion and excellent
protection against ageing and external chemicalscdntaining binders were
used in the past in antiskid layers applicatiors [1

However, because of environmental concerns, tataging asphalt
mixtures are not allowed anymore with the only gtios being runway antiskid
applications. But tar based binders were also éana these applications from
the beginning of 2010 [1, 2]. One of the goalsha$ dissertation was to develop
a benchmark for evaluating new binders.

4.1.1 Tar Detector

When recycling asphalt mixtures in the Netherlamie should check first
of all whether there is tar present in the aspm&iture. Mixtures that contain tar
cannot be used for recycling and the binder haddoburned completely.
Ultraviolet blue light is often used to detect tta contamination in asphalt
mixtures. The so called Pak-Marker is used for phigpose (see Figure 4-2). It is
especially developed to detect Polycyclic Aromdtigdrocarbons in asphalt
products and is used in the following way. Pak-Mar#tetection was conducted
with the help from KOAC-NPC.

After shaking the spray can, a layer of white spfeymposition is not
mentioned on the Technical Data Sheet) is sprayetth® asphalt mixture. Then
it is left to dry before further testing. If theietar in the mixture there will be a
discoloring of the white substance. This color vl light brown or yellow. If
there is no clear visible discoloring, the UV lamgn be used. Under UV light
the spray will light up and get a yellow/blue colér yellow color indicates that
there is tar in the mixture, and a blue color mahasthere is no tar present (the
tar content is smaller than 500 mg/kg). Figure gh®ws the color difference
under UV light between a mixture contaminated v&hand a mixture without
tar. Without tar, there are no visible images ekx@Fpy aggregates and binder,
while the sprayed white material has a blue coWhen the sample is tar-
contaminated, many yellow areas can be observed.
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Figure 4-2 Pak-Marker for detecting tar-containimgsphalt mix

The presence of tar contamination on the fractwdace of specimens
(Leutner shear test specimens, pull test specinwamnes with the anti-skid layer
scratched off) tested in this chapter were cargfthlecked with the Pak-Marker.

s B . T A ‘
s L i :

-

Figure 4-3 Difference between tar-containing migtand mixture without tar
under UV light

! http://www.adams-polendam.be/containerdienst/smeatval/teerhoudend-asfalt
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Figure 4-4 presents the results of UV blue lightrkea on samples from
Woensdrecht Airport. The top of the asphalt mixturelerneath the antiskid
layer was analyzed after the Leutner shear testspait tests were performed.
These pictures clearly show the presence of tdhetasphalt mixture surface
since all of them have shown many yellow areas.l&irdiscoloring was found
on the failure surfaces of the pull test samples simear test samples from the
other five airfields.

The reasons for the presence of tar at the topefasphalt mixture layer
might be a result from the application process h@ antiskid surface layer.
During the application, tar-containing emulsions frst sprayed onto the asphalt
pavement surface before the aggregates are spfleade this may result in tar
remaining at the surface of the asphalt mixture-cbataining aggregates need
to be removed during the reconstruction.

Figure 4-4 Results of UV blue light marker on spsns from
Woensdrecht Airport

The results show that the asphalt layer underahedntaining antiskid is
partly contaminated with tar. So the asphalt lag@nnot be recycled in other
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asphalt mixtures anymore. And the cores left frdms tproject cannot be
disposed with other asphalt mixtures.

4.1.2 High Temperature Resistance

A simple test was used to understand the high teatyoe resistance of tar-
containing antiskid layers by placing them verticah an oven at 150 °C. This
was just a trial test and the test is not standaddin any specifications. Two
reasons can be given for doing this with such gplmethod. The first reason
was that there were no tar-containing binders akilgl for testing. The second
reason was that the number of tar-containing adtiskecimens was limited.
Placing the specimen vertically in a high tempeegtnvironment was therefore
the easiest and most efficient way to check ith bggnmperature resistance..

Some test specimens after the shear test and GiTvsa® reused for this
purpose:

Type 1 specimens: Two samples of antiskid layeter dhe Leutner shear
tests were used. The antiskid layers were stikglonto the steel plate with X60
glue.

Type 2 specimens: Two samples after the Nano Chngéog were used.
They have a thickness of approximately 1 cm, indgdhe antiskid layer and
part of the asphalt mixture layer. Samples weredwith X60 glue onto a steel
plate at the asphalt mixture layer side.

The difference between the type 1 and type 2 spawnis that in type 1,
there is just tar-containing antiskid layer, whiygpe 2 specimens consist of the
tar-containing antiskid layer, the interface anel disphalt mixture layer below.

These antiskid specimens were placed verticalgnimven at 150 °C for at
least one hour. Figure 4-5 shows the result of tygpecimens after exposure at
150 °C in the oven for one hour. No visible defotiora could be observed. The
results of Type 2 specimens are shown in Figurea#b Figure 4-7. Figure 4-6
illustrates that after one hour, the antiskid lagiryed quite well intact, while a
crack developed in the asphalt mixture layer. Withivo hours, one of the
samples failed in the asphalt mixture layer. THeepsample showed no visible
deformation even after four hours.
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A

After four hours

Within twe hours

Figure 4-7 Visible deformations of type 2 samples
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From these simple tests it can be concluded tlataticontaining antiskid
can resist a high temperature of 150 °C for attleas hour. It has a much better
high temperature resistance than the traditionphas mixture underlying the
antiskid layer. These findings are supported byfdlcethat the softening point of
the fresh tar-containing binder is very high (ab&@ °C [3]).

4.2 Surface Characteristics

CT scans and Microscopy were used to evaluateutiace texture of tar-
containing antiskid surface layers. Then the tradél sand patch test was used
for comparison.

4.2.1 CT Scans

CT scans are used especially in road engineerimyéstigate the structure
of asphalt mixtures [4, 5]. Its gray-level imagegegan overview of the density
differences in the mixture, such as aggregatestamand voids. Furthermore,
the volumetric content of these phases can be latdclifrom re-constructed 3D
images.

As introduced in Section 3.4.4, a larger scale Ca@nser (also named
medical CT scanner) was firstly used. The uppérdeture in Figure 4-8 shows
the scanner. Cores were placed in the CT scannechime with the antiskid
layers in the vertical direction.

The resolution of this CT scanner is 0.3x0.3 mrthanscanning plane, and
the minimum distance of the planes is 0.5 mm. Ndgymriamm distance is used.
The picture at the bottom in Figure 4-8 presenésstanned images. Although
3D pictures of the antiskid surface can be gendrale resolution is not enough
to effectively separate the aggregates and bingasaThis means that the larger
CT scanner is not suitable for evaluating antisudaces. A Nano CT scanner,
which has a resolution of 0.7 to 1 micrometer intlalee directions, was then
used.
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Figure 4-8 Larger scale CT scanner and scan images

Cylinders of 40 mm diameter were cored from th&edd specimens. Then
the antiskid layer was cut off together with a drpalt of the underlying asphalt
layer. The total thickness of these specimens was.1The samples were then
placed in the scanning cabinet. Figure 4-9 showsstmples of tar-containing
antiskid layers used for the Nano CT scans anchansatic graph of the setup
with the tested sample in the scanner cabinet. cBlgi an X-ray beam
transmitted through a sample along several pathglifierent directions is
detected and stored in a computer. The intensith@fX-ray beam is measured
before it enters the sample and after it passesigir the sample. The profile of
transmitted X-ray beams has an intensity which apethdent on the material
density. It is then used to reconstruct imagedioés of the sample.

Specimen in Antiskid 3D image
the scan cabinef\
X-ray
Souce

A

Figure 4-9 Nano CT scan samples and setup
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Figure 4-10 shows an example of the Nano CT scagés from the
surface to the interface for an antiskid layer fremdhoven Airfield. The No. 1
slide presents the surface of antiskid layer wthike No. 5 presents the interface
between antiskid layer and asphalt mixture lay&e Yellow area is representing
the tar-containing binder, defined by setting thiege of gray values.

Figure 4-10 Nano CT scans for core from Eindhovefiedd

Figure 4-11 shows cross-section images of a cora Boesterberg Airfield.
The dark areas represent the air voids, the geasaepresent the binder and the
lightest areas represent the aggregates. Thesesphmticate that the antiskid
layer is a special thin layer with a thickness db3® mm. For such a thickness
and small aggregate size, it has an extremely migtrotexture. The height from
the peak point to the valley bottom is almost eqodhe thickness of the antiskid
layer. This maximum height is determined with a noscope as will be
discussed in the following section.

- 103 -



CHAPTER 4 Set Benchmark by Evaluating the Properties of Tar-containing Antiskid Layers

Y ?r.t w

f!!-*"

Figure 4-11 Nano CT scan cross images of the adtiaier of Soesterberg
Airfield

After the scan, an area with a certain thickneshen3D scan images was
selected for calculating the void, binder and aggte content. Figure 4-12
shows the three side views of the selected spare.oF three different selected
volumes for each airfield sample were calculatelde Tesults are presented in
Table 4-1 and Table 4-2.

0 s -
Figure 4-12 Side views of selected spaces for lelgaracteristic calculations
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The Soesterberg sample, which was constructed &9,18as the highest
void content and lowest aggregate content. This fmaya result from the
construction method being used which was diffefesrin the methods used in
newer antiskid layers, or some raveling occurrednduits service life. The
results of the other five airports are more or lagssame. For these five airports,
the calculated average void content is 17.4% ardatlerage binder content is
26.9%. This indicates that antiskid layers haveegy\high binder content and
void content. A high void content is recommended pvide sufficient
macrotexture and prevent airplanes from hydropamrrainy days.

Table 4-1 Volumetric of tar-containing antiskid ¢éag from Nano CT scan

Woensdrecht Gilze-Rijen Leeuwarden  Eindhoven
Total Volume [mn] 345 730 | 1400 1200 677 547 630 346
Void [%] 18.3 18.1 18.7| 17.8 16 18.8 155 17.5
Binder [%] 275 | 29.3| 27.3 28 25.8 25 255 2b5
Aggregate [%0] 54.2| 52.6 54 5401 587 564 59.2 |57
Volkel Soesterberg
Volume [mn1] 210 127 287 545 | 300 | 100 | 577
Void [%] 17.1 15.5 18.1 | 23.7 | 23.6 | 25.7| 29
Binder [%] 27.8 27.6 276 | 27.7 | 279 | 23.9| 22.3
Aggregate [%0] 55.2 57.2 54 | 495 | 51.8 | 50.4 | 48.6

Table 4-2 Average volumetric of tar-containing skitl layers

Void [%] Binder [%] Aggregate [%]

Woensdrecht 18.2 28.7 53.1
Gilze-Rijen 18.3 27.6 54.1
Leeuwarden 17.3 25.2 57.7

Eindhoven 16.2 25.5 58.4

Volkel 17.2 27.7 55.1
Average (excluding Soesterberg 17.4 26.9 55.7

Soesterberg 25.8 25.4 49.7

4.2.2 Microscopy

Laser scanning microscopy is widely used to ingasé the surface
characteristics of pavements, which include surfaoéile and surface roughness
[6]. High data density 3D images of surface strregican be produced. Vilaca et
al. [7] developed a new scanning prototype machoreobtaining 3D road
surface data and characterizing the road textureugiin two algorithms that
allow to calculate the Texture Depth and Texturefiler Level. Their results
showed good agreement between the scanning equipementhe traditional
Sand Patch Test method.
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In this research, laser scanning microscopy wasl usedetermine the
surface profiles of the tar-containing antiskidfaoe layers. Table 4-3, Figure
4-13 and Figure 4-14 present the average testtsestdble 4-4 presents the
detailed results.

Table 4-3 Average microscope test results

St [mm] Sa [mm] Pa [mm]
Woensdrecht 3.702 0.602 0.362
Gilze-Rijen 3.449 0.595 0.310
Leeuwarden 3.455 0.597 0.300
Eindhoven 4.076 0.691 0.378
Volkel 3.545 0.599 0.312
Soesterberg 3.620 0.631 0.338
Average 3.64 0.62 0.33
St: Maximum height of selected area
Sa: Average height of selected area
Pa: Mean Profile Depth (MPD, state as mean avedramgt of primary profiles is the
Microscope data reports.)

The maximum height of the selected area varied 8atb mm to 4.08 mm,
while the average height of the selected area dvdr@m 0.56 to 0.69 mm. The
antiskid layer in Eindhoven Airfield has the highealues for the maximum and
average height. Gilze-Rijen Airfield, which has teecond newest antiskid
runway surface, has the lowest values. Howeverdifierences between each
airfield are less than 1 mm. This means that tlsesairfields have quite similar
surface profiles.

4.2

4,076

O St: Maximum height of selected area

3.702

= 3.62
£ 36 - 3.545
n

3.455 3.449

3 1 1 1 f f
Soesterberg Volkel Eindhoven Leeuwarden Gilze-rjen Woensdrecht

Figure 4-13 Maximum heights of measured areas
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0.8
0,692
0,631
0,600 0,597 0,595 0,602
0.6 +
04 | 238 0.378 362
i 0.312 0.3 0.31

0.2 +
0.0 I | | | 1

Soesterberg Volkel Eindhoven Leeuwarden  Gilze-rijen Woensdrecht

OSa: Average height of selected area, mm EMPD: Mean Profile Depth, mm

Figure 4-14 Average height and Mean Profile Depth

The texture values of the antiskid layer from Sesxstrg Airfield are just
slightly lower than the average value, even afeydars of service and another 4
years exposure to climate with no traffic on itisTndicates that tar-containing
antiskid layers can maintain relatively constamtuee levels for a long period of
time.

As explained in Chapter 3, because of a misundedstg, 5 samples from
Gilze-Rijen airfield and all samples from Leeuward@rfield were not taken in
the longitudinal direction, but in a direction penglicular to the runway
centerline. Figure 4-15 shows MPD values at diffeqositions. The left of the
graph is closer to the runway side and the riglataser to the middle part which
is used more often by aircrafts. No obvious de@eaedgshe MPD value from the
side to the middle of the runway can be observenhfihese figures. Figure 4-14
and Table 4-4 show that the average values of tR® Nbr Gilze-Rijen and
Leeuwarden Airfields are slightly lower than thasiethe other airports. It is
therefore concluded that the different coring lar# on Leeuwarden and Gilze-
Rijen did not significant influence the textureuks. The tar-containing antiskid
layer can maintain its high texture depth durirsgsiervice life, even at the center
line area where heavy loads normally occur.
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Figure 4-15 MPD values of cores at different posisi
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Table 4-4 Microscope test results on tar-contaimintiskid surfaces

Woensdrecht W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 Average
St [mm] 3.901 3.104 3.641 4.318 3.191 3.49% 3.93 .032 3.920 3.489 3.702
Sa [mm] 0.662 0.612 0.601 0.727 0.499 0.569 0.61 .62 0.610 0.502 0.602
Pa [mm] 0.3 0.383 0.379 0.340 0.321 0.360 0.46 22.3 0.392 0.364 0.362

Gilze-Rijen G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 Average
St [mm] 4.220 3.650 3.183 3.199 4.301 3.404 2.78 972 3.293 3.480 3.449
Sa [mm] 0.686 0.651 0.525 0.542 0.842 0.58Y 0.44 490 0.554 0.633 0.595
Pa [mm] 0.330 0.323 0.313 0.263 0.386 0.298 0.32 .264 0.295 0.313 0.310

Leeuwarden L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 Average
St [mm] 2.890 3.120 4.137 3.238 4.180 3.246 3.68 A1 3.180 3.453 3.455
Sa [mm] 0.497 0.606 0.663 0.606 0.730 0.519 0.53 .65 0.513 0.654 0.597
Pa [mm] 0.270 0.307 0.311 0.303 0.30§ 0.30D 0.28 .33 0.260 0.332 0.300

Eindhoven El E2 E3 E4 ES E6 E7 E8 E9 E10 Average
St [mm] 4.670 4.433 4.696 4.275 5.317 3.458 3.46 723 3.308 3.424 4.076
Sa [mm] 0.806 0.777 0.731 0.731 0.84§ 0.668 0.58 610 0.566 0.591 0.691
Pa [mm] 0.385 0.488 0.392 0.373 0.412 0.36D 0.34 378 0.314 0.340 0.378
Volkel Vi V2 V3 V4 V5 V6 V7 V8 V9 V10 Average
St [mm] 2.978 3.632 3.969 3.895 4.011 3.551 3.2056 .193 3.634 3.385 3.545
Sa [mm] 0.474 0.581 0.785 0.678 0.607 0.57p 0.55 5310 0.587 0.625 0.599
Pa [mm] 0.303 0.284 0.349 0.338 0.369 0.298 0.34 293 0.282 0.264 0.312

Soesterberg S1 S2 S3 S4 S5 S6 S7 S8 S9 S1J  Average
St [mm] 3.224 3.323 3.868 3.524 3.678 4.14% 3.665 .176 3.071 4.534 3.620
Sa [mm] 0.540 0.549 0.680 0.562 0.604 0.739 0.62 57D 0.515 0.925 0.631
Pa [mm] 0.293 0.321 0.308 0.337 0.395 0.33y 0.35 .35 0.329 0.290 0.338

St: Maximum height of selected area; Sa: Averagghthef selected area; Pa: Mean Profile Depth, MPD
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4.2.3 Sand Patch Test

In the past, the Sand Patch Test (SPT) has beenfasenany years as the
main test method to determine the surface textemhd Nowadays, the Sand
Patch Test is slowly being replaced by newly degwetbtechnologies such as
laser devices, which can give more accurate re48ltsaind also by continuously
taken laser measurements at high speed in the frettlis research, the SPT was
used as a reference for the calibration of redutt: the microscope tests that
were discussed in the previous section.

ASTM E 965-96 states that at least 25 ml of saradl dle used to determine
the TD [9]. In this study, it was not allowed to @st on the runways. Therefore,
sand patch tests were done on the cores. Themfidya limited amount of sand,
which is 15 ml, could be used due to the limiteahaeter of the cores, see Figure
4-16. The diameter of the sand spread on the surfagpproximately 110 to 120
mm. Table 4-5 and Figure 4-17 present the testlteesthe TD of the tar-
containing antiskid layers varies between 1.26 hdé mm. The average TD of
all airfields is 1.36. The TD of Soesterberg Aifparhich was constructed in
1989, is just slightly lower than the average.

= <L

Figure 4-16 Sand patch test on tar-containing kidtiayers

Table 4-5 Sand patch test results on two coresdoh airport

Texture Depth [mm]
NO. 1 NO. 2 Average
Woensdrecht 1.413 1.450 1.43
Gilze-Rijen 1.383 1.372 1.38
Leeuwarden 1.262 1.262 1.26
Eindhoven 1.444 1.483 1.46
Volkel 1.354 1.268 1.31
Soesterberg 1.310 1.366 1.34
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Figure 4-17 Sand patch test results

By means of a linear transformation, the MPD frdme faser test (e.qg.
microscopy) can be used to estimate the macro+extepth determined using a
volumetric technique such as sand patch test [P, TI& relation between MPD
and MTD differs due to the finite size of the samtheres used in the volumetric
technique. Because the MPD is derived from a twoedisional profile rather
than a three-dimensional surface, a transformaggumtion must be used. The
following equation is concluded from Table 4-3 afdble 4-5 by using the
solver function in Excel:

TD = ETD = 0647+ 2146x MPD (4-1)

Where MPD is the mean profile depth based on tladuation of the results
with the microscope. ETD is the Estimated Textusptb. Table 4-6 shows the
ETD results. They fit quite well with the TD valuigem the sand patch test. This
indicates that the sand patch test gives a sirt@bdure depth as the microscope
for the surface of antiskid layers. Both methods ba used for surface texture
evaluation of antiskid surface layers. The sandtpatsults on cores represent
the TD very well and can therefore be used for bavark purposes.

Table 4-6 ETD results from Mean Profile Depth

MPD [mm] TD [mm] ETD [mm]

Woensdrecht 0.362 1.432 1.423
Gilze-Rijen 0.31 1.377 1.312
Leeuwarden 0.3 1.262 1.291
Eindhoven 0.378 1.463 1.458
Volkel 0.312 1.311 1.317

Soesterberg 0.338 1.338 1.372
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4.3 Aging Resistance

Fourier Transform Infrared (FTIR) spectroscopy waed to determine the
long term ageing of the tar-containing binders. &se of the different
construction times of the investigated antiskicelay it was expected to acquire
information about the long term ageing resistarfdb@tar-containing binders as
a result of exposure to oxygen, temperature, dgiathemicals etc. during the
service period.

Figure 4-18 shows the differences between an agachén 70/100 [11]
and coal-tar in the FTIR test. They have similasaaption peaks and areas. But
the proportions are very different. The ratio beawalkanes (area of 2900 cm-1)
and aromatics (area of 800 cm-1 and 1600 cm-1jffiereint between bitumen
and coal tar. The red curve in Figure 4-18 shows tie absorption peak of the
aromatics is equal to the absorption peak of akkanecoal-tar. This is because
tar has a high content of Polycyclic Aromatic Hychdoons (PAHS), i.e.
molecules containing two or more simple aromatiogsi fused together by
sharing two neighboring carbon atoms. Furthermibiee aromatic C-H stretching
modes between 3000 to 3100 tin very clear for coal tar [12].

0.35

—Aged Bitumen 70/100 ——Coal tar
0.3

0.25 _ Alkane
Aromatics \ Aromatic C-H
stretching

o
N

Absorption
o
H
(6)]

o
-
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Wavelength [cm1]

Figure 4-18 Differences between aged bitumen aatiten in FTIR test

In the beginning, it was tried to recover the tamaining binders from the
antiskid layer by using solvents. However, the cosmpon of the tar-containing
binders was unknown. Lack of knowledge about thenmmsition complicates
tar-containing binder extraction. Furthermore, labories in the Netherlands
(e.g. KOAC-NPC) also did not want to do the recguveecause of the possible
toxic properties of the binder. Because of the theigbue, it was decided not to
recover tar-containing binders by means of solvents
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Instead the antiskid layer was grinded into powaéh a sand grinding
machine and then this powder was analyzed in tH& Edst. Figure 4-19 shows
the tar-containing powders and the FTIR tester. &lew, the grinding processes
can cause high temperatures and influence redutsskid from Woensdrecht
and Gilze-Rijen could not be grinded into powdaus tb such high temperatures.
They were more temperature sensitive compareddgsdamples from the other
four airfields. During grinding, the antiskid mixas of these two airports were
sticking to the mould, making it impossible to gfithem into powder. This
indicates that the tar-containing binder in Woeaslt and Gilze-Rijen might
differ from the other four binders. At the meantjrtige high temperature might
introduce short term high temperature ageing, diedis the FTIR test results.

i 3 5 g i o 4
b i
1 ! . - "
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Figure 4-19 Powder of tar-containing antiskid mmesiand FTIR tester

Figure 4-20 shows the FTIR spectrums of tar-comgimantiskid mixtures.
The sample protocol-1 represents an aged bitumA®G@(11]. Table 4-7 shows
the FTIR absorptions for representative functigraups, and Table 4-8 presents
the absorption peak heights from the FTIR tests.
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Figure 4-20 FTIR test results of tar-containingskadl layer mixtures

From Figure 4-20 and Table 4-8, one can clearlyentss that the tar-
containing samples had a much higher absorptiok ae@60 crit and 860 cr,
which represent the deformation vibrations of thd @roups in the aromatic
rings. Absorption peaks at the 2850 tiarea are resulting from Csfretch in
alkanes. There are two strong absorption peaks4s® tnmi" and 1700 cm.
These are the peak absorbance of the carbonyl (6&&+@). There is no obvious
absorption peak at 1030 &nof S=O stretch in the FTIR spectrums.

Table 4-7 FTIR absorptions for representative fimmetl groups

Functional group Molecular motion Wavenumber fdm
C-H stretch 3100-3000
C=C stretch ~1600 & ~1475
Aromatics ~880 & ~780 & ~690 &
C-H bend 850-800 & 770-735 & 715¢
685
C-H stretch 2950-2800
Alkanes CH,bend ~720
C-H in-plane bend 1430-1290
Carboxylic acids C=0 stretch 1730-1700
C-O stretch 1320-1210
Ketones C=0 stretch ~1715
Sulfoxides S=0 stretch ~1030

- 114 -



CHAPTER 4 Set Benchmark by Evaluating the Properties of Tar-containing Antiskid Layers

Table 4-8 Peak height from FTIR results

CH, |CH in aromati¢ C-H C=0 CH in alkanes
W Peak at [cril] | 738 871 960 | 1431 1595 1699 2851 2920
Absorbance| 0.18470.2307| 0.2291|0.0446/0.0476 0.0345 0.0478 0.0525
L Peak at [cril] | 744 875 967 | 1431 1603 1699 2851 2923
Absorbance| 0.17370.227 | 0.28830.0481/0.0366 0.0327,0.0398 0.0424
e Peak at [cril] | 745 875 966 | 1427 1600 1697 2851 2922
Absorbance| 0.211 0.3053.3532|0.0816/0.0368 0.034| 0.04580.0504
Vv Peak at [cnf] | 744 875 967 | 1427 1610 1698 2851 2922
Absorbance| 0.18020.2377| 0.2975|0.0589 0.037 | 0.032%50.0442 0.048
S Peak at [cnf] | 745 874 971 | 1421 1608 1699 2852 2922
Absorbance| 0.18970.2696| 0.3196|0.1039 0.0381] 0.0343 0.0494| 0.0559
AB Peak at [crii] | 745 | 864 970 | 1456 | 1600 | 1697 | 2851 | 2920
Absorbance|0.0854] 0.0578| 0.0393|0.1391]0.0354 0.0258 0.2079| 0.2865
G Peak at [cril] | 739 872 963 | 1424 1599 1698 2848 2922
Absorbance| 0.06640.0771| 0.0797|0.0184{0.0141 0.0124 0.0142/0.0147
Note: AB represents the aged bitumen binder.

The Gilze-Rijen sample showed a much lower absampgtieak at 960 ch
and 860 crif than the others. Gilze-Rijen has the second neamtigkid layer,
and also huge differences occurred during the grgndOn the one hand, it could
mean that a different binder was used at GilzerRaefield. On the other hand,
the binder of the Gilze-Rijen and Woensdrecht &rtifayers (the two youngest
antiskid layers) used for FTIR is just a part oé twhole mixture (not really
powder) because of the high temperature duringtimeling.

In the research of Van den bergh [13], equatioB)(#as introduced for the
Ageing Index (Al) to determine the oxidation ageipigpperties in bituminous
materials. The ageing indicator is being dividedtbg sum of two areas: the
ethylene groups (CHlat 1460 crit and methyl (CH) at 1375 crit. These groups
are believed not to be changed during ageing.

_Y_(AroundL70Ccm™ +aroundL03&m™)

= 4-2
*° 3" (Aroundl46@m® +aroundl375m®) (4-2)

Al =1, +I

Figure 4-21 shows the Al definition with bituminobsder (upside graph)
and tar-containing binder from Soesterberg (bottpraph). One can clearly
observe that the definition of Equation (4-2) far-tontaining binder has
significant differences from the definition for hinous material. The peak area
at 1700 crit, 1375 cnil and 1030 ci are cannot be defined. This might indicate
that the Al introduced for bituminous binder is retitable for tar-containing
binders.
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Figure 4-21 Al definition with bituminous binderaiar-containing binder

Therefore, another equation of the ageing index wgesl to determine the
oxidation ageing properties [14]:
> (Carbonyl:120&m'to180&m™

| ageing = 4-3
o9 (780cm o180 +281@m'to310Gm’*) (*3)

The following equation (4-4) can be used to deteenthe aromatic content
in the mix of antiskid layer [14]:
D" (Aromatical: 780cm’to120&m™)

o= 4-4
promate %" (78em'tal80@m®* +281&m*'to310@m®) (*-4)
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Figure 4-22 Definition of denominator for Equati@k3) and (4-4)

Figure 4-22 shows the definition of the denomindborEquation (4-3) and
(4-4). Table 4-9 shows the parameters that wereulzded from the FTIR tests.
All of the six antiskid mixture samples at leasvéa more than two times higher
aromatic index compared to the long term aged [@tuminder. This indicates
that the tar-containing antiskid layer mixture hmsre aromatic rings in the

binder, which make it more toxic.

Table 4-9 Indexes from FTIR results

|Ageinc |Aromatic[780'1208]

Woensdrecht 0.213 0.664
Gilze-Rijen 0.217 0.668

Leeuwarden 0.187 0.704
Eindhoven 0.187 0.712
Volkel 0.187 0.702

Soesterberg 0.223 0.67

Long term aged binder 0.337 0.295

The six tar-containing antiskid samples have morkess the same ageing
index. And their ageing indexes are much lower tin@nageing index in the long
term aged 70/100 binder. This probably means tleageing resistance of a tar-
containing binder is much better than that of stad@0-100 pen bitumen. After
a long service life at least the ketones contertJ)Cin the tar-containing binder
will not increase a lot. The Gilze-Rijen and Woerstit have the youngest
specimens, but show higher values compared to tier @nes. This is might
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because of the high temperature occurred during gitveding process. Or
different composition could be used for these twisaid layers.

4.4 Modulus and Phase Angle

The modulus and phase angle of the antiskid layextunes were
investigated in this research by means of DSR tAstiskid layers were
scratched off from cores and reheated to compaall sylindrical samples.

4.4.1 Sample Preparation

Antiskid layer mixtures (sand and binder) were useg@repare cylindrical
samples for the DSR test. The antiskid material toatde taken from the core
surface and had to be compacted. The toxic emissioom tar-containing
antiskid mixtures will increase when the tempemtig increased. In order to
avoid environmental and health problems, the pedpmar temperature was first
checked. Mixtures were compacted at 65, 80, 100, drid 135 °C. When the
temperature was below 110 °C, the aggregates didtioik well to each other.
When a temperature above 135 °C was used, much na@a@&dous emissions
might be observed and technicians can easily simeth. Therefore 135 °C was
used to heat the mix for compaction purposes.

A mould as shown in Figure 4-23 was designed topamnthe antiskid mix.
This mould consists of two pieces of semi-cylindgith 15 mm inner diameter.
Two clamps were used to fix this mold during thenpke compaction. The
sample preparation procedure was as following:

1. About 12 gram of antiskid mixture was heated indkien at 135 °C for 2
hours.

2. First half of the antiskid mixture was added inbe tmold, after tamping
the rest of the mixture was added.

3. A hydraulic pressure compactor was used to comjpectsample to 45
mm height. After cooling down, both sides of thenpée were cut off to
finally have a column with 35 mm height.

iskid mixt

Figure 4-23 Designed mould to compact antiskid mix
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Table 4-10 shows the estimated void contents in dbmpacted mix
columns. The volume ratios between binder and aggeepresented in Table 4-2
were used for the estimation of the voids cont@iie density values of tar-
containing binder and basalt were assumed to bg& g/énf and 2.95 g/crh
respectively. The estimated results indicate thatcompacted mix columns have
a much higher void content than the void contemtioled from CT scanning that
was presented in Table 4-2. This means that thekahtmixture columns are
different from the real antiskid mix. Neverthelegsyas considered too risky to
increase the heating temperature to achieve bettempaction due to health
issues. So these compacted samples were usecdfpreficy sweep tests to get
an indication of the visco-elastic properties.

Table 4-10 Estimated void contents of the compawgtedcolumns

Sample| Weight [g]] Height[mm] Diameter [mm] Estimaid content [%]
L 10.3 38 15 36.9
E 11.4 44 15 39.8
V 10.1 35 15 31.4
S 9 32 15 33.9
Note: Information for W and G are not available

4.4.2 Frequency Sweep Test

The antiskid mixture column was glued on the DSRchree for the
frequency sweep test, see Figure 4-24. At the réiffietemperatures stress levels
were selected to ensure that the material wasdt@athin the linear viscoelastic
range. The test parameters and conditions are showrable 4-11. The test
temperatures were 10 °C, 20 °C, 40 °C and 60 °@eduency range from 0.1
rad/s to 300 rad/s was used. Cylindrical specinweitts approximately 35 mm
height and 15 mm diameter were tested.

Table 4-11 Frequency sweep test specifications

Loading mode Stress
Frequency [rad/s] 0.1 to 300

Temperature 10 °C 20 °C 40 °C 60 °C
Applied stress [Pa] 755 151 91 60

- 119 -



CHAPTER 4 Set Benchmark by Evaluating the Properties of Tar-containing Antiskid Layers

Figure 4-24 Frequency sweep test on an antiskidunma>xcolumn

4.4.3 Test Results

At the beginning, tests were carried out on twaugois made from the
antiskid mixture of Gilze-Rijen Airport. Figure &2shows the results of the
complex modulus. At 10 °C and 40 °C, the test tesarle nearly the same, while
at 20 °C and 60 °C the results show some differahtes, but of the same order
of magnitude. This illustrated that the columnghd antiskid mixture will give
reasonably comparable values to test and compatie eanfidence in the

frequency sweep test.
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Figure 4-25 Tests on two columns from Gilze-Rijextaore
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Figure 4-26 shows the master curves of the comgihear modulus of the
six mixtures of all airports. Figure 4-27 shows tesults of phase angle. The
reference temperature is 20 °C. A virgin bitumemder and its long term aged
binder from the research from Hagos were used damparison [15]. Although
the tests were conducted on the antiskid mixtuhesphase angle of the mixture
is strongly dependent on the binder, especiallpwéer temperatures and higher
frequencies and the shape of the modulus is phtaltbhe modulus curve of the
binder. It is not right to compare the modulus eslbetween the bitumen binder
and tar-containing antiskid mixtures. But the skbpéthe curves, which indicate
the temperature sensitivity, can be compared.

The six modulus curves show similar shapes andeslophe phase angle
curves also express similar slopes. This means ttiee six tar-containing
antiskid binders have the same temperature sahgsitivhe slopes of modulus
curves for tar-containing antiskid binders are $enahan the slopes of bitumen
binders. This illustrates that the tar-containimgiskid mix is less temperature
sensitive than bitumen binder, which agree thelt®su 4.1.1. The phase angle
of the tar-containing mix is much lower than théuesof bitumen binders.

% X
T
a
3
3 ot a Woensdrecht
= o 1.E+06 | x* o Gilze-Rijen
[ X X
< -ﬁb* o Leeuwarden
o ]SK":‘ 57 o Eindhoven
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S . o Soesterberg
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X Long term aged bitumen
o g TE+02 o . . e
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Figure 4-26 Complex shear modulus of six antiskides at Tref=20 °C
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Figure 4-27 Phase angle of six antiskid mixes afg20 °C

Table 4-12 presents the modulus and phase ang “&@. In the frequency
range of 0.1 rad/s to 100 rad/s, the phase angtarafontaining binders varies
from 10 degree to 30 degree. This illustrates timattar-containing binders have
a larger elastic component than their viscous corapb at 20 °C. The
Woensdrecht and Gilze-Rijen airfields have the retwar-containing antiskid
mixtures. Lower modulus and higher phase angle weeqeected from the
airfields. However, Table 4-12 does not show anitienship between the
values and the service life. Different materialsgimi be used for different
airfields, which was also agrees with the phenomehaing the FTIR tests.

Table 4-12 Modulus and phase angle at differemjuieacies at 20 °C

Frequency [rad/s] 0.1 1 10 100
Woensdrecht 5.0x10| 10x10 | 1.8x1¢ | 4.5x16
Gilze-Rijen 9.7x10 | 16x1d | 2.2x1¢ | 2.6x10
Modulus Leeuwarden 1.0x70| 11x10 | 1.4x1d | 1.8x1@
[Pa] Eindhoven 1.0x10 | 9.6x10 | 1.5x1F | 2.1x16
Volkel 7.3x10 | 12x10 | 1.9x1¢ | 2.7x10
Soesterberg 3.6x10| 7.2x10 | 1.3x1¢ | 1.9x16
Woensdrecht 28.92 23.55 19.01, 15.35
Gilze-Rijen 19.99 15.46 12.1 12.32
Phase angle Leeuwarden 16.22 17.99 15.23 12.338
[Degrees] Eindhoven 18.74 24.58 22.62 17.54
Volkel 22.16 17.43 14.27 12.36
Soesterberg 26.51 23.97 21.7 10.56
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4.5 Adhesion Properties

Antiskid runway surfaces are used to maintain & Hrgction level and
sufficient surface texture to minimize hydroplanshgring heavy rain. In order to
achieve this performance, good adhesion betweeladbesgate particles in the
antiskid layer is required, as well as good adhesibthe antiskid layer to the
underlying layer.

On the one hand, a high adhesive strength in thisekahlayer can avoid
raveling from the runway surface. On the other hagwbd adhesion between
antiskid layer and the underlying asphalt mixtuager gives good resistance to
horizontal stresses introduced by heavy and higledmircraft during take-off
and landing. In order to test the adhesion progeréa pull test and the Leutner
shear test were used to test the tensile and streagth of the interface between
antiskid surface layers and the underlying asphailtture layer. The test
methods are explained in Section 3.3, Chapter 3.

4 5.1 Failure Modes

Figure 4-28 shows different failure surfaces betwdee tar-containing
antiskid layer and the underlying asphalt mixtuegelr after the pull test.
According to Section 3.3.3, there are five failoredes, at the bond interface (A),
between steel plate and top thin surface (B), i@ tbp layer (C), in the
underlying asphalt mixture layer (D), and combifeitlre (E).

During the pull test, the samples from Woensdrdgtiteld tested at 10 °C
and 20 °C all showed a combined failure (E) orefiht the interface between
steel plate and antiskid surface layer (B). Thisnsethat at 10 °C and 20 °C, the
DTS at the interface is higher than in the antidiigker mixture at Woensdrecht
Airport. This might be related to the fact that ensdrecht antiskid is the
youngest and its binder might therefore be notaad ks the binder of the other
antiskid layers. The black line in Figure 4-26 whdhat at lower frequency, the
Woensdrecht specimen has the lowest complex shedwlos.

Combined failure also happened on samples frome&lipen at 10 °C.
Both from Gilze-Rijen Airfield and Eindhoven Airld, one sample that was
tested at 20 °C showed combined failure at thefete and in asphalt mixture.
This may be caused by damage introduced beforéetistle force was applied.
Before the required tensile force was applied, ghecimen was kept upside
down and the glued steel plate was hanging on pkeeimen for one hour for
temperature control purposes. This situation isilamio a creep test on the
asphalt mixture, because the asphalt mixture s $i§f and more temperature
sensitive than the tar-containing mixture. Therefagome unexpected damage
might have been introduced during the temperatongrol stage.
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Figure 4-28 Fractured surfaces after pull test

Except for the above mentioned failures, all otpall tests resulted in
failure at the interface (see the top-left grapligure 4-28). No failure occurred
in the antiskid mixture, neither in the underlyiagphalt mixture layer. These
failure modes indicate that the interface is thekest area when subjected to
tension.

Figure 4-29 shows the failure surfaces obtained wie Leutner shear test.
All the shear tests perfectly failed at the inteegfaThis indicates that the newly
designed pull test and shear test can be usedatoat® the adhesion properties
between an antiskid surface layer and the undeylgsphalt mixture.
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Figure 4-29 Interface failure surfaces after thather shear test

4 5.2 Leutner Shear Test Results

During the shear test, a constant vertical disphese rate of 50 mm/min is
applied across the interface. The resulting sheaefis measured. The selected
test temperature was 20 °C. For each airport 2 kmmpere tested. The test
method is explained in Section 3.3.2, Chapter ufé 4-8 shows the force-
displacement curves of the antiskid layers from Woeecht airport. The
resulting force increases fast when a constantatisment rate is applied. When
the maximum shear force is reached, the resultongef decreases till the
interface completely fails. Figure A-1 in the atiad Appendix presents the
displacement-force curves for the other shear.tests
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Figure 4-30 Displacement-force curves from shestste

Table 4-13 shows the Leutner shear test resulggther with the average
values. Figure 4-31 shows the average shear stramgt displacement at failure.
The Soesterberg Airport samples have the secorte$igstrength (1.69 MPa)
while the antiskid layer has been in service fory2@rs. The shear strength of
Woensdrecht Airport samples, which have the neaetiskid layer, displays the
lowest strength of 1.16 MPa. Samples from Eindho&gport have the highest
displacement and relatively low shear strength.r@he no obvious trend of
shear strength in relation to the service lifeisltrecalled that the FTIR tests
discussed in Section 4.2 indicated that no sigafiageing had occurred during
the service period, based on the used ageing ifdsa.the column testing with
the DSR does not show a large change in rheologicalerties during service
life. It is therefore concluded that both the meubal and chemical
characteristics of these antiskid surfaces are Ihaaffected by time and
environmental conditions.

Table 4-13 Shear strength of the interface (20600nm/min)

Airfields NOI\./Izixmuml\sl(r)l.egr forcz%\:{]ﬂlge Shear Strength [MPa]
Woensdrecht/ 2009 | 8.1428 9.3696 8.7562 1.159
Gilze-Rijen/ 2008 11.8479 10.798 11.3229b6 1.478
Leeuwarden/ 2007 | 11.9761 | 13.9416 | 12.95885 1.674
Eindhoven/ 2005 9.5284 9.2537 9.3910% 1.219
Volkel/ 2004 16.0841 | 11.2374 | 13.66075 1.75
Soesterberg/ 1989 12.7207 13.1968 12.958[75 1.691
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Figure 4-31 Shear strength and displacement fardest

Surface characteristics of the underlying asphaiture layer also can have
a significant influence on the interface shearrgjtie. Figure 4-29 shows that the
underlying asphalt mixture of Woensdrecht, Volkeldaleeuwarden airfield
specimens appeared to have a smoother surfacant@pscfrom the other three
airfields had rougher surfaces. Theoretically, agrer surface can result in a
higher shear strength. But from Table 4-13, theedehairfields with a more
smooth failure surface did not have a lower shé&@ngth than the specimens
with a rougher surface. This means that the surfaltaracteristics of the
underlying layer do not have a significant influeran the shear strength of the
interface between tar-containing antiskid layer asghalt mix layer, at least in
this research.

On some cores from Woensdrecht Airfield, the Leustesar test was also
conducted on the interface between asphalt mixtayers and through the
asphalt mixture. Table 4-14 shows the test resiiisse results illustrate that the
shear strength at the interface between the adtlaer and underlying asphalt
mixture layer is higher than that at the interfaeéween asphalt mixture layers.
It is however lower than the shear strength thraighasphalt mixture.
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Table 4-14 Interface shear strength compared Wweétasphalt mix interface and

in the mixture

Woensdrecht Shear Strength [MPa]
2009 Through Asphalt mix Through Asphalt mix
mixture interface mixture interface

No. 1 2.416 1.196 2.004 1.120
No. 3 2.446 0.813 1.683 --
No. 8 2.465 -- 2.065 --
No. 9 2.307 -- - -

Average 2.408 1.005 1.917 1.120

4.5.3 Pull Test Results

The pull tests were performed on areas with a diam& 50 mm. In this
way, three pull tests could be performed on théaserof one core (the diameter
of the core is between 133 mm and 143 mm, see Tafilp which made it
possible to carry out more tests although the nundjeavailable airfield
specimens was limited. The test method and samglgapation procedure are
explained in Section 3.3.1, Chapter 3.

The tests were performed at 3 test temperaturég;, A0 °C and 20 °C,
with the same loading speed of 0.025 MPa/s. Eactheothree tests, done on one
core, was performed at a different temperatureed@hoores from each airfield

were used.

All the detailed pull test results are presented able 4-15, together with
the average values. Sample W4 and S5 were usedijisstment of the test setup.
Figure 4-32 presents the DTS obtained at threereifit temperatures. The DTS
decreased with increasing test temperature. Thdtsesn different cores at the
same temperature only show a limited amount ofatian.

-128 -



CHAPTER 4 Set Benchmark by Evaluating the Properties of Tar-containing Antiskid Layers

Table 4-15 Pull test results on tar-containingskad layers

Airport [T [°C]|NoJMax. F [KN]|DTS [MPa]Dis. [mm]|Ave. [MPa] Description

20 W5 1.099 0.560 0.765 0.454 Around 50% surface 50% interface
We6[ 0.684 0.348 0.601
W5 1.367 0.696 0.323 Around 50% interface 50% surfage

Woensdrechj 10 W6| 1.563 0.796 0.315 0.746 Around 40% surface 60% interfa¢e

W5 2.563 1.305 0.081

0 We| 2.075 1.057 0.107 1.181
G4 1.367 0.696 0.608

20 |G5| 1.367 0.696 0.407( 0.655
G6| 1.123 0.572 0.532 Around 40% in the asphalt mixthre

G4 2.319 1.181 0.372
Gilze-Rijen| 10 |G5 1.855 0.945 0.211 1.094 |Around 20% interface 80% surfage
G6| 2.271 1.157 0.437 Around 80% interface 20% surfage
G4 2.612 1.330 0.291
0 |G5[ 2.246 1.144 0.188 1.384
G6| 3.296 1.679 0.22

L4 1514 0.771 0.43
20 (L5 1.685 0.858 0.48 0.842
L6 1.758 0.895 0.589
Leeuwarden L5 1.929 0.982 0.362
10 L6 1.929 0.982 0.33 0.982
L5 2.173 1.107 0.192
0 L6 2.588 1.318 0.166 1212
E4| 1.709 0.870 0.507
20 |E5[ 1.074 0.547 0.61 0.738 Around 10% in the asphalt mixtyire
E6| 1.563 0.796 0.406

E4| 2.026 1.032 0.5
Eindhoven | 10 |E5| 2.295 1.169 0.427 1.090
EG6 2.1 1.070 0.534
E4| 2.319 1.181 0.232
0 |[E5[ 2.954 1.504 0.157 1.355

EG6 2.71 1.380 0.105
V4| 1.904 0.970 0.281
20 |V5[ 1.685 0.858 0.362( 0.858
V6| 1.465 0.746 0.281
Volkel V4| 2.271 1.157 0.139
10 V6| 2.368 1.206 0.113 1.181
0 V4| 3.516 1.791 0.09 1,560
V6| 2.612 1.330 0.049 '
S2 1.44 0.733 0.787
20 S6[ 1.416 0.721 0.701 0.727

S2| 1.953 0.995 0.305
10 |S5] 2.441 1.243 0.335 1.090
S6| 2.026 1.032 0.281
0 |S2| 2.808 1.430 0.158 1.430

Soesterberg
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Figure 4-32 DTS at different temperatures on Tart&ining samples

Figure 4-33 presents the displacement-force curvesll tests on samples
at three test temperatures from Woensdrecht airpbe interface between the
tar-containing antiskid layer and underlying aspinaikture layer failed sharply
at lower temperature with limited failure displacam At higher temperature,
the displacement was increased until it reachedaitsre displacement. The
other force-displacement curves are representddguare A-2, Figure A-3 and
Figure A-4 in the attached Appendix.
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Figure 4-33 Force-displacement curves from putktes
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Figure 4-34 shows the average DTS of six airfiels three test
temperatures. The tensile strength varies withih BlPa at the same test
temperature. By considering the variability thatswaesented in Table 4-15, it
can be concluded that the service life did not regggnificant influence on the
bonding strength between tar-containing antiskidase layer and underlying
asphalt mixture layer. Nevertheless, it is reasten#iat the results obtained on
the Woensdrecht antiskid layer, being the youngestthe lowest.
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Figure 4-34 Average DTS at three evaluated tempersit

Table 4-16 presents the average tensile strengsiixadirfields calculated
from Figure 4-34. The average tensile strengthhef $pecimens from the six
airfields is 1.04 MPa at 10 °C with the loadingegppef 0.025 MPa/s. The newly
designed antiskid layers for the runway applicaishould have the same or
better average tensile strength.

Table 4-16 Average tensile strength of six airports

0 [°C] 10 [°C] 20 [°C]
DTS [MPa] 1.46 1.04 0.727
Standard deviation 0.235 0.148 0.154
coefficient of variatioh 0.161 0.142 0.212

However, this conclusion means that the Woensdreahnot pass the
requirement. The cores from Woensdrecht had relgtiwounger antiskid
surface layer. Table 4-17 shows the pull test tesanl tar-containing cores at the
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time of 6 weeks after application and 20 weeks afpplication. It illustrates that
the tensile strength at the interface between datagning antiskid layer and
underlying asphalt mixture layer will increase witlthe period after application.
The tensile strength of Woensdrecht specimens nighitigher when it gets old.
Therefore, this slightly lower value was also atedy the antiskid committees.

4.6 Tests from CROW

Adhesion tests were also conducted with (tar-camg) cores from a
Schiphol antiskid runway by a CROW working comnattelThe cores were
obtained 6 weeks after applying the antiskid s@fac2007 [16]. Cores with 150
mm diameter from two different locations were inmigested. The test was
performed by first introducing a circular cut wit0 mm diameter and 10 mm
depth. Then the 100 mm diameter area was pulledTaffle 4-17 presents the
test results at 10 °C and 0.025 MPa/s. All of #stst were conducted on cores
with 100 mm diameter. All the tests failed at théerface. The average tensile
adhesion strength at the interface after 6 weekse@ks after application and 0
week in the storage room) of application was 1.3aMRd 1.45 MPa. It increased
to 1.54 MP and 1.59 MPa after 20 weeks of appbecat{(6 weeks after
application and 14 weeks in the storage room). &hesults indicate that the
tensile adhesion strength of the antiskid surfaeuilgjincrease a bit within the
first period after application.

Table 4-17 Adhesion results obtained on Schiphtiskid layer
Locations Weeks stored at Tensile strength| Average | Failure displacement

20 °C [MPa] [MPa] [mm]

1.62 2.84

1.36 1.97

0 1.53 1.45 2.39

1.57 2.53

. 1.19 1.97

Location 1 146 161

1.97 1.8

14 1.98 1.59 1.84

1.31 1.97

1.24 1.58

1.25 1.46

1.3 1.67

0 0.98 1.3 1.85

1.28 1.72

. 1.71 2.16

Location 2 132 175

1.94 1.75

14 1.19 1.54 1.78

1.48 1.71

1.76 1.83
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Adhesion tests on cores from Gilze-Rijen runwayenalso performed by
Possehl in Darmstadt University of Technology in@any in 2009 [17]. Table
4-18 shows the test results at 10 °C. The samegqsilimethod explained in the
previous paragraph was used. All the tests showaibdd at the interface.

The tensile adhesion test results presented ineT4{dl5, Table 4-17 and
Table 4-18 illustrate that the tensile adhesioangjth varies a lot from one test to
another test. The maximum tensile strength in Tdbls is 2.34 MPa, but the
minimum value is less than 1 MPa at the same testitons. The average
tensile adhesion strength at the interface of thénsestigated antiskid layers is
1.03 MPa, and the minimum values of the Schiphekspens and Gilze-Rijen
specimens are 0.98 MPa and 0.97 MPa. So, in coanlwge may recommend
that the minimum tensile strength for alternatiméiskid layers should be at least
higher than 1 MPa.

Table 4-18 Adhesion results on Gilze-Rijen tar agnhg antiskid layer

Tensile strength [MPa] Average [MPa] Failure digglment [mm]
2.34 2.04
1.42 1.59
1.54 1.26
1.46 1.58
1.50 1.54
1.44 1.48 1.25
0.97 1.78
1.72 1.55
1.13 1.06
1.55 1.53
1.22 0.95

4.7 Benchmark Development

In this research, the aim of doing tests on tartaiomg antiskid layers was
to develop benchmarks for new environmental frigradfitiskid layers.

4.7.1 Benchmarks

A basic program for the benchmark development eawvshin Figure 4-35.
First of all, the tests to be selected for benclimgrare required to be as simple
as possible so that the suppliers should carrytlmege tests in their own labs.
Secondly, the tests should represent the propetiegsare most important for
antiskid surfacings.

In this research, the sand patch test, pull tedtsdrear test were selected
and specified in the specification for alternatiantiskid layers [18].
Unfortunately, as discussed before, there was harnmation about the tar-
containing binder and also no tests could be caeduon this material. So, it is
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necessary to verify this specification by condugti@sts on potential binders and
newly designed antiskid layers based on newly desidinders. These tests will
be discussed in Chapter 5 and Chapter 6.

Tar-containing antiskid layer

[

- Test methodsg

Y
Draft of benchmark

- Verification with potential binder and
\ Newly designed antiskid laye

Benchmarks
Y
Antiskid layer: Binder:
Texture depth Curing behaviour

Tensile adhesion property  Weather resistance

Shear adhesion property Viscoelastic behaviour

Fuel resistance Relaxation at lower temperature
High temperature resistance

Figure 4-35 Basic program for benchmark development

4.7.2 Reliability and Number of Tests

In this chapter, limited tests were conducted du¢he limited cores that
were collected from the airfields. Average valuesavcalculated and analyzed,
but the question is how reliable these averageegalare given the limited
number of tests that were performed.

Tests conducted in the laboratory provide an estind the average
standard deviation of the property under invesigatAs the number of tests
increases, the estimated values more closely reprethe true values. The
principles of statistic confidence levels are vesgful in determining how many
tests will be necessary to ensure that the estthmagan is within a certain limit
of the actual mean. In the AASHTO handbook of ‘gasof pavement structures’,
the concept of confidence level is explained by ttatement that we are
1001- a) percent confident that the mean value lies withelimits tests [19].

Statistical limit of accuracy curves help to asgbssimpact of the number
of tests conducted on the precision of the estimélte limit of accuracyg,
represents the probable range of the true meantiieraverage obtained by ™
tests, at a given degree of confidence:

R=K,(c//n) (4-5)
Where,
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K, = the standardized normal deviate, which is a fonabf the
desired confidence levelp01-a);
o = true standard deviation of the random variablade

considered

If for a given variable (tensile strength, etc.ganfidence level is selected
(e.g., 95 percent)K, anda are constants. The value is inversely proportional

to the square root of the number of tests usednflomly selected. Figure 4-36

shows the typical schematic plot Rfversusi. There are three zones along the
accuracy curve. In zone 1, the accuracy curve Isisep slope. The precision of

the estimate significantly increases with each tamithl test or sample [19].

Increasing

+R-Limite of accuracy

n-Number of tests Increasing

Figure 4-36 Typical limit of accuracy curve showihgee general zones

Figure 4-37 shows the accuracy curves at a coefffiof deviation of 0.142,
0.161 and 0.212, which represent the coefficientlefiation in the pull test in
Table 4-16. The confidence level was chosen at 95%.
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Figure 4-37 Limit of accuracy curves for pull tas95% of confidence

In order to get reasonable test results, a cergiable amount of tests
should be required based on Table 4-19. If 0.2celigcy limit is required, in
order to have 95% confidences of the test resiliidests are needed when the
test coefficient of deviation is 0.142 at 20 as presented ifable 4-19 And
about 3 tests are needed when the limit of accusayt.

Table 4-19 Required test numbers based on theiceetf of variation

Confidence leve| Limit of accuracy +R Total number of tests required
~10.142 [10 °C] 0.161 [0 °C] 0.212 [20 °C]
+0.8 1 1 2
+0.6 2 2 3
0.95 +0.4 3 4 7
+0.3 5 7 12
+0.2 12 16 28

4.8 Conclusions

In order to understand the behavior of tar-contegyrantiskid layers, cores
with antiskid surface layers from six airfields weanalyzed in this chapter. The
following conclusions can be drawn from the tesutts:

1. A tar-containing antiskid layer is a special thewér with a thickness
between 3 to 5 mm. The tar-containing antiskid axe$ have a relatively
high macro-texture. The maximum height of the stefaaried from 3.45
mm to 4.08 mm. The texture depth of tar-containargiskid layers is
between 1.26 to 1.46 mm. It appears from the reshitt these high texture
levels remained consistent for a long period of/@érs.
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Taking the evaluated tar-containing antiskid layassa benchmark for
alternative antiskid layers, the alternatives stiqurbvide at least a texture
depth of 1.25 mm during the whole service life.

The tested six tar-containing antiskid samples shwwe or less the same
ageing index, which is much lower than the agenmtgx of long term aged
bitumen binder. This means that the ageing resistasf tar-containing
binder is much better than that of bitumen.

The newly designed test methods are working well dgaluating the
adhesion properties between the thin antiskid &yerd the underlying
asphalt mixture layer. With these test methodsgitect shear strength and
direct tensile strength at the interface betweeratttiskid surface layer and
the underlying layer could be evaluated.

The shear strength at the interface between taarong antiskid layer and
asphalt mixture layer is higher than the shearngtie at the interface
between asphalt mixture layers. It is lower tha@ shear strength in the
asphalt mixture.

The minimum shear strength at the interface betwtaentar-containing
antiskid layer and the asphalt mixture layer wd$ MPa and the average
was 1.5 MPa (20 °C and 50 mm/min). There is no alwitrend for the
shear strength in relation to the service life,akhineans that the influence
of ageing on the shear strength is not significBased on these results, a
minimum shear strength of 1.2 MPa is proposed bsnehmark to which
other antiskid systems should be compared.

Most of the pull tests failed at the interface, ethimeans that the bonding
strength at the interface between tar-containindiskid layer and
underlying asphalt mixture layer is the weakesaare

The average tensile strength at the interface ltwibe tar-containing
antiskid layer and the underlying asphalt mixtager is 1.03 MPa at 10 °C
with the loading speed of 0.025 MPa/s. The minimiemsile strength is
about 1 MPa. It is therefore recommended that nesigted antiskid
surfaces should have a tensile strength higherihdRra.

Results from the shear test and pull test showelaggiability. In order to
ensure a sufficient level of reliability for thetiesate average value of
strength, enough tests should be performed whdnatirsg materials.
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5. Rheological and Ageing
Properties of Alternative Binders

In the previous chapter, test results on tar-cairtgi antiskid layers were
discussed and a benchmark to which alternativeyatedcan be compared has
been proposed. However, the tests used in Chapterd only those that could
be performed within the given constraints. The whalirpose of Chapter 4 was
to define criteria to which new products had to pbm Since it became very
clear that the binder behavior plays an essemtial in the performance of an
antiskid layer, the tests proposed in Chapter sateenough for binder selection.
Rheological characterization and properties sucltuasg, weather resistance
and ageing resistance are essential as well.

In this chapter, several newly designed binderswevestigated to verify
the benchmark and to find out if they are suitdbleantiskid surfacings. The
newly designed binders include Modified Epoxy RegMER), Modified
Bitumen Emulsion (MBE) and Epoxy Modified Bitume&NB). Figure 5-1
shows the research program for this chapter.

Virgin binder —| Dynamic mechanical analysis
MER <

Virgin binder Direct tensile test
Relaxation test

High temperature aged bindg

D
—_

MBE |— Bitumen residues————| Dynamic shear rheometer tes{

Dynamic shear rheometer test

Virgin binders
High temperature aged binde Direct tensile test

EMB

Relaxation test

PN

Weatherometer aged bind

Dynamic mechanical analysis

Figure 5-1 Research program of Chapter 5
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5.1 Modified Epoxy Resin (MER)

Modified epoxy resin was investigated because i c¢gve excellent
adhesion and very good mechanical properties,szsisked in Section 2.4.4.2 in
Chapter 2. In this study, Direct Tensile Tests,aRation tests and Dynamic
Thermal Analysis tests were performed on MER t@eine its curing behavior,
tensile strength, relaxation and high temperatvopgrties. The MER binder was
provided by Latexfalt Company and its details carfdund in Chapter 3.

5.1.1 Dynamic Mechanical Analysis

A DMA temperature sweep test ranging from 24 °Qitgher than 200 °C
was conducted on fully cured MER binders. This tests performed to
determine the high temperature resistance. Thezpiéncies of 1 Hz, 10 Hz and
100 Hz were used. Figure 5-2 shows the test resbiite can clearly observe that
at high temperatures (more than 100 °C), MER behagea rubbery elastic
material and has a stiffness value above 10 MPé&ewisi phase angle value is
close to 5 degree. It will not give viscous pernmangeformation problems at
temperatures above 60 °C, like traditional bitungms

1.E+10 - - 50
1.E+09 - - 40
< 1.E+08 - - 30
o Q@
— [&)]
)] c
n ©
2 1.E+07 - 20 o
= 0
«» o
1.E+06 - - 10
1.E+05 S 0

0 50 100 150 200
Temperature [°C]
o Stiffness @1Hz A Stiffness @10Hz o Stiffness @100Hz

- Phase angle @1Hz Phase angle @10Hz - Phase angle @100Hz

Figure 5-2 Temperature sweep results of MER binders

Figure 5-2 also indicates that the phase angleesun¥ MER at 1 Hz, 10 Hz
and 100 Hz reach their maximum phase angle at €5.%9.2 °C and 74.4 °C.
This information shows that at lower temperatumv@r than the temperature
where the phase angle reaches its peak value),bituenen component
predominates the binder properties. Hence at #@ngpérature range, the MER
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will have bitumen-like viscoelastic properties. Aigher temperatures (higher
than the temperature where the phase angle red@shpsak value), the epoxy
component predominates the binder property, andiig@er will behave as an
elastic material and show very good high tempeeatesistance.

Table 5-1 illustrates the influence of frequenaesthe MER binder at 25
°C and 40 °C. It shows that 25 °C and 40 °Ghe frequency has only a slight
influence on the binder stiffness and phase agl¢éhe temperature range from
50 °C to 100 °C, higher frequencies will resulaihigher stiffness. But when the
temperature is lower than 20 °C, as Figure 5-2 shdke stiffness and phase
angle of MER binder are independent of the frequenc

Table 5-1 Influence of frequencies on the binddingss

Stiffness [Pa] Phase angle [Degree]

Frequency [Hz] 25 0C 40 °C 25 0C 40 °C
1 8.62E+08 6.39E+08 7.968547 9.47036
10 1.04E+09 7.77E+08 7.296724 8.830230
100 1.19E+09 9.37E+08 7.962769 8.927408

5.1.2 Direct Tensile Test

Mostly, the DTT test for a bituminous binder/mortar performed on
specimen as shown in Figure 3-15 [1]. Figure 5-3figws typical DTT samples
in the silicon mould. However, the test setup lmbd modified slightly because
of the following reason. In some preliminary test®cture occurred in the
adhesive zone between the MER binder and the aluminnstead of in the
binder. This occurred because MER binders have éhrhigher tensile strength
than the adhesive strength between the binder mmdiraum plate. In order to
avoid this undesirable adhesive failure, the testadples were first glued to the
aluminum with X60 polymer glue before testing.

(2) Typical DTT samp
in the silicon mould

Figure 5-3 Typical specimens (1) and glued specaighof MER for DTT
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However, most of the tests still failed at the ifdee, even though X60 glue
was applied. Figure 5-4 presents three test reduiesy all suddenly failed at the
interface between the binder surface and the gloenwhe force was applied.
This means that the X60 glue could not provide ghcadhesive strength at the
interface.

0.4 1.4
o Displacement

—e— 1st test-force

—a—2nd test-force

1.2

0.3 A
= ——3rd test-force 1
X S
S 08 £
£0.2 - S
g 0.6 §
£ g
o o
— 04 »

0.1 - [a)

0.2
0 0

0 10 20 30 40
Loading time [s]

Figure 5-4 DTT results with failure at the interéaat 10 °C at a displacement
rate of 1 mm/min

In order to overcome the problem mentioned abowanhbell shape
specimens as shown in Figure 5-5 were used. Twopdawere introduced to
eliminate the influence of the interface failureneTMER test specimen was
produced directly into a dumbbell shape by pouring MER into the DTT
mould. During DTT and Relaxation tests (RT), boites of the test specimen
were fixed with clamps connected to the test machirhe contact surfaces on
the clamps are rough enough to prevent slippingéen specimen and clamps.
With this method, the failure at the interface betw the MER and the aluminum
plate could be avoided.
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Figure 5-5 Schematic picture for DTT on MER samples

Figure 5-6 shows a typical test result obtainedhvat dumbbell shape
specimen. The loading force is increased to a iceviaue. Before the specimen
fails, there are a few seconds during which thel Isi@ys constantly while the
displacement keeps increasing at constant dispkcemate. As mentioned
before this stage represents the failure propagalibe failure propagation of
MER is taking just a few seconds. The displacenedorigation is very limited
and therefore the resulting tensile strain is may\arge (less than 10%).
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Figure 5-6 A typical DTT test curve obtained on MER20 °C and a
displacement rate of 1 mm/min

5.1.2.1 Curing Behavior

The curing speed is a critical factor that will ludnce the possible
application of the binder for thin surfacings. Ttaster the curing speed, the
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more economical the surfacing application is. Egdgovhen the binder is used
on busy runways or at night at highways to be reegesarly, it should cure fast
enough to reopen the runway in a short time. Tloeeefit is necessary to
investigate the curing behaviour.

Specimens were kept in a storage room at 14 °CZ@vdrelative humidity
after sample preparation. DTTs were conducted dfffgrent curing times. Tests
were performed at 10 °C with a displacement spéédnam/min. The maximum
force and the displacement at failure were recarded

Figure 5-7 presents the influence of curing timestrength and failure
strain. The curing curves were fitted by means sfgaoidal curve [2, 3]. The
sigmoidal curve function is shown below:

ST - 1+ eIB_VXTcuring (5-1)

Where,

a,B,y,0  =sigmoidal function coefficients (fitting parametg

S = the tensile strength, [MPa];

Teuring = the curing time, [hours].
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Figure 5-7 Curing curve of modified epoxy resiridt°C

Table 5-2 presents the fitting parameters for tbheng curve. At short
curing times, the MER has a lower tensile streragith a larger failure strain. The
tensile strength is increasing until it reachesnximum after being fully cured.
Obviously, the tested two-component MER needs abalatys to get fully cured.
However, it has a DTS of 5 MPa after less than y. @a&ing, which is higher
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than the DTS value of traditional bituminous birgldn practice, the contact of
MER with aggregate and environmental factors asdwand higher ambient
temperature might accelerate the curing speed.efdrerin practice, the curing
is expected to go faster than measured in the daduoyr.

Table 5-2 Parameters for the prediction models BRM

S o B Y R?

-2.2 22 2.05 0.06 0.96

5.1.2.2 Direct Tensile Strength

DTT tests were carried out on fully cured specimatriemperatures of 0 °C,
10 °C and 20 °C. The applied displacement rate uasn/min. The influence of
the displacement rate on the tensile strength weasstigated at 10 °C using
displacement rates of 1 mm/min and 10 mm/min. Tesist were conducted at
each test condition. Table 5-3, Figure 5-8 and lEda+9 present the DTS and
failure strain at different temperatures and dispihaent rates.

Table 5-3 DTT test results on MER

Failure Strength [MPa] Failure Strain [%]

Disp. speed 1 mm/min 10 mm/min 1 mm/min 10 mm/min

Temperaturg 0 °C | 10 °C| 20 °C 10 °C 0°C| 10°Qg 20°C 10 °C

Specimen 1| 26.5619.58| 18.39 21.17 9.26| 8.46] 11.48 13.08

Specimen 2| 29.4721.36| 18.61 21.11 1154 8.2 | 7.22 10.44

The data show that the DTS of MER is dependenthertdst temperature.
The tensile strength is higher at 0 °C than thsikestrength at 10 °C and 20 °C.
But the difference in tensile strength is not digant. The applied displacement
rate does not seem to have a significant effecthentensile strength. This
behavior could be expected since the DMA test skoabeady that the stiffness
of the MER binder is independent of the frequentythe lower temperature
range (lower than 20 °C).

The failure strain is in the range of 7.2% to 11.8f6 is not very sensitive
to the test temperature. Basically, a viscoelasaterial will behave more brittle
at faster loading rates, which means that therstrtiafailure would decrease with
increasing loading rate. But the results shownigufe 5-9 do not fit this theory.
Also this could be expected since the DMA resuit&igure 5-2 and Table 5-1
illustrate that the tensile strength tests werdopered under conditions where
the response of the binder is independent of Igafliquency. So the influence
of loading rate on the failure strain cannot beedatned.
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Figure 5-8 Direct tensile strength of MER binder
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Figure 5-9 Failure strain of MER binder

Table 5-4 gives the DTS results of the original MBERder and oven aged
MER binder. Obviously, after oven ageing at highemperature, the tensile
strength of MER has slightly increased under tlmesdisplacement loading rate.
But considering the variability during the tengists, the influence of ageing on
the tensile strength and failure strain is not iicgmt.
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Table 5-4 DTS of original MER and aged MER with infmin

Failure Strength [MPa] Failure Strain [%0]

Temperature 0°C 10 °C 20 °Q 0°C 10 °C 20 9C

Test No. 1 29.47 20.36 23.74 11.54 11.36 11,36
Aged Test No. 2 30.75 19.83 21.84 7.9 8.2P 11.98
Average 30.11 20.1 22.79 9.72 9.79 11.67

Original 28.01 20.47 18.5 10.4 8.33 9.35

5.1.3 Relaxation Test

The same dumbbell shape specimens were used foatorsC, 10 °C and
20 °C. Forty percent of the failure load obtainedinf the DTT tests on fully
cured samples at the same test temperature anddssypieecement rate was used
as the maximum force to load the specimen in thexation test. Figure 5-10
shows the relaxation curves of the original anddag&R binders at 10 °C. The
applied maximum force on aged binder in the relaratest was slightly higher
than the one applied on the original binder.
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0.4 40.2% = Qriginal MER
| R E __
=X,
g 0.3 A m—
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° 0
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Q __________________
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Figure 5-10 Relaxation test results at 10 °C of Migfore and after ageing

Table 5-5 presents the RT results. Figure 5-11¢mtesthe relaxation
percentage of the original and oven aged MER bsdar three different
temperatures. After 7 days oven ageing, the agadkbishows less relaxation at
10 °C. It decreased from 48.8% to 40.8%. But at@@nd 0O °C, the difference is
limited. In general it can be concluded that theiag is hardly influencing the
relaxation of MER.

The relaxation of the original MER at 0 °C is 3@24which is far less than
the relaxation percentage of bituminous binders epolxy modified bitumen.
The relaxation percentage of original bitumen isnmally higher than 90% at
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0 °C, while epoxy modified bitumen can reach mdrant50% relaxation under
the same test conditions [1]. MER is a more elastterial, while bitumen and
EMB are viscoelastic materials. Antiskid surfacgels should have the ability to
release the temperature induced tensile stressésh wiill occur in winter

condition. But for MER binder, about 40% to 60%thé applied temperature
stresses will remain and when high enough thesssds in combination with
traffic induced stresses might result in cracking.

Table 5-5 Relaxation test results for MER

Relaxation [%] Applied strain [%]
Temperature 20 °C 10 °C 0°C 20 °C 10 9C 0°C
Specimen 1 50.7 44.6 39.7 3.1 2.5 2.3
Original Specimen 2 50.4 52.9 38.8 3.1 2.5 2.4
9 Specimen 3 52.6 -- -- 2.3 -- --
Average 51.21 48.76 39.24
Specimen 1 52.1 40.2 37.3 2.8 2.8 2.5
Aged Specimen 2 51.2 41.4 38.5 3.1 3.1 2.5
Average 51.67 40.78 37.92
60
51.21 51.67 & Original BAged
48.76
50
\?
= 40.78
% 40 39.24 3792
<
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5 30
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©
@
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Figure 5-11 Average relaxation percentage of medi&poxy resin at three test
temperatures

5.2 Modified Bitumen Emulsion (MBE)

The curing behavior of MBE was first investigatad the laboratory.
Afterwards, DSR tests were conducted to understhad/iscoelastic properties
of the cured residues.
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The residue from MBE is very sensitive to the terapee. At higher
temperature, it has a lower tensile strength atatrger failure strain. At lower
temperatures, it has a higher tensile strength angmaller failure strain.
According to [4], the maximum tensile strength ofutmen residue at lower
temperatures ranges from 0.5 MPa to 2 MPa. It ishmawer than the strength
values for MER and EMB, and its failure strain isuah higher. The
displacement range of the equipment in the lalmassimall to conduct DTT on
the bitumen binder. So DTT is not included for m&n residues in this research.

5.2.1 Curing Behavior

Firstly, a silicon rubber mould shown in Figure %:das used to obtain the
bitumen residue. A thin layer of bitumen emulsiapgrox. 3 mm) was spread
into the silicon rubber mould, having a diameteB8ahm or 25 mm. The mould
was designed to allow slightly more material topteced in it than required in
the DSR test.

After filling the mould with the required amount efulsion, the sample
was allowed to dry over 24 hours at ambient tempega(around 22 °C {1
stage)). For the" stage the residual binders were kept in a veatlatven at
50 °C for 24 hours. For thé*3tage the residual binders were kept in a veatlat
oven at 85 °C for another 24 hours.

" ru'

Figure 5-12 Silicon rubber mould and visual stdt®BE at different stages

Figure 5-12 shows the visual condition of the MBEemdifferent curing
stages. After the®istage, thin bitumen films were observed at théaser while
the emulsion at the bottom stayed liquid. This lesqgal because the mould is too
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deep and the water inside the mould cannot evapeasily. After the ¥ stage,
the samples clearly showed a lot of bubbles. Tpesklems were caused by the
specific shape of the silicon rubber mould. Obviguke depth of the silicon
rubber mould is too deep to let water evaporatecsiniyn

To prevent the problems described, silicon papes wsed. Instead of the
silicon rubber mould, About 60 gram bitumen emuisiwas spread on silicon
paper with a size of 200 mmx200 mm. The same tbteps as described in
Figure 3-7 were applied to get bitumen emulsiomndress. Figure 5-13 shows the
visual state of the MBE after different curing siag

“After ‘.15t stage

Figure 5-13 MBE at different stage on silicon paper

5.2.2 Dynamic Shear Rheometer

Stress-strain relationship tests were conducted thié DSR strain sweep
test to determine the Linear Viscoelastic (LVE)garof the binders. These tests
were necessary to ensure that the following frequesweep tests were
conducted in the linear visco-elastic range. Theaadyic shear modulus is
relatively strain-independent at sufficient smalass. The strain level at which
nonlinearity occurs varies significantly with thiffeess of the asphalt binder. In
the Strategic Highway Research Program (SHRP) tf4g, limit of the linear
viscoelastic range was defined as the point beyamdh the measured value of
the complex modulus decreased to 95% of its inM@lue. This point was
determined by conducting a strain sweep test, @asrsim Figure 5-14.

Figure 5-14 shows the strain sweep test resultairdd on the MBE
residue after the first curing stage. The straieegvtest was performed at 20 °C
at a frequency of 10 rad/s.

Figure 5-15 shows the stress-strain relationshipemperatures varying
between -10 °C to 60 °C of the bituminous bindeéerahe ' stage curing. The
three red curves of 20 °C, 40 °C and 60 °C wetedesith the 25 mm diameter
plate geometry, while the black curves of -10 °CC0 10 °C and 20 °C were
tested with the 8 mm diameter plate geometry. Eig&16 shows the
relationship between shear modulus and shear sitdained in a strain sweep
test.
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Figure 5-15 Stress-strain relationships of MBE raftestage curing
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Figure 5-16 Modulus curves from strain sweep tesVi8E after 1st stage curing

Strain sweep tests were also conducted on MBE uesidfter the " and
3" stage curing. Based on the results, proper skeails were selected from the
LVE range at each temperature for the frequencyepviests. Table 5-6 presents
the applied strain levels.

Table 5-6 Strain levels applied on emulsion resscatedifferent temperatures

Strain level [%] -10°C| o0°c] 10°d 20°¢C 40°C 60
1% stage 0.01 0.05 0.1 0.3 1 3
2" stage 0.01 0.05 0.1 0.3 1 3
37 stage 0.01 0.05 0.1 0.3 1 3

Figure 5-17 shows the master curves of the modaridsphase angle for the
residues after®istage, ¥ stage and "3stage curing, at the reference temperature
of 20 °C. The Williams-Landel-Ferry (WLF) equatiamd S-curve Model (see
the explanation in Section 3.2.4.3 in Chapter 3ewesed to construct the master
curves of the modulus and the phase angle overda Wwequency range. The
following equations are used:

C(T-T
C2 + (T _Tref)
C(T-Tg)
fo=f xa, = f x10%"TT (5-3)
G’ =Gy + (G Gr) X (L EXPE(2) %)) (5-4)
Bs
Where,

a; = the shift factor at a temperatureof
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Tt = reference temperature, [°C];

c, C, = are constants;

G = complex modulus, [Pa];

fo = reduced frequency, [rad/s];

G..,» Gnax = complex modulus whet, is O or infinite, [Pa];
B = location parameters of the S-curve;

Vs = shape parameters of the S-curve.

The fitting parameters of the master curves arergim Table 5-7. Master
curves for a virgin pen grade bitumen (Pen 90)adse included in Figure 5-17
for comparison [1]. The physical properties of thitumen are listed in Table
5-8.

1.E+10 100
Phase ang
OOMOOOOOO
_ 1.E+08 L AALAAAAAAA M p N o‘ —— . 80
© )
& e Modulus g
@ o
>
S 1.E+06 | - 60 &
'8 f
£ >
< S
o 1.E+04 - 40
< QO
7 &
X R c
g | o
£ 1LE+02 | - 20
8 ; AAA
<
1.E+00 ' ' : : ' 0
1.E-07 1.E05 1.E-03 1E-01 1E+01 1.E+03 1.E+05 1.E+07
Frequency [Hz]

¢ 1st-Modulus » 2nd-Modulus o 3rd-Modulus ° Pen 90 Modulus
a 1st-Phase angle a 2nd-Phase angle a 3rd-Phase angle s Pen 90 Phase angle

Figure 5-17 Modulus curves after thestage, 2 stage and"3stage curing
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Table 5-7 Fitting parameters for MBE binders

Fitting parameters After”Istage After ¥ stage After 8 stage
C, 22.36 19684.18 3044.1
C, 208.81 160883.87 32032.5
G, [Pa] 9.77E+7 1.2E+8 1.25E+8
Gmin [Pa] 0 0 0
Bs 1095.86 1619.74 2458.93
Vs 0.63 0.57 0.58
Onmax [DEQree] 67.39 77.89 76.21
J,., [Degree] 0.34 0 0.01
Bs 9381.59 1498.28 764.46
Vs 0.12 0.11 0.13
Table 5-8 Basic properties of pen grade bitumen 90
Indicator Test Method Specifications Results
Penetration [0.1mm)] ASTM D5 80~100 92.6
Softening point [°C] ASTM D36 > 45 47.8
60 °C Viscosity [Pa.s] ASTM D217 > 160 187
15 °C Ductility [cm] ASTM D113 > 100 > 150

Compared to the Pen 90 bitumen, the residues of MBEe higher
modulus values and lower phase angles at the s&mgeeihcy. The slopes of the
master curves of the MBE residues are smaller thanslopes of the master
curves of the Pen 90 bitumen. This indicates that MBE residues are less
temperature susceptible.

Figure 5-17 show that the residue obtained afterdthcuring stage has a
slightly higher modulus than the residue obtainierahe 2¢ curing stage. This
means that curing might occurred during ti€ s3age, hence only the master
curves from the '8 stage cured sample can represent the propertiesfolfy
cured MBE residue. At a very low temperature, el °C, the MBE has a
modulus value of 100 MPa, while its phase angleeisw 20 degrees. At a high
temperature, e.g. 60 °C, the MBE has a modulusvafapproximately 300 Pa,
while its phase angle is above 60 degrees. At 6@h&Cbinder has viscous
domain properties and hence behaves almost likgiia lat these temperatures.

Because of jet blast, a high temperature resistahemtiskid surfacing at
80 °C or higher is required. The test results stiat the MBE residue comes in
a liquid state at temperatures higher than 60 #% ihdicates that MBE may not
be suitable for antiskid surfacings.
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5.3 Epoxy Modified Bitumen (EM B)

Firstly, preliminary tests were performed on thtgpes of 2-component
epoxy modified bitumen, named Al, A2 and A3. Thiéedences between these
three binders are the additive contents as showraime 3-3, which resulted in
the fact that Al cures the fastest and A3 curesltheest.

5.3.1 Preliminary Tests

Two curing temperatures were used, 14 °C and 22A%@r preparation,
some samples were kept in a storage room at 140dC7@% relative humidity.
Others were cured at ambient temperature in therdadry (approximately 22
°C).

5.3.1.1 Curing Behavior

Some preliminary tests showed that the A3 bindesofter than the other
two binders. For example, when DTT was performed displacement rate of 1
mm/min at 10 °C, A3 had a failure displacement Wwhigas out of the
displacement range of the test machine. Theref@réClLand 6 mm/min were
used for the A3 binder, while test conditions of°@and a displacement rate of
1 mm/min were suitable as direct tensile test doors for the A1 and A2 binder.
Figure 5-18 shows the failure propagation durind@&Tl test. Figure 5-19
presents typical displacement-force curves for EMiBders. The figure clearly
shows that A3 was more flexible and had a remaykhaigher failure strain than
the other two, even at a displacement rate of 6nim/m

R & o 4 A il Y

Figure 5-18 Failure propagation during a DTT test
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Figure 5-19 Force-displacement curves from DTT diBbbinders at 10 °C

The DTT test results are presented in Table 5-Blela10 and Table 5-11.

Table 5-9 DTS results of A1 binder

Cured at 14 °C Cured at 22 °C
Curing | Disp. DTS Stiffness | Curing | Disp. DTS Stiffness
T [h] [mm] | [MPa] [MPa] T [h] [mm] | [MPa] [MPa]
26.5 1.55 9.28 202.38 21 0.94 14.49 520.98
54 1.17 15.55 449.14 21.5 1.14 16.35 484.68
55.5 0.94 15.71 564.93 27 0.84 15.87 638.67
77 0.88 14.81 568.99 27 0.9 16.28 611.43
77.5 0.87 14.90 578.77 47.5 0.89 16.12 612.07
88.5 0.81 17.18 716.69 48 0.89 16.36 621.35
89 0.93 16.44 597.56 75 0.99 16.36 558.59
242.5 0.77 17.91 786.11 115 0.89 16.44 624.41
315 0.79 17.74 759.19 115.5 0.83 16.28 662.99
502.5 0.9 18.80 706.15 165.5 0.8 17.01 718.84
503 0.86 19.46 764.65 171.5 1 18.31 619.01
214 0.69 15.96 781.59
216.5 0.74 18.07 825.46
334 0.91 19.21 713.56
339 0.84 19.21 773.02
532.5 0.83 17.01 692.85
533 0.77 16.28 714.65
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Table 5-10 DTS results of A2 binder

Cured at 14 °C Cured at 22 °C
Curing | Disp. DTS Stiffness | Curing | Disp. DTS Stiffness
T [h] [mm] | [MPa] [MPa] T [h] [mm] | [MPa] [MPa]

30 15.89 5.54 11.78 21.5 11.67 8.06 23.34
50.5 12.56 7.65 20.59 22 8.23 8.06 33.09
54 14 8.06 19.46 49.5 1.53 7.98 176.24
69 9.75 8.79 30.48 49.5 7.27 11.15 51.85
72 10.79 9.28 29.07 67 6.39 12.21 64.59
90.5 10.12 10.01 33.44 67.5 7.89 11.72 50.2P
96 8.99 10.01 37.64 119 3.92 11.15 96.16
193 4.56 9.93 73.61 119.5 4 11.56 97.67
197 5.82 10.58 61.46 190 291 13.03 151.29
235.5 4.48 12.23 92.30 241 3.92 11.97 103.18
242 5.5 12.29 75.54 248 1.89 12.70 227.97
439 3.8 12.54 111.51 337.5 3.64 12.78 118.68
507 3.2 12.37 130.68 343 1.42 13.11 311.95
510.5 3 12.29 138.49 385 1.14 13.27 393.43

574 1.82 13.19 244.88
Table 5-11 DTS results of A3 binder
Cured at 14 °C Cured at 22 °C
Curing | Disp. DTS Stiffness | Curing | Disp. DTS Stiffness
T [h] [mm] | [MPa] [MPa] T [h] [mm] | [MPa] [MPa]

53 18.96 5.94 10.59 46 15.66 7.73 16.69
70 19.01 6.35 11.29 46 15.41 7.90 17.32
75.5 19.91 6.76 11.47 55 15.6 8.47 18.36
116 12.26 6.92 19.08 55 12.2 8.31 23.01
171 13.09 7.81 20.18 70 9.5 7.72 27.47
174.5 16.18 9.12 19.04 70.5 13.9 8.2p 19.99
242.5 13.08 8.71 22.51 121.5 12.4 8.6¢4 23.5b
336 13.06 8.71 22.54 141.5 12.6 7.97 21.39
337.5 13.47 8.71 21.86 318.5 12.9 8.7R 22.8b
500 11.08 8.87 27.07 338 11 9.03 27.74
503 11.6 9.36 27.28 361.5 12 9.11 25.66
385 9.84 9.11 31.30
390 12.3 9.03 24.81
410 10.6 8.61 27.46
505 10.8 9.03 28.25
507 10.1 8.47 28.35

Figure 5-20, Figure 5-21 and Figure 5-22 presesiiS results in relation
to curing time and curing temperature. Table 5-f&s@nts the fitting parameters
(see equation 5-1) for the curing curves of DTSuealin relation to the curing
time. The curves for the displacement at failure abtained by adding a
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logarithmic trend in excel. The DTS increases vatiting time, and the higher
the curing temperature was, the faster the DTS Idped. Binder Al has the
fastest curing rate and the highest direct terssingth, while A3 has the lowest
curing rate and the lowest direct tensile strenBtdsed on the model parameters
presented in Table 5-12, it can be concluded tt@®A3 EMB binder has a DTS
of 9 MPa after being fully cured. The DTS of futyred A1 and A2 is about 18
MPa and 12 MPa respectively.
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Figure 5-20 Curing curves for binder Al tested@?@ and 1 mm/min
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Figure 5-21 Curing curves for binder A2 tested@?@ and 1 mm/min
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The displacement at failure of A1 and A2 is muclalken than that of A3.
The failure displacement curves indicate that ti3bMder will perform better
when large deformations are introduced onto thepent surface. The antiskid
surface might suffer to significant strain levéltHe used binder cannot resist to
this strain, cracks might occur.
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Figure 5-22 Curing curves for binder A3 tested@?Q@ and 6 mm/min
Table 5-12 Parameters for the prediction models
Binder Curing temperature d o B Y R?
Al 14 °C -10.5 29 0.55] 0.045 0.959
22 °C -15.5 33.5 0.09 0.083 0.868
AD 14 °C -1.5 13.8 2 0.042 0.904
22 °C -5.3 18.45 0.9 0.06 0.879
A3 14 °C -0.0293 9.3 23§ 0.048 0.924
22 °C -0.0147 9 3 0.1 0.958

Figure 5-23 shows the stiffness in relation to ¢hang time. The stiffness
of Al is developing very fast and can reach a valbeve 700 MPa after fully
curing. The stiffness of A2 and A3 develops slowem the stiffness of the Al
binder. After 200 hours, the stiffness of A2 and &3still increasing. The
maximum stiffness of A3 when tested at 10 °C amdné/min displacement rate
is about 30 MPa.
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Figure 5-23 Stiffness in relation to curing time EMB binders

5.3.1.2 Dynamic Shear Rheometer Results

First of all, strain sweep tests were conducteddtermine suitable strain
levels for the frequency sweep tests. Figure 542d Rigure 5-25 present the
shear stress and complex modulus curves in relédidhe applied strain for the
fully cured A3 binder. The test was conducted frequency of 10 Hz.

Strain sweep test results obtained on the Al antlid@ers are presented in
Figure A-5 to Figure A-8 in the attached AppendBased on these results,
certain stress levels were calculated to be apmhdte frequency sweep tests.
Table 5-13 presents these applied stresses fontheidual tests at different
temperatures. Frequency sweep tests were perfoomédlly cured binders and
oven aged binders (oven aged binder means bineeriaghe oven for 7 days at
85 °C) at temperatures of -10 °C, 0 °C, 10 °C, €0 40 °C, and 60 °C. The
frequency ranges from 0.1 rad/s (approximately ®00Hz) to 300 rad/s
(approximately 47.73 Hz).
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Figure 5-25 Modulus curves from strain sweep testfully cured A3 samples

Table 5-13 Stress [Pa] level applied on the EMRIbis

Temperature [°C] -10 0 10 20 40 6(
EMB-A1 Fully cured 25930 23580 18860 7060 471.6 235.8
7d aged 25940 23580 18860 7073 2358 235.8
EMB-A2 Fully cured 25930 23580 18860 7072 471.6 235.8
7d aged 25940 23580 18860 7073 471.6 235.8
EMB-A3 Fully cured 25940 23580 18860 7076 2358 245.9
7d aged 25940 23580 18860 7073 2358 235.8
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Figure 5-26 shows the master curves of the comgleear modulus and
phase angle for the Al, A2 and A3 binders, at éfierence temperature of 20 °C.
The fitting parameters are given in Table 5-14.
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Figure 5-26 Master curves of cured Al, A2 and Alders at Tref=20 °C

Table 5-14 Fitting parameters for EMB binders

Fitting Al A2 A3
Parameters Original | Oven aged Original Ovenaged Original Ouged
C, 43 7638.23 43.96 11315.5% 43.96 3700
C, 250 40959.44 250.52 65027.25 250.52 22920/96
G, .. 7.68E8 9.14E8 7.4E8 8.44E8 8.78E8 9.96EB
G, 2.91E6 3.08E5 2.73ES6 7.3E5 2.43E6 3.17E6
B 0.34 0.0027 0.33 0.008 543.0p 50.2
Vs 0.45 0.29 0.48 0.32 0.42 0.4

The phase angle curves of A1 and A2 binders arecantinuous with
frequency. This is mainly caused by the test teaipees. In the lower
temperature range, -10 °C, 0 °C, 10 °C and 20 °@&wselected for frequency
sweep tests. The temperature gap between eaclwassiO °C. In the higher
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temperature range, 20 °C, 40 °C, and 60 °C weexctsl for frequency sweep
tests. The temperature gap was 20 °C. When usirgTime-Temperature
superposition principle, the phase angle curvesaahigh frequency (low
temperature) range is very smooth, but a gap apgearthe low frequency (high
temperature) range. So, in the future smaller teatpee gaps of 10 °C, e.g.
20 °C, 30 °C, 40 °C, 50 °C and 60 °C, should balwh&ing frequency sweep
tests on EMB binders.

The green lines in Figure 5-26 represent the masteres of 8 cured
MBE residue. The figure indicates that the EMB leirsdhave a higher modulus
than the MBE residue. The slopes of the modulustenasirves for EMB are
smaller than the slope of MBE. This means thatBEMB is less temperature
susceptible. The modulus of EMB at the low frequerange, which represents a
high temperature condition of around 60 °C, is bigthan 2 MPa. The phase
angle at the high temperature condition (lower W@y range) is around 5
degree. It means that the EMB behaves as an elastierial at low frequency
and/or high temperature.

The phase angle curves of EMB binders are totaffgrént from that of
MBE residue. They have a distinct peak value agréam frequency, in contrast
to the phase angle curve of the MBE residue thapgeincreasing with
decreasing frequency. The phase angles of all ttk&® binders are much lower
than that of the MBE residue meaning that they bemaore elastic.

Binder A3 has the same modulus and phase angles/alsi A1 and A2 at
higher and lower frequency range. In the middlegearA3 has a lower complex
modulus. The Al and A2 binder have similar mastaves of modulus and
phase angle. Figure 5-27 shows a magnified graptheoimodulus curves and
clearly shows the differences at the lower freqyeaage.
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Figure 5-27 Master curves of the modulus for cukédA2 and A3 binders at
Tref=20 °C
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5.3.1.3 Direct Tensile Strength

The direct tensile strength of cured EMB bindeftér curing for more
than 10 days at ambient temperature) were studyecbhducting DTT tests at
0 °C, 10 °C and 20 °C, with displacement speeds mim/min and 6 mm/min at
each test temperature. Figure 5-28 and Figure 8khP®v the test results. Three
tests were conducted at the same test conditiothenalverage values were used.
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a 0°C 10 °C 20 °C
OA1-1 mm/min 20.37 17.01 11.03
@A2-1 mm/min 21.68 12.33 6.68
BA3-1 mm/min 14.04 6.28 3.54
mA1-6 mm/min 23.82 20.51 12.29
@A2-6 mm/min 24.47 17.50 8.06
B8A3-6 mm/min 19.17 9.07 4.43

Figure 5-28 Direct tensile strength of EMB

Both at 10 °C and 20 °C, binder Al has the highessile strength while
A3 has the lowest tensile strength at the samdrgaspeed. The tensile strength
increased when a higher displacement speed was Tkedensile strengths of
A2 and Al at 0 °C are quite similar.

The failure strain, which is shown in Figure 5-#fijicates that EMB has a
relatively small failure strain at a lower temperat of 0 °C. At 0 °C, the
maximum failure strain of EMB is 9.9%. The failws®&ain at 0 °C of A1 and A2
is less than 2.2% of. The failure strains of A3@t°C and 20 °C are more than
34%, both at 1 mm/min and 6 mm/min.
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Figure 5-29 Failure strains of EMB

Figure 5-30 presents the force-displacement cufeedully cured EMB
binders at 0 °C and 1 mm/min. These curves indittateat low temperatures Al
and A2 seem to behave rather brittle, while A3 shaweal ductile behavior. A3
binder has a significantly higher failure straimarththe other two binders at all
three investigated temperatures. Furthermore, A8driprovides a much higher
failure strain than MER (Modified Epoxy Resin), coaned to the DTT results of
MER listed in Table 5-3 and Figure 5-9.
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Figure 5-30 Force-displacement curves for cured E¥8 °C and 1
mm/min
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5.3.1.4 Relaxation

Relaxation tests were conducted at 0 °C, 10 °C2&n%C. Forty percent of
the force at failure was used as the maximum agtiece in the relaxation test.
Three tests were conducted at every different testditions. Figure 5-31
presents the results of binder A2 at three diffetemperatures. The applied
forces for these three tests are different bectheseéemperature influenced the
failure force a lot, which makes that 40% of thiéufa force is a different value
at different temperatures.
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Figure 5-31 Relaxation results of A2 at differeatnperatures

The 40% of the maximum failure force of binder A28 °C is 0.063 kN,
which is too low to be applied in the DTT test. Tin@se in the load signal is
about 0.01 kN which is large enough to influence thterpretation of the
relaxation results if 0.063 kN is applied. For tresson no data are presented for
binder A3 at 20 °C in Figure 5-32.
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Figure 5-32 Relaxation percentage of binder A1 aAd A3

Compared to the other binders, A3 shows the highetakation capacity.
Binder Al is more sensitive to temperature. Whentdst temperature changed
from 0 °C to 10 °C and from 10 °C to 20 °C , idaxation property increased
with 46.3% (from 28.7 to 42) and 91.3% (from 428@4). Binder A3 has the
best relaxation properties. At the temperatures/den 0 °C and 20 °C, it has at
least a 72.5% relaxation capacity. By comparinghi relaxation property of
MER (Modified Epoxy Resin), which are presented able 5-5 and Figure 5-11,
A3 binder has much better stress recovery behavior.

5.3.1.5 Ageing Resistance

Frequency sweep tests were also conducted on @eshAl, A2 and A3
binders. Figure 5-33 compares the changes of meduid phase angle between
the original Al binder and aged Al binder. Figurg45and Figure 5-35 present
the changes in binder A2 and A3 respectively. Tikkendg parameters for the
master curves are presented in Table 5-14. Theerefe temperature is 20 °C.

It is clear that the high temperature ageing in @akken has a significant
influence at the lower frequency range, where thedutus has increased
significantly after ageing. At high frequency lesielhe modulus before and after
the oven ageing is more or less the same. The teigiperature in the oven
probably causes the epoxy to react to a more maleigeee, demonstrated by
further modulus development.

The phase angle curves are shifted to the low &ecy area after oven
ageing. The peak point of the phase angle curvdgisransition point between
bituminous domain properties to epoxy domain prgperherefore, the curves
illustrate that the transition temperature increlasdter oven ageing (lower
frequency states higher temperature).
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Figure 5-33 Master curves of the original and caged Al binder

Figure 5-35 illustrates that the changes of modand phase angle of
binder A3 after oven ageing were smaller than thafsthe other two binders.
This means that the A3 binder has a better higlpéeature resistance. Figure
5-36 compares the master curves of all the threel &dinders. A3 binder has a
lower modulus at low frequency range. Because hssp angle curve of A3 is
shifted to the right compared to the aged Al arela§§2. This means that the
aged A3 binder has a lower transition temperataighér frequency states lower
temperature) than the other two aged binders.
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Figure 5-34 Master curves of the original and caged A2 binder
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Figure 5-35 Master curves of the original and caged A3 binder
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Figure 5-36 Master curves of the oven aged Al, A® A3 binders

Relaxation tests were also conducted at 10 °C enotlten aged EMB
binders with DTT specimens. Figure 5-37 shows,ragxample, the difference
in relaxation behavior between the original anddag@ binder. It clearly shows
that the original binder has better relaxation praps.
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Figure 5-37 Relaxation curves of the original amdroaged A2 binder

Table 5-15 shows the results of the relaxatiorstbsfore and after ageing
of the EMB binders. The relaxation capacity of lErelAl and A2 decreased
with about 45%, which is much more than the de@@ég®rcentage observed for
binder A3. This again shows that the A3 binder h&®tter resistance to ageing
due to high temperatures than the A1 and A2 binders

Table 5-15 Relaxation of EMB at 10 °C before antdrabven ageing

Relaxation Al A2 A3
Before ageing 42.03 73.39 91.35
After ageing 24.32 39.39 80.36
Decrease [%] 45.79 46.33 12.03

5.3.2 A3-UV Binder

The preliminary tests illustrate that A3 has bet&daxation property, larger
tensile strength and better ageing resistance .efdrey, it may be concluded that
the A3 binder has significant advantages over bidde A2 and MER, and was
chosen for further analysis.

Antiskid surfacings are applied on the pavementyokvay) surface where
they are directly exposed to the environment. Téeyexposed to the influence
of water, moisture, oxygen and UV light. All thefsetors can cause ageing and
damage. A good weather resistance is therefordubbgorequired. In the EMB,
the hardener is an amine-based chemical, whigtnisitsve to UV radiation. As a
result, the epoxy may degrade and loose strengtmen

Therefore, 1 wt. % of UV absorber (Hindered Aminght Stabilizer,
HALS) was added to improve the resistance to weadlgeing of A3 binder.
HALS does not absorb UV radiation, but acts to bithdegradation of the
polymer. It slows down the photochemically init@dtdegradation reactions in a
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similar way as antioxidants do. This binder was edm3-UV in this research.
Weatherometer ageing was conducted on this bindlesirhulate long term
weather ageing.

5.3.2.1 Weatherometer Ageing

A weatherometer was used for accelerated agein@ruedvironmental
conditions. Cylindrical specimens and small beamerewplaced in the
weatherometer. The ageing conditions were discusse8ection 3.2.1.2 of
Chapter 3. Figure 5-38 shows a picture of the palibinder and the
weatherometer aged binder. It can be clearly skah after weatherometer
ageing, a lot of bubbles appeared on the specimdace. This illustrates that
severe ageing occurred at the surface of the speciduring weatherometer
ageing.

Figure 5-38 Specimens of the original and weathetemaged specimens

Both DSR (from -10 °C to 80 °C) and DMA (from -4Q to 100 °C) tests
were used to characterize the viscoelastic behafithe original and aged A3-
UV in the lower and higher temperature range.

5.3.2.2 Dynamic Shear Rheometer

DSR tests were carried out using temperatures mgnffjom -10 °C to
80 °C, which is a wider range than that used inpghevious section, Section
5.3.1.2. The strain sweep test results on weatheternaged A3-UV binder are
presented in Figure A-9 and Figure A-10 in thechital Appendix. Based on the
strain sweep tests, strain levels were definedh®rfrequency sweep tests. Table
5-16 gives the information of different applied astr levels at different
temperatures for the frequency sweep test.
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Table 5-16 Applied strain (%) for original, ovenegigand weatherometer aged
A3-UV binders

Temperature [°C] -10 0 10 20 40 60 80
Original binder 0.005 0.005 0.008 0.01 01 @2 05
Oven aged binder 0.01 0.1 005 01 @1 0.2 D.5
Weatherometer aged binder 0.005 0.005 0j01 0.024 0@05| 0.05

Table 5-17 gives the fitting parameters for the terasurves. Figure 5-39
compares the curves of modulus and phase anglesbetiully cured A3 (see
Figure 5-35) and A3-UV. It shows that adding UV atixer hardly influenced the
modulus value. The slopes of the phase angle caneequite close, although the
phase angle changed when the UV absorber was added.

Table 5-17 Fitting parameters for A3-UV binders

Fitting parameters ASUY
gp Original Oven aged Weatherometer aged
C, 97866.31 91513.42 61513
C, 597584.67 555931.93 555931
G, .. 9.68E+8 9.69E+8 9.8E+8
Grin 1.64E+6 1.65E6 2.59E+6
Bs 1495.2 38.03 1910.29
Ve 0.355 0.326 0.327
1.E+10 50
© A3 Cured-Modulus o A3-UV Modulus
o A3 Cured-Phase angle o0 A3-UV Phase angle
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Figure 5-39 Comparison between A3 and A3-UV
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Figure 5-40 compares the master curves of the medaf the original
binder, the oven aged and weatherometer aged biAtdéwer frequencies, the
complex modulus is higher than 2 MPa and the phagée is around 5 degree.
This means that the binder behaves elasticallyigitelh temperatures and long
loading times.

After oven ageing, the complex modulus curve shdta higher level. But
after weatherometer ageing, which represents bibttesevere ageing conditions
that occur in practice, there is no obvious chaoigthe modulus at the higher
frequency range. At the lower frequency range, tteelulus of weatherometer
aged binder is higher than the modulus for theimaigoinder, but lower than the
value of the high temperature aged binder.

At the EMB based surface, where there is directasirto the air, rain, and
solar radiation, ageing could be much more seveeetal the influences of a high
temperature than due to oxygen or UV radiation. tininot penetrate deeply
into the bitumen because of the absorption frongtlaghite-like structures in the
asphaltenes [6]. It is known that UV-light only pémates 10 to 30 micrometers
deep, giving oxidation to bitumen molecules. Thas ke seen by the surficial
chalking in Figure 5-38. But the core of the speasinms protected and will only
be aged by high temperature. The temperature duveegherometer ageing is
40 °C, which is much lower than oven ageing (85. 9C)s a well-known fact
however that the surface layers can reach temperafu65 °C on hot summer
days in the tropics.
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Figure 5-40 Master curve of complex modulus fogimal and aged A3-UV
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Furthermore, the epoxy reaction will give more mam at high
temperatures. Both effects imply that EMB is subjec more serious ageing
conditions in the oven than in the weatherometer.

5.3.2.3 Dynamic M echanic Analysis

The DSR test already gave clear information onviseoelastic properties
of the tested binders. However, this research \aased on to give guidance to
the producers for binder evaluations for thin stirfgs. Some of the producers
may prefer to do Dynamic Mechanic Analysis (DMA}tte instead of DSR.
DMA tests can also be used to understand the &stiebehavior (stiffness and
phase angle) of binders at a wider range of teny@&s Figure 5-41 shows the
DMA test specimens and three points bending tdsipsd he beams shown in
Figure 5-38 are too big for the testing. Therefdtee beams were cut and
polished to small sizes: the thickness is approteigadl mm and the width is 3.5
mm, while the distance between the two supportwigtp is 10 mm.

The DMA temperature sweep test was conducted at artd 10 Hz on the
original binder and aged binders. The temperatureng the test increased from
-40 °C to 100 °C with steps of 5 °C/min.

Figure 5-41 DMA test specimens and test setup

Figure 5-42 shows the stiffness and phase anglkesuat 1 Hz. In the
figure, O is the original binder, OA is the ovenedgbinder and WA is the
weatherometer aged binder. It can be clearly olesktivat at temperatures below
20 °C, the phase angle does not change too muchthendinders behave
elastically. At a temperature around 100 °C, thiénsiss curves seem to reach a
plateau at 6 MPa.
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Figure 5-42 Stiffness and phase angle of A3-UV beisdit 1 Hz

However, when the temperature was raised to 50ntChaggher, the binder
became soft and only a very low load was needé&eap the required amplitude
of 10 micrometer. When the testing temperature Wwather increased, the
required load became so small that it was closthéoresolution limits of the
DMA tester. This makes the results at the higheperature range less reliable.

There are only slight differences between the pafbinder and the aged
binders, which mean that ageing has a limited erfae on the binder properties.
The blue line represents the oven aged binder.ewthé red line represents the
weatherometer aged binder. No significant diffeeeat lower temperature can
be observed between these two specimens who werd fglowing two
different ageing procedures. The UV light in theatt®rometer ageing can just
influence the surface of the binder up to 30 miatars deep. During the sample
preparation for the DMA test, approximately 0.5 rtintkness of the specimen
surface was polished away and the core of the weatieter aged samples were
used for DMA tests. So, the influence of UV lighasvprobably eliminated and
the core parts were therefore subjected to lonign teigh temperature ageing.
Therefore no obvious difference can be observed.

Table 5-18 compares the test data from DSR and DM®. stiffness E)
values from the DMA test and the complex modul@s) value from the DSR
test can be compared with the equation:

E=2x1+0)xG (5-5)
Where,v is the Poisson’s ratio.

The results shows that DSR and DMA test give simiésults. The shear
modulus and the bending stiffness can fit eachrdiiyeusing equation 5-5 and
assuming the Poisson’s ratio is 0.3. The phasesaragk also quite similar.
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Table 5-18 Comparison between DSR and DMA data &N

DSR Original Oven aged Weatherometer age¢d
Complex Phase
°C | Hz angle
modulus [Pa
[degree]
10 1 6.60E+08 6.041
10 | 7.58E+08 6.097
0 1 5.41E+08 7.187 7.76E+0§ 6.94p 3.96E+(8 11)72
10 | 6.40E+08 6.337 8.87E+0¢ 7.03)7 5.22E+(8 1036
10 1 2.95E+08 14.61 5.70E+08 7.83P 2.33E+(8 1643
10 | 4.10E+08 11.29 6.82E+04 6.98[L 3.48E+(8 1413
20 1 1.01E+08 27.99 2.99E+0§ 15.3b 0.81E+(8 2244
10 | 1.87E+08 21.57 4.16E+06§ 11.99 1.45E+08 21)98
40 1 5.34E+06 33.18 0.27E+09 34.3 0.17E+(8 21.99
10 | 0.14E+08 40.28 0.64E+0¢ 32.46 0.3E+08 2512
60 1 2.11E+06 7.087 3.39E+04 20.38 6.33E+(6 239
10 | 2.77E+06 19.75 6.98 E+06 35.1J7 1.20E+07 27{71
80 1 2.02E+06 2.213 2.39E+04 4.08f 2.87E+(6 16,35
10 2.15E+06 4.954 2.74E+06 11.60 4.72E+06 25]17
DMA Original Oven aged Weatherometer aged
o Stiffness Phase Stiffness Phase Stiffness Phase
C | Hz [Pal angle [Pal angle (Pal angle
[degree] [degree] [degree]
10 1 3.05E+09 10.367 2.3E+09 8.94b 2.4E+09 9.9[78
10 3.6E+09 5.116 3.3E+09 3.894 3.6E+0P 4.8p8
0 1 2.4E+09 10.773 1.8E+09 9.809 1.9E+0p 10.598
10 2.9E+09 5.777 2.7E+09 5.751 2.9E+0p 6.0[L6
10 1 1.8E+09 12.945 1.5E+09 11.804 1.5E+0P 12.468
10 2.3E+09 6.914 2.2E+09 7.082 2.3E+0P 7.2/8
20 1 1.01E+09 19.273 1E+09 16.616 1E+09 17.311
10 1.6E+09 10.373 1.7E+09 10.564 1.6E+09 10.701
40 1 1.1E+08 50.795 1.4E+08 47.719 1.3E+0B 44.983
10 2.7E+08 32.973 3.8E+08 31.51 2.8E+0B 34.903

5.3.2.4 Relaxation

A3-UV is a modified A3 binder and Figure 5-39 shaWsy have the same
viscoelastic properties as each other. So no D3iE t®ere conducted on A3-UV
binder anymore. Also the relaxation test canngpdrormed in the same way as
used for Modified Epoxy Resin (see Section 5.113) #he first three Epoxy
Modified Bitumen binders (see Section 5.3.1.4).

The relaxation behavior of A3-UV was therefore istwgated by using the
DSR. A shear strain of 2% was first applied onte 8pecimen within two
seconds. Afterwards the strain was kept constantfoinutes. The induced
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stress was recorded in time. Relaxation at -100°G; and 10 °C was measured.
Figure 5-43 shows the relaxation curves of the exaimeter aged binders at -
10 °C, 0 °C and 10 °C. Applying the same straifoater temperatures implies
that a higher stress is generated in the binder.
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Figure 5-43 Relaxation curve of weatherometer a4V binders at -10, 0
and 10 °C

Table 5-19 presents the relaxation behavior of AB8-hinders at lower
temperatures. At -10 °C, the relaxation percentddbe original binder is 55.5%,
while for the weatherometer aged binder it is 47.8% neglecting the scatter in
the test, it can be concluded that ageing will dase the relaxation capacity of
the binder. Weatherometer ageing will introducargér decrease of relaxation at
lower temperatures.

Compared to the relaxation values of A3 binder tlwate presented in
Figure 5-32, one can observe that the relaxationep¢age of A3-UV is lower
than that of A3 binder. This is probably becauseth@ addition of the UV
absorber. However, it may also because differest teethods were used.
Nevertheless, the virgin and aged A3-UV binderswstapproximately 50%
relaxation at -10 °C. This value is much bettenttize investigated epoxy resin,
Al and A2 binders.

Table 5-19 Relaxation percentage at lower tempegatu

Temperature -10 °C 0°C 10 °C
Original binder 55.46% 52.69% 82.32%
Oven aged 49.28% - 58.63%
Weatherometer aged 47.63% 55.71% 74.68%
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5.4 Conclusions

The curing behavior, direct tensile strength anaxetion behavior of MER

were investigated by means of the DTT test. Dynavechanical Analysis was
used to characterize the elasticity of MER. Basedihe research results, the
following items can be concluded with respect toRE

1.

Two-component MER needs a curing period to devsldficient strength
to be subjected to traffic loads without earlydad. It can reach a DTS of 5
MPa within 1 day at a curing temperature of 14 E@vironmental factors
during application can accelerate the curing speed.

At high temperatures (more than 100 °C), MER bebtiagea rubbery elastic
material and has a stiffness value above 10 MP&Wwhiphase angle value
is close to 5 degree. So MER will behave as artielagaterial at higher
temperature.

When the temperature is below 20 °C, the frequdrasy only a limited
influence on the binder stiffness and phase angle.

The tensile strength of MER is dependent on thé te®perature. The
applied displacement rate does not have a signifieffect. The failure
strain of MER is very limited and not sensitive ttee temperature and
displacement rate. The influence of oven ageinghenensile strength and
failure strain is not significant.

The relaxation of all the researched binders deeahen the temperature
decreases. The original MER binder shows 39.2%aélan at 0 °C. Aged
MER has a poorer relaxation behavior.

Although MER has a high DTS and good high tempeeatasistance, its
failure strain is around 10% at the three test tnapires of 0 °C, 10 °C and
20 °C. This is relatively low compared to bitumisduinders.

The curing procedure and elasticity of MBE weredsd via Dynamic

Shear Rheometer.

7.

8.

The silicon rubber mould designed to prepare sasnige DSR test is not
suitable for the curing procedure of bitumen enauisi

At higher temperatures like 60 °C, the MBE has aduhss of
approximately 300 Pa, while its phase angle is alfvdegree. The binder
has a viscous domain property and behaves likgualli

The curing behavior, direct tensile strength, raten, elasticity and ageing

resistance of EMB (Al, A2, A3 and A3-UV) were fistudied by testing three
different 2-component EMB binders. Then one bindes selected for further
evaluations.

9.

The higher the curing temperature is, the faster BITS will develop.
Binder Al has the fastest curing speed and theekigRTS, while A3 has
the lowest curing speed and the smallest DTS off&aMhe DTS of EMB
Is temperature dependent.

-178 -



CHAPTER 5 Rheological and Ageing Properties of Alternative Binders

10. The relaxation of EMB is temperature dependentdBinA3 has a higher
relaxation value than the other two binders. Abvadr temperature of O °C,
it still has 72.5% of relaxation percentage.

11. The decreased percentage of relaxation betweeorigieal binder and the
high temperature aged binder for A1, A2 and A35s79%, 46.33% and
12.03% respectively. The relaxation difference riginal A3 binder and
high temperature binder is the smallest. Thistitates that binder A3 has a
better high temperature ageing resistance.

12. At higher temperatures like 80 °C, the complex mieslof EMB is higher
than 2 MPa, while its phase angle is around 5 @edriee binder has elastic
domain property at high temperature. EMB is lesaperature sensitive
than the residues from MBE.

13. Ageing will result in higher modulus, but A3 hastemallest changes of
modulus after ageing. A3-UV has excellent ageirsjstance.

These conclusions imply that the investigated MERIér needs long time
for curing. The relaxation property of MER at lowtemperature is much lower
than EMB binders. The failure strain of MER is alsery limited. The
investigated MBE residue does not satisfy the hHeghperature resistance. So
these two binders were probably not suitable endaglantiskid surfacing. The
A3-UV binder has better relaxation property, nigghhtemperature resistance
and ageing resistance. Therefore it was used fararmgiskid surface design in
the lab. The test results on the newly designesladtsurface will be discussed
in Chapter 6.
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6. Tests on Newly Designed
Antiskid Surfaces and Thin
Surfaces

In the beginning of Chapter 3, it clearly stateattthe binder properties
play an essential role in the performance of aitis&tyers. Therefore ample
attention has been given to these properties iprégous chapter.

In this Chapter, several potential alternative bisdwere investigated.
Based on those results, a two-component Epoxy MatBitumen (A3-UV) was
selected for the design of a new antiskid surfate reasons for this were that
compared to the other binders, the A3-UV binderdasgh tensile strength, the
best relaxation behavior, better high temperatgesng resistance and better UV
resistance.

Slabs were produced in the laboratory on which #miskid layer
containing the A3-UV binder was applied. Detail®atbthese slabs are given in
Chapter 3. Properties of the EMB-based antiskithserwere determined and the
results are presented in this Chapter. Furthermmreewly designed antiskid
surface layer constructed on runways in Schiphplai was investigated and the
results are also presented in this Chapter. Testshe slabs/cores involved
texture depth measurements, pull tests and shets. (Bable 6-1 presents the
requirements concluded in Chapter 4 [1].

Table 6-1 Requirements for new antiskid surfacings

Required Values Test conditions
Texture depth >1.3 mm Sand patch test
Tensile adhesion strength >1.0 MPa 10°C, 0.025 MPa/s
Shear adhesion strength >1.2 MPa 20°C, 50 mm/min

6.1 Test resultson EM B-based Antiskid

The EMB-based antiskid surface was constructedirigy $praying a thin
film (approximately 1.5 mm thickness) of 2-componepoxy modified bitumen
binder (A3-UV) to the surface of the asphalt migtuayer. Then uniformly
graded aggregates were sprinkled on top of théacelr
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Before producing the asphalt slabs with the ardislayers, a pre-
investigation was conducted to determine the rigpplication procedure to
achieve a satisfactory texture depth. For this psepfive smaller tiles of size
200x200mm with antiskid layer were prepared to fihd best solution. Table
6-2 presents the compositions of these experimantakid samples.

Table 6-2 Five types of EMB-based antiskid surfaces

Sample No. 1 2 3 4 5

Bitumen emulsion [300-400 g/in \

Aggregate [0.8-1.7 min N

Aggregate [0.3-2.4 min \

Aggregate [1-2 mih

Aggregate [1-3 mm]

< |2
< |2
2L |22
2|2
2|2

EMB [2.5 kg/nf]

Normally antiskid layers are swept (cleaned) abing placed to avoid any
loose particles to be present, because these p@oteles can cause FOD. As an
alternative, an emulsion can be sprayed on topehewly laid antiskid layer in
order to ensure that all particles are glued tagetBuch an emulsion was applied
on sample No. 2.

In samples No. 1 and 2 only single sized aggredat&mm) were used. In
samples No. 3, No. 4 and No. 5, two fractions afemal aggregates were used in
order to achieve a better interlocking skeletomguFé 6-1 shows the five trial
antiskid surfaces. Sand patch tests were carriedrothe samples and Table 6-3
presents the test results [2, 3].

o Madta 13mm 120,

Mandufax 1:30tm £9.3:24mm: - {IN Mandurax 1-3nfm /0,817

Figure 6-1 Trial on texture depth on five pieceglififerent antiskid surfaces
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As we can see, the texture depths of samples No.3are much lower
than the texture depth (see Table 6-1) of thedataining antiskid surface which
was used as benchmark [1]. This means that antiskitaces made from a
combination of coarse aggregates and fine aggregaie probably not provide
enough texture depth.

Table 6-3 Results of sand patch test on trial kidtisurfaces

Volume [mi] Diameter [cm] Depth [mm
D1 D2 D3 D4 Average D
No. 1 25 142 139 14.1 142 14.10 1.60
No. 2 20 13.3] 134 13.1 132 13.25 1.45
No. 3 15 143 14.2 14 14 14.13 0.96
No. 4 10 13.7) 13.6 13.Fy 135 13.63 0.69
No. 5 10 135 13.2 13 133 13.25 0.73

The texture depths of sample No. 1 and No. 2 atie above the required
values [1]. However, the application procedure ugsegrepare sample No. 2
implies that a thin film of bitumen emulsion is aped on the applied antiskid
surface. The purpose of doing this is to achievmeter adhesion between the
aggregates. But this thin bitumen film in combioatwith rubber disposal from
the aircraft tires might cause clogging of the scef in the touch down area
which will result in a decrease of the texture degiring the service period.

Therefore, sample No. 1 was chosen for further arebe The newly
designed antiskid layer was then placed on thrpbhadisslabs (see Figure 3-8 in
Chapter 3). The details of these slabs were gineSection 3.1.3 in Chapter 3.

It should be noted that the sand patch test wa®npeed on the slabs to
determine the texture depth. After the texture klepteasurements, test
specimens were cored for the Pull test, Leutnearstest and CT scans.

6.1.1 Texture Depth

Figure 6-2 shows the sand patches on the slabsthentkest results are
presented in Table 6-4.
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Figure 6-2 Sand patch test on EMB-ba

sed antiskelrla

Table 6-4 Sand patch test results on EMB-basedladtiayer

Volume Diameter [mm] Average R Texture Depth
[ml] D1 D2 D3 D4 D5 [mm] [mm]
50 180 | 183| 199 187 190 93.9 1.81
50 184 | 191| 185 189 188 93.7 1.81
80 230 | 228| 230] 2271 236 115.1 1.92
80 225 | 220| 224 221 222 111.2 2.06
80 225 | 221| 217 224 221 110.8 2.07

The texture depth of the EMB-based antiskid surfaxean the range
between 1.81 mm and 2.07 mm, while its averageevaul.93 mm. This is

higher than the texture depth of tar-containingskrd layer and far above the
1.3 mm value that is required in Table 6-1 [1]. Texture depth of this antiskid
surface is higher than thido. 1 trial antiskid surface in Table 6-3. This is
possibly caused by the preparation procedure. Titiskad surface on the slabs
was produced in the laboratory involving hand lalmstead of using an actual

full size field applicator. This might have influged the surface texture.
Although the texture depth of the EMB-based antiskiirface is higher

than the required value, it is necessary to make that this value stays high
enough during its service life. Therefore the textdepth should be checked
regularly in the field. The ability of maintainireghigh texture level relates to the
adhesion behaviour of the antiskid surface, incigdthe adhesion between
aggregates and binder and the adhesion at théaicgeto the underlying layer.

The adhesion at the interface is discussed inath@rfing Sections.

The adhesion between aggregates and binder isemdbd by the
mineralogical composition of the aggregates (prieseim Chapter 3).
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6.1.2 Tensile Strength

The adhesion between the EMB-based antiskid lagdrthe underlying
asphalt mixture layer was evaluated by means dftEési on cores. Nine tests
were conducted at three temperatures and a fixaing speed of 0.025 MPa/s.
The sample preparation and setup for the pullaesshown in Figure 3-27 [4, 5].

It should be noted however that all the failuresured through the asphalt
mixture below the interface (see Figure 6-3). Timgplies that the obtained
tensile strength actually represents the tensiength of the asphalt mixture, but
not the tensile strength of the interface. This msethat in this case the Pull test
Is not measuring the strength at the interfacealise this is not the weakest area.
Nevertheless, the test results still give indigagion the tensile adhesion strength
at the interface between the EMB-base antiskidrlayel the underlying asphalt
mixture layer.

Figure 6-4 shows typical force-displacement curaeshree different test
temperatures in the underlying asphalt mixture dayggure 6-5 shows the
resulting displacement curves versus time. At Oth&,displacement curves are
almost linear till the point of failure. At tempéuaes of 10 °C and lower, the
asphalt mixture appears to behave brittle sincdeudailure occurs.

.. EMB-based antiskid surface

Figure 6-3 Failure in the asphalt mixture during pull test
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6 ——EMB based @ 20 °C
5.92
: 5.4 ——EMB based @ 10 °C

5 EMB based @ 0 °C
=
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Figure 6-4 Force-displacement diagrams of thetests on EMB-based antiskid

The results obtained from the tensile adhesiors &% given in Table 6-5.
It shows that the tensile strength of the asphaiture is sensitive to the test
temperature At 20 °C, it is 1.4 MPa, while at lower temperasir the tensile
strength is higher. The average value of tensikngth at 10 °C is 2.5 MPa. The
failure type indicates that the tensile adhesioansth at the interface is higher
than the results listed in Table 6-5 (higher thah ®IPa at 10 °C), and also
higher than the value specified in Table 6-1 [1].

20
——EMB based @ 20 °C
——EMB based @ 10 °C
15 —
— EMB based @ 0 °C
IS
=
= 13.35
@ 10
€
[}
(&)
«
o
%]
a5
O & 1 1 1 1 1
0 20 40 60 80 100 120 140
Time [S]

Figure 6-5 Displacement versus time during pulisses the EMB-based antiskid
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The stiffness value in Table 6-5 is defined asfthieire force (maximum
load) divided by the failure displacement. Tenddsts at higher temperatures
resulted in lower tensile strength and higher faildisplacements. Therefore the
stiffness (N/m) at higher temperature is much lowen the value at lower

temperatures.

Table 6-5 Tensile strength of EMB-based antiskidesies

T | Failure Force| Tensile strength Average| Failure disp.| Stiffness | Average
[°C] [KN] [MPa] [MPa] [mm] [N/m] [MPa]
2.77 1.41 13.35 2.08x10
20 2.96 1.51 1.40 8.62 3.44x30 2.37x10
2.52 1.28 15.9 1.58x1(

4.4 2.24 4.3 1.02x16
10 54 2.75 2:50 74 7axfo| 877710
4.46 2.27 1.4 3.18x16
0 4.42 2.25 2.51 1.6 2.76x%0 3.63x16
5.92 3.02 1.2 4.93x 20

6.1.3 Shear Strength

The shear strength through the interface betweerattiskid surface layer
and the asphalt mixture layer underneath was imgasd by means of the
Leutner shear test. The sample preparation anddagb are introduced in Figure
3-33.

The tests were performed at 0 °C, 10 °C and 20u%ig a displacement
rate of 50 mm/min. Figure 6-6 shows typical exarmméthe displacement-force
curves obtained from these shear tests. Furthermim@re‘zero displacements
corrections” are shown which were needed to caleulze failure displacement
(at maximum load). At a lower temperature like O, %Ge resulting force
developed very fast and hence the specimen failedsudden and brittle way. At
higher temperatures like 10 °C and 20 °C, the dgahent-load curves indicated
a much more ductile behavior.

Table 6-6 presents the test results. The sheargstréhrough the interface
is dependent on the test temperature. The sheargstrincreases when the test
temperature decreases. The higher the test terapmras, the larger the
displacement at failure will be. The average sisér@ngth at 20 °C is 3.37 MPa,
which is much higher than the required value mewiibin Table 6-1 [1]. The
stiffness is also dependent on the test tempemtuféie lower the test
temperature is, the higher the stiffness is.
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70

Applied Force [kN]

0 1 2 3 4 5 6 7
Displacement [mm]

Figure 6-6 Loading curves obtained for the EMB-lolaaetiskid surfaces by
means of the Leutner shear test at three tempesgatur

Table 6-6 Shear results of the EMB-based antiskithse

T Falll[leeN]Force Shear strength [MPa]  Average Dizs.”l[Jr;em] S[tll\lil;?:]ss
27.07 3.45 2.08 1.3x10
20 °C 23.29 2.97 3.37 MPa 1.59 1.46x1(
29.12 3.71 0.91 3.2x10
47.40 6.04 1.08 4.39x10
10 °C 44.96 5.72 5.96 MPa 1.5 3x10
47.98 6.11 0.77 6.23x1(
49.78 6.34 0.45 1.11x1H
0°C 52.79 6.72 6.97 MPa 0.45 1.17x%a
61.74 7.86 0.74 8.34x1(

6.2 Test Results on Schiphol Antiskid

Cylindrical cores of 150 mm diameter with a Modifi@itumen based
antiskid surface on top were obtained from Schigigdort (Figure 3-9 shows
the picture of samples). This new Schiphol antid&iger is a non-tar-containing
antiskid surface layer that was applied on Schipbolvays. It is an alternative
product designed by Possehl, the company that mtstl the tar-containing
antiskid surfaces, with a patent protected bind®y designed by Possehl. Sand
patch tests, Pull tests and Leutner shear teses eogrducted on these specimens.

6.2.1 Texture Depth

Also in this case, the sand patch test was usedetermine the texture
depth of the modified bitumen based antiskid s@fi@; 3]. The sand patch tests
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had to be performed on cores with the same metlesdridbed in Section 4.1.3.

Because of the fact that the 150 mm sample diametsidimiting the area, 25 ml

of sand was used. Figure 6-7 shows the circles afteeading the sand on the
cores. The test results are presented in Table 6-7.

Figure 6-7 Spreading of the sand on the 150 mm eli@antores

Table 6-7 Sand patch test results of the Schiphitdlad surface

Volume Diameter [cm] Average D Texture Average Texture
[ml] D1 | D2 | D3| D4 [cm] Depth [mm] Depth [mm]
25 13.6/ 13.8| 14 | 13.8 13.80 1,67
25 12.7/12.9| 13.1] 13 12.93 1,91 1.86
25 12.6| 12.7| 12.5| 12.5 12.58 2,01

The texture depth of the Schiphol antiskid layeriad between 1.67 mm
and 2.01 mm, while its average value is 1.86 mms Tleans that the texture
depth fulfills the requirement of 1.3 mm mentioned able 6-1 [2].

6.2.2 Tensile Strength

Also the Pull test was used to determine the adbdsnsile strength of the
Schiphol antiskid layer on the cores. Nine testyeweonducted at three
temperatures and one loading speed. The samplarptem and setup for the
pull test are shown in Figure 3-27 [4, 5].

Most of the failures (see Figure 6-8 and Table 6&urred in the asphalt
mixture below the interface. Only two tests at Ofalled at the interface, the
failure of all the other tests occurred in the uhdeg asphalt mixture. This
means that the obtained tensile strength actuafiyesents the tensile strength of
the asphalt mixture, instead of the interface. #msile strength at the interface
is higher than the values obtained from the psl. te
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Figure 6-8 Failure in the asphalt mixture and atititerface

Table 6-8 Failure mode during the pull test on Slobi antiskid specimens

Temperature [°C] Failure Mode
In asphalt mixture
20 In asphalt mixture

In asphalt mixture

In asphalt mixture
In asphalt mixture

10

At interface (2.61 MPa)
0 At interface (2.63 MPa)
In asphalt mixture

Figure 6-9 shows the force-displacement curveskagdre 6-10 shows the
resulting displacement curves versus time obtaioedthe Schiphol antiskid
specimens. At higher temperatures like 20 °C, tisplacement is increasing
smoothly indicating a ductile behavior. At lowemmgeratures like 0 °C and
10 °C, the displacement curves are almost lindathé point of sudden failure.
This indicates brittle failure at temperatures bel®°C.
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Figure 6-9 Force-displacement curves during pslisten Schiphol antiskid layer
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Figure 6-10 Displacement curves during pull test$Sohiphol antiskid layer

Table 6-9 presents the results. The data with geakground represent the
two tests where failure occurred at the interfatlee tensile strength of the
asphalt mixture from Schiphol antiskid specimens n®re sensitive to
temperature than the asphalt mixture underneath ENMB-based antiskid
specimens. The tensile strength increased subatgminen the test temperature
decreased from 20 °C to 10 °C and from 10 °C t€0 °
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Table 6-9 Direct tensile strength from pull testSxhiphol antiskid layer

Temperature 20 °C 10 °C 0°C
Failure Force [kN] 1.88) 1.94 2.0l 3.68.07/5.16/5.12| 5.4
Tensile strength [MPa] 096 099 1.03 1/8507|2.63|2.61 2.75
Average [MPa] 0.99 1.97 2.62 2.75
Failure displacement [nm]10.37] 15.91| 13.39| 5.97| 9.19| 3.69| 2.66| 4.44
Stiffness [N/m] 1.51x10 5.27x10 | 1.66x10 | 1.22x10

The average tensile strength of the underlying asphixture layer of
Schiphol antiskid specimens at 10 °C is 1.97 MRz Tfensile strength at the
interface is therefore higher than 1.97 MPa. Hehdg also much higher than
obtained on the tar-containing antiskid layers saisfies the required value of 1
MPa mentioned in Table 6-1 [2]. The stiffness & ihterface of the Schiphol
specimens was lower than the value obtained oEMiB-based specimens.

Furthermore, it shows that the interface is lessitige to the temperature
than the underlying asphalt mixture, because athefthree tests at 20 °C failed
in the asphalt mixture, which means that the asphixture is the weakest at that
temperature. However at 0 °C, two tests out ofeliadled at the interface, which
indicates that the interface is the weakest ard¢hisitlower temperature. So at
0 °C the interface strength should be close to RI€2. The tensile strength of
the interface at 20 °C is probably much higher th&#® MPa and in the same
range as 2.62 MPa at 0 °C.

6.2.3 Shear Strength

Again the Leutner test was used to evaluate tharstteength through the
interface between the Schiphol antiskid surfacernand the underlying asphalt
mixture layer. The tests were performed at 0 °C,°C0and 20 °C, with a
displacement rate of 50 mm/min [4, 5].

Figure 6-11 shows typical displacement-force curfas the Schiphol
antiskid layers. At lower temperatures like O °Rg toad increases fast and the
failure mode is quite brittle, with a sharp decaigisoftening phase. At higher
temperatures like 10 °C and 20 °C, a large softepimse can be observed after
the maximum load.
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Figure 6-11 Applied curves at three test tempeestof the Schiphol antiskid

Table 6-10 presents the test results. The sheangilr of the Schiphol
antiskid is lower than the strength of the EMB-basgiskid at the same test
temperatures. But the shear stiffness is very amo the value of EMB-base
antiskid. The average shear strength at 20 °C4i8 RIPa, which satisfies the
required value of 1 MPa mentioned in Table 6-1 [2].

Table 6-10 Shear test results of the Schiphol kdtspecimens

Failure Force Failure Stiffness

T [kN] Shear strength [MPa]  Average Disp. [mm] | [N/m]
22.70 2.89 1.22 1.86x10
20 °C 19.09 2.43 2.49 MPa 1.44 1.33x1Q
16.87 2.15 1.41 1.2x10
o 37.91 4.83 0.75 5.05x10
10°C 34.33 4.37 4.60 MPa 1.14 3.01x1Q
. 52.32 6.66 0.45 1.16x1H
0°C 51.91 6.61 6.64 MPa 0.69 7.52x10

6.3 Failure Energy

Failure energy is the energy that is needed tofgktre. It is a useful
indicator of the performance of asphalt mixtureswdver, during the Leutner
shear test in this research, the testing area leamterface. It is hard to define a
thickness for this testing interface. This mearet the strain value cannot be
calculated.

The load-displacement curve (see Figure 6-12) wsed uo define the
failure energy. The area under the displacemewrefaurve from the corrected
start point to 4 mm displacement was calculatethedailure energy during the
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shear test in this research. The area under tipladesnent-force curve from the
corrected start point to the failure point can ls® a@efined as the failure energy.
However, in this research most of the displacememe curves have a

remarkable softening phase before the failure @ccGonsidering the curves
presented in Figure 6-13, point at 4 mm of dispiaeet was used to include the
softer phase stage in the failure energy. The riaiknergy defined by a stress-
strain curve is independent of the specimen sibdewailure energy defined by

a load-displacement curve is dependent on specthmansions. The calculated
values obtained from tests can only be used facticomparison when the test
specimens have the same dimensions.

40
Schiphol @ 10 °C

30 = Test No. 1
z
X,
3 20
S
o
2
o 10
Q- .
< Corrected start point

0 / ! !
0 1 2 3 4 5 6 7

Displacement [mm]

Figure 6-12 Example of the failure energy calcwdtem the Leutner Shear test

Table 6-11 presents the failure energy calculatecth fthe Leutner shear
tests. Figure 6-13 compares the displacement-fmuoees. The blue line and red
line at 0 °C of EMB based antiskid show the dispfaent decreased a little bit at
the end of the tests. This might be caused by @atement sensors punched
back when the failed specimen fell down. The ressittow a very large variation
at the same test temperature. At low temperattinesinterface will fail with a
very short failure propagation stage.

Table 6-11 Failure enerdgi-m] of interfaces during shear tests

Temperature 20 °C 10 °C 0°C
EMB | Failure energy| 66.452.2|57.3|85.2| 78.6| 55.9| 41.5| 55.4] 113.9
antiskid Average 58.6 73.2 70.3
Schiphol| Failure energy| 60.557.1]48.9|73.2] 671 | 977 526
antiskid Average 55.5 70.2 75.2
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Figure 6-13 Force-displacement curves in sheaoteantiskid layers

6.4 Thin Surface Layer

The adhesion properties at the interface betwedlwise Reducing Thin
Surface Layer (NRTSL) and underlying asphalt migtuayer were also
investigated. NRTSL have a fairly high void contant are therefore vulnerable
to high stresses induced by traffic and the enwiremt. However, the adhesion
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of a NRTSL to the layer below is also importandethls adhesion is too low,
pothole formation is likely to occur. Basic infortitan about the two TSLs
investigated in this research is given in Sectidn43 Chapter 3.

6.4.1 Tensile Strength

Six Pull Tests were performed at 20 °C and 4 tast0 °C. Just three out
of these ten tests failed at the interface. Allab®er failures could be observed in
the NRTSL (see Figure 6-14 and Table 6-12). Theegftensile tests at 0 °C
were not done anymore.

“ 7Y 1. Failedatihterface
4.7 | 2 Failed close to the surface

&

Figure 6-14 Failures in pull tests on NRTSLs

Table 6-12 Failure mode during the pull test on I$RS

NRTSLs| Temperature Failure Mode Failure Strength [MPa]
In NRTSL mixture, close to surfade 0.58
20 [°C] At interface 0.66
TSL-1 AF interface 0.58
In NRTSL mixture, close to surfade --
10 [°C] In NRTSL mixture, close to surfade --
At interface --
In NRTSL mixture, close to surfade 0.8
TSL-R 20 [°C] In NRTSL mixture, close to surfage 0.77
In NRTSL mixture, close to surfade 0.74

The effect of the high void content of the TNRSIissreflected in the pull
strength of the specimens. This becomes obvious wie values obtained for
the TNRSL’s (0.58 — 0.8 MPa at 20 °C) are compavigd those obtained for the
asphalt layer underneath the EMB antiskid (1.4 MP20 °C, Table 6-5) and the
asphalt layer underneath the Schiphol antiskidX®I®a at 20 °C, Table 6-9).
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6.4.2 Shear Strength

The Leutner shear test was used to determine e skrength through the

interface between the NRTSLs and the underlyinghaspmixture layer. The
thickness of NRTSLs is approximately 30 mm. Themefib was not necessary to
use the steel caps to lengthen the specimens adomador the shear tests on the
antiskid surfaces. The standard Leutner shearcestbe performed on these
specimens. Figure 6-15 shows the NRTSL specimetes dfe Leutner shear
tests. The failure through the interface can edmlgetected.

mrﬂq ) =% :.,.;ﬁ'

Figure 6-15 NRTSL specimens after Leutner shear tes

The tests were performed at 0 °C, 10 °C and 20wi@ a displacement

rate of 50 mm/min. Table 6-13 presents the testlieegFigure 6-16 presents the
displacement-force curves. From the results itmooncluded that:

The shear strength is sensitive to the test tertyoera At lower
temperatures a higher shear strength is found.

At the same test conditions, the NRTSL-R specinteats slightly lower
shear strength than NRTSL-1.

The stiffness at the interface is much lower whsa test temperature is
higher.

Furthermore, the shear strength between the NRT8Luaderlying layer
is much lower than the shear strength between rtkisk&d surface layer
(EMB-based antiskid and Schiphol antiskid) and ulytley asphalt
mixture layer.

Table 4-14 presents the shear strength at 20 °Qughr the interface
between asphalt mixture layers, which is betweeand 1.12 MPa. The
shear strength through the interface between trestigated NRTSLs and
underlying asphalt mixture layer is higher than shear strength between
traditional asphalt mixture layers.
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Table 6-13 Shear test results of NRTSL specimens

Failure force| Strength| Average| Displacement| Stiffness

Temp. | NRTSLs | =" [MPag] [MPa? I?mm] IN/m] :
13.45 1.71 1.73 7.77x1

NRTSL-1 12.25 1.56 1.64 1.24 9.88x1(

20 °C 10.33 1.32 1.60 6.46x10

NRTSL-R 12.20 1.55 1.46 1.34 9.1x%0

11.93 1.52 1.39 8.58x1(

17.85 2.27 0.88 2.03x10

NRTSL-1 25.03 3.19 2.66 0.93 2.69x1(

10 °C 19.83 2.52 0.83 2.34x1(
22.00 2.80 1.13 1.95x10

NRTSL-R 23.20 2.95 2.65 1.03 2.25x1(

17.29 2.20 0.83 2.08x1(

31.83 4.05 0.84 3.79x10

NRTSL-1 30.31 3.86 4.04 1.14 2.66x1(

0°C 33.13 4.22 0.57 5.81x1(
32.64 4.16 0.62 5.27x10

NRTSL-R 30.62 3.90 3.72 1.01 3.03x1(

24.31 3.10 0.79 3.08x1(

- 198 -



CHAPTER 6 Tests on Newly Designed Antiskid Surfaces and Thin Surfaces

w
(3]
w
(3}

NRTSL-1 @ 20 °C NRTSL-R @ 20 °C
30 30
——Test No. 1 ——Test No. 1
=25 ——Test No. 2 _25 ——Test No. 2
i~ Z —
920 =00 Test No. 3
P — q-’
S o
515 0215
Q0 S
B [}
<&10 Elo
5 <5
0 0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Displacement [mm] Displacement [mm]
35 35
NRTSL-1 @ 10 °C NRTSL-R @ 10 °C
30 30
——Test No. 1 ——Test No. 1
.25 ——Test No. 2 _25 ——Test No. 2
£ 5 ——Test No. 3 £ 5 —Test No. 3
(D) ()
o =
215 S 15
°© ]
210 £ 10
o Q.
o Q.
< 5 < 5
0 0
0o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Displacement [mm] Displacement [mm]
35 35
NRTSL-1 @ 0 °C NRTSL-R @ 0 °C
30 30
——Test No. 1 ——Test No. 1
_ 25 ——Test No. 2 _25 ——Test No. 2
< 20 —Test No. 3 < 20 —Test No. 3
[} ()
2 =
S 15 o 15
] ]
210 210
Q. Q.
Q. Q.
< 5 < 5
0 o !
0o 1 2 3 4 5 6 7 0o 1 2 3 4 5 6 7
Displacement [mm] Displacement [mm]

Figure 6-16 Force-displacement curves in Leutneastest on NRTSLs

6.5 CT Scan Results

Nano CT scans were conducted on 40 mm diametes dmeause of two
reasons. On the one hand, cross section imagesweded to develop the FEMSs,
which will be discussed in Chapter 7. On the othand, the volumetric
characteristics can be investigated by means ofoNam scan. Table 6-14
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presents the volume contents of air voids, binder @ggregates in EMB-based
antiskid layer and Schiphol antiskid layer.

One specimen with 40 mm diameter was scanned fibr datiskid layers.
The two newly designed antiskid layers have a gsitt@lar aggregate volume
content, although it is sure that they have totdifferent structures because they
were designed by two companies. The Schiphol adtskmple shows a higher
void content and lower mortar content (consistirfigbibumen, filler and fine
sand).

Table 3-6 in Chapter 3 present basic informatiarttie thin surface layers.
The table shows that the void contents of TSL-RB8&H-1 are 12% and 18% by
volume, respectively. The results from CT scanabl& 6-14 confirm these void
contents. But the mortar content and aggregateenbmeported in Table 6-14
differ a lot from what was reported in Table 3-@&s#y, these differences show
that there is quite some variation in the mixtugemposition. Secondly, the
mortar content presented in Table 6-14 includedbthéer, filler and fine sand. It
is therefore higher than the binder content theg prasented in Table 3-6.

Table 6-14 Volumetric characteristics of antiskagidrs and TSLs

Volume percentage [%] Void content mortar content| Aggregate content
Antiskid lavers EMB-based 9.5 38.7 51.8
y Schiphol 171 30.8 52.1
TSL-R 12 32 56
TSks TSL-1 15 26.6 58.4

Figure 6-17 shows the scan images of the Schipmidlkad (left) and the
EMB-based antiskid (right). The grey value of tlggmegates in EMB-based
antiskid layer is relatively higher (lighter) théime aggregates used in Schiphol
antiskid. This means that the density of the agafeegsed in this antiskid layer is
quite high. Figure 3-10 in Chapter 3 shows thatatgregates used in the EMB-
based antiskid layer is composed of Corundum@4fl Hematite (FgDs) and

Quartz (SIQ).
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Figure 6-17 Front views of Schiphol antiskid (left)d ICOPAL antiskid (right)

6.6 Conclusions

The surface texture and interface adhesion pr@geraf two newly

designed antiskid layers were investigated in tthapter. The EMB-based
antiskid layer was designed by using the binder Wes selected in Chapter 5.
The Schiphol antiskid layer specimens were coledrem Schiphol airport.
Based on the research results, the following canmhs may be drawn:

1.

The texture depths of newly designed EMB-based Seiuiphol antiskid
layers are 1.93 mm and 1.86 mm respectively. Boghfar above the 1.3
mm value which is used as benchmark.

All of the EMB-based specimens, and six out of eighthe Schiphol
specimens failed in the underlying asphalt mixtdieging the pull test.
These results indicate that the tensile strengtheainterface is higher than
the reported values.

From the test results, it is obvious that the lersrength at the interface of
EMB-based specimens and Schiphol specimens satigfe requirement
from the benchmark.

The average shear strength through the interfa2@ &€ of the EMB-based
and Schiphol antiskid layer are 3.37 MPa and 2.#5aMespectively. Both
values satisfy the requirement in the benchmark.

The shear tests illustrated that the epoxy modifikdmen can provide a
better adhesion than the polymer modified bitumdciv was used in the
Schiphol antiskid layer.

The pull test and Leutner shear test were also wed\NRTSLs to

characterize the thin surface layers.

6.
7.

Three out of ten tests failed at the interfacerdythe pull test.

The shear strength between the NRTSL and underlsiy®y is much lower
than the shear strength between the antiskid surfager (EMB-based
antiskid and Schiphol antiskid) and underlying adpmixture layer.
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7. Finite Element Modeling of
Surface Layers

Finite Element Models (FEMSs) of antiskid surfacgeles were developed to
analyze the effect of different binders and aggeegieletons on the behavior of
these layers. The results of these analyses aosteepin this chapter. The 2D
cross section images from Nano CT scans were wsddvelop photo FEMs of
antiskid surfaces. ABAQUS was then used to rursthrilations. Three antiskid
structures, named Antiskid-1, Antsikid-2 and AniisB, were simulated in this
research. The Antiskid-1 represents the antiskidrirom Woensdrecht airport,
the Antiskid-2 represents the antiskid layer amplien the slabs, and the
Antiskid-3 represents the new antiskid layer apmplien Schiphol. The
viscoelastic properties of residues from ModifieituBien Emulsion (MBE) and
Epoxy Modified Bitumen binder (EMB) were modelle¢ Imeans of Prony
Series.

7.1 FEM Methodology

Basically, an antiskid layer is a complex and nombgeneous material. It
consists of aggregate, binder, air voids and adbesbnes. The properties of
these different components vary significantly, frbrgh stiff aggregates to soft
binder. Furthermore, the aggregate skeleton is iatportant. This implies that
all these factors should be taken into accountR&R simulation.

To model such a layer as a homogeneous materiakng simple, as
indicated in the left graph in Figure 7-1. When {ager is considered as a
composite material consisting of aggregates boogdther by binder (the right
graph in Figure 7-1), then modeling of this layeecbmes much more
complicated. Since modeling of the individual comgots and the skeleton is
required, the size, shape and position of eachegatg particle should be taken
into account.

AR\ &

Modulus and Poisson’s ratio = i

Figure 7-1 Spatial definition of antiskid layer,shogeneous (left) and individual
composites (right) [1]
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Given the limitations of the available computatioeapacity, 2D FEM
models were derived from 2D photo modélke background of this approach is
described in Section 2.6, Chapter 2.

7.1.1 2D Images for FEM Modd

A two-Dimensional (2D) FEM model for an antiskid/éa was developed
by transforming cross section images into a 2D elgrmesh. Figure 7-2 shows
the obtained mesh in relation to the original imafehe antiskid layer. The
different materials are separated based on theasinif gray values in the CT
scan images. The gray value varies as the matraity changes, black is air,
and white is very high density like steel. Figur8 ghows the definition of the
gray values used to separate the individual maseridne gray values between
the two red lines can be changed manually to deforeposition of aggregates,
binder and air voids.

Figure 7-2 2D cross section image of Antiskid-lelagbtained by means of CT
scan (top), three phases model (middle) and feleenent mesh (bottom)
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Figure 7-3 Compositions based on the contrastayf galues

Figure 7-4 shows that the choice of gray values iclmence the final
model. Although the first settings for aggregatetipkes, binder and voids, is
done automatically, several unclear locations riedze corrected manually. This
requires expertise and experience and is depermudetite image resolution. A
higher resolution of the images will result in ateeantiskid model and a more
experienced person is better qualified to makerthaual corrections.

Figure 7-4 Influence of gray value judgment durihg model transition

As was explained in Section 3.4.4 in Chapter 3 réds®lution of a medical
CT scanner, which was extensively used in previesgarch for analyzing big
specimens, was too low to separate the aggregatebiader (see the left graph
in Figure 7-5). Therefore a Nano CT scanner withuech higher resolution was
used in order to clearly define the small aggregat#icles. The disadvantage of
the Nano scanner is that only small sized objeatsl® scanned. The maximum
size of the specimen for the required accuracylisrdn and the photo models
discussed in this chapter are therefore all basetDbanm diameter specimens.
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Figure 7-5 Difference between the image resolutairtee medical scanner and
Nano scanner (on Eindhoven antiskid)

7.1.2 Antiskid Models

Three antiskid models were developed in this refeafhe Antiskid-1
model was already shown in Figure 7-2. The Antiskidnd Antiskid-3 models
are illustrated in Figure 7-6 and Figure 7-7. Addlea modified quadratic plane
strain triangle mesh type was usddhe models were fully fixed at the bottom,
and fixed in x-direction (horizontal) at the twalss.

Figure 7-6 FEM structure of Antiskid-2
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Figure 7-7 FEM structure of Antiskid-3

The described antiskid models have a length of 4t mand are
approximately 10 mm high, including the underlyagphalt mixture layer. They
are too small to predict the real situation in fieé. In the field, bending occurs
when the tire loading is applied. This already ieplthat the boundary
conditions used are not the same as in the fiekkeNheless, these antiskid
models are believed to be good enough for compapsoposes. The behavior of
different binders was investigated by models atavsesle level. The boundary
conditions and finite element types are the santlkdarthree models.

It is interesting to note the differences betweentigkid-1 (Figure 7-2) and
Antiskid-3 (Figure 7-7) on one hand and AntiskiqF2gure 7-6) on the other.
The figures indicate that Antiskid-2 is much likdager with a thickness of a
single aggregate layer while the thicknesses ofskiul-1 and Antiskid-3 layers
seem to be composed of more than one aggregatiskiiit and Antiskid-3 are
produced in the field by the same contractor wiildiskid-2 is made in the
laboratory by another producer.

7.2 Loading Signals

Several basic parameters are needed for the FEMlaions, which
include the wheel load, tire pressure, the speethefaircraft, and the friction
between rolling/breaking tire and antiskid surface.

Figure 7-8 shows the tire pressure trends of discrdihe A350-900 aircraft,
which is scheduled to enter service in the secaifidi 2014, will have a tire
pressure of 1.65 MPa [2, 3].

"http://en.wikipedia.org/wiki/Airbus  A350#A350-900
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As mentioned before, the friction between the aitdire and the pavement
surface is of great importance to ensure safe ¢éfkend landing operations.
Once the friction goes below 0.40, the Federal #mmAdministration advises
airports to begin advising pilots of potentiallyzaadous conditions. Any friction
value below 0.25 is generally considered to giveofp runway braking
conditions [4]. Technically, an incoming airplanges flaps and reverses power
to slow down. The wheel brakes are normally onlgduat a taxi speed. Full
braking occurs very rarely, only in emergency gituss.

In this research, a maximum tire pressure of 1l.5aMind a friction
coefficient of 0.4 were chosen for the simulatiombe speed of aircraft will
decrease to a much lower speed after landing, asdead of 75 km/h was
selected for the simulations in this research.

1.7

1.65 1.65
l1.61 1.61 [ ] [ ]
1.6 + ] 1.57 [

1.52 1.52 1.52

15 + —
1.44
1.41 =

1.4 + [ ]

13 +

Tire pressure [MPa]

124 1.25

“waillil

Q 0 & o> Q O O & & & & & & .9 ,9 &®
AR ,\:b A ,\fb W AP o K P o9
& ¥ Ll (O A e v

Aircraft

Figure 7-8 Tire pressure trends of aircrafts [3]

An aircraft tire signal as provided by the compuygsrgram TyreStress [5, 6]
was used in this research. TyreStress is develbpdbe CSIR (the Council for
Scientific and Industrial Research in South Afridaj SANRAL (the South
African National Roads Agency Limited) to providstienations of the tire
contact stress distributions in the longitudinatetal and vertical directions
across the tire contact area. The program is baseattual tire-road pavement
contact stresses from slow moving tires. A tirespuge of 1.5 MPa and load of
100 kN per tire (more or less representative foB BWith higher tire pressure)
were used as input to generate the loading sigratpure 7-9 shows the
distribution of the vertical and longitudinal stsasnder an aircraft tire.
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Figure 7-9 Vertical and longitudinal stresses uriteraircraft tire at 100 kN and
1.5 MPa [5, 6]

Moisescu [7] investigated the distributions of ldndinal stresses in the
contact area under a truck tire in case of braking traction conditions, with a
3D tyre model. Figure 7-10 shows the results. Tértical stress distributions are
quite similar in braking condition and traction ditron, and also similar to the
up-left figure presented in Figure 7-9. Therefdne signal of vertical stresses
presented in the up-right graph in Figure 7-9, Wwhigcas obtained from the
location marked on the up-left figure, was usethasinput vertical stress for the
FEMSs.

The bottom-right graph in Figure 7-9 indicates litrggitudinal stress at the
middle of a slow moving aircraft tire. When considg braking, this
longitudinal stress distribution cannot be usedhpst. The two bottom pictures
in Figure 7-10 indicate that the longitudinal s$rés strongly influenced by the
rolling conditions. In the braking condition thenfgitudinal stress is oriented
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mainly in the rolling condition, with a very smaltress value in the opposite
direction. In the traction condition, the longiial stress distribution is totally
different. In the traction conditions, the longitoal stress is opposite to the
rolling direction. Moisescu unfortunately did neport the braking effort and the
friction that was used in the simulation.

Similar information as provided by Moisescu fordkuires is not available
for aircraft tires. Anyway Moisescu’s results shtat the longitudinal stress
distribution due to braking is complex.

—  —— e

=K ngitudinal Stresaas s i are

Figure 7-10 Stresses in case of braking (left) taaction (right) conditions [7]

Because of the uncertainties in how to model thegitodinal stress
distribution due to braking and because the goalsirig FEM in this research
was to compare different antiskid surfaces in temhstype of binder and
aggregate skeleton, and not to predict the lifesineesimple longitudinal stress
distribution was used in the FEM simulations.

Figure 7-11 shows the friction coefficient as adtion of tire slip (it should
be noted that these data are obtained by meangtwdd measurement using a
certain device [8]). The figure shows that a foaticoefficient of 0.4 is a
reasonable assumption. It was further assumechtphtslip percentages would
occur which implied that the longitudinal stressdo rolling as presented in
Figure 7-9 could be ignored.
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Figure 7-11 Relationship between tire slip andtifvit coefficient [8]

Friction coefficients are measured between slippinglocked tires and the
pavement surface. So it is logical to assume tmatotverall longitudinal stress
can be defined as in equation:

aLongitudiral = HX O\giica (7_1)
Where,
O ogudna = lONgitudinal stress resulted from braking, [MPa];
H = friction coefficient, 0.4 was used in this resdar

Figure 7-12 presents the vertical and longitudistaésses used for the
antiskid models at an aircraft speed of 75 km/h.e Tloading time is
approximated by the length of the contact area [Bgere 7-9) divided by the
aircraft speed. The longitudinal stress is theiv@rtstress multiplied by the
friction coefficient according to equation 7-1. Asentioned before, any
horizontal stresses due to rolling were ignored.

Once again it is mentioned that the assumed lodigiali stress distribution
is a very crude simulation of reality. Neverthelgbgse assumptions were
considered to be acceptable since the main gotldeo§imulations was to make
comparisons and not to make predictions of thénike of the antiskid layers.

Since all the FEMs developed in this research waemodels, lateral
stress distributions were not included.
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Figure 7-12 Load signals for an antiskid layerratacraft speed of 75 km/h

As discussed in Chapter 4 and Chapter 6, the htiaigers have a high
texture depth. The texture depth has a large etfiedhe generation of vertical
and longitudinal stresses, because the appliedldad is transferred to the
pavement through the individual aggregates. Inathigskid models, the stresses
were transformed into forces applying on individaggregates by assuming that
each aggregate is subjected to a force that ethalkstress multiplied by the area
in which the aggregate is sitting [9]. Figure 7-&Bows how the forces are
applied on individual aggregates via a certain neimif nodes on the rigid
bodies representing the aggregates.

Figure 7-13 Force applied on individual aggregates

7.3 Material Inputs

7.3.1 Binder inputs

The two-component epoxy modified binder (A3-UV) aBfistage cured
residue of modified bitumen emulsion (MBE), invgated in Chapter 5 were
used as binders in the models. The tar-containinmgdelo was not included in this
research. As explained in Chapter 4, it was notsiptes to recover the tar-
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containing binder from the cores obtained from thig airfields. As a
consequence properties of the tar-containing bimidsded for the simulation
could not be obtained.

The generalized Maxwell model and its parameteerdahation method
introduced by Woldekidan [10] was used in this aesk to define the visco-
elastic properties.

7.3.1.1 Generalized M axwell M odel

A visco-elastic model is used to represent the dairiehavior in the FEM
analysis. Many models, comprising of springs andhgats are available for
describing visco-elastic behavior [10, 11]. One tbé common rheological
models that is used for pavement analysis purpssée Generalized Maxwell
model, also known as Prony series, in which a nurob&axwell elements are
placed in parallel (Figure 7-14). The number oimerrequired for accurately
modeling a given material response is based oquhéty of fitting of measured
response data [10].

Figure 7-14 describes the Generalized Maxwell madel the material
model as used in the ABAQUS simulation. The presasiche parallel spring in
the right hand figure implies that the model isemded for visco-elastic solid
materials. The parallel spring represents the mybl®dulus of the material.

@) i E f o7, i i

L AAAT EMEM L ()

Figure 7-14 Generalized Maxwell model (a) and tirenfused in Abaqus (b)

The relaxation function for the model in the riglatrt of Figure 7-14 with n
Prony terms can be obtained as a summation ofuthetibns for the individual
terms as:

a(t)

e =" =, +3E, exp(t/r,) (7-2)

0 i=1

The corresponding expressions in the frequency doara:
szriz

E'(w) = E, xzn: E, (7-3)

2.2
o L+ w'T,
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. %wﬂ
T 7-4
E'(w) =E, ;1+w2r3 (7-4)
-E 7-5
9. ¢ (7-5)
[E" ()] = (E (@)* + (E (@) (7-6)

Where, E,, g, andz, are material parameters, here they are named ag Pro
series parameters.

7.3.1.2 Model Parameter Deter mination

Data obtained from the DSR frequency sweep teste@binders was used
to determine the Prony series parameters by mdaviattab.

Pre-Smoothing the Experimental Data

Model parameter determination is sensitive to thmatter in the
experimental data. Literature showed that bettsulte are obtained when pre-
smoothing of the experimental data is performedfgethe regression analysis is
started [10, 12, 13]. In this research the Willialsamdel-Ferry (WLF) model and
S-curve model introduced in Section 3.2.4.3 in G&aP were chosen to perform
pre-smoothing of the experimental data. This isabee of the excellent ability of
the S-curve model to describe the experimental dater a wide range of
frequencies.

The pre-smoothing results (master curves) of MB& AB-UV are shown
in Figure 5-17 and Figure 5-39 respectively. Attegood fit is obtained for the
complex shear modulus and the phase angle, Madlalsed to optimize the
Prony parameters. This optimization is discussedditer.

Optimization Procedure

The parameter determination procedure is incorpdrat a user friendly
graphical user interface program in Matlab (Seaufegr-15 and Figure 7-16).
The program was designed by Woldekidan and islriefroduced in his PhD
thesis [10]. With this tool, by changing the numbé&Prony terms, optimization
can be performed until a satisfactory fit is obéain

Twelve Prony terms were used for EMB, while 10 Rréerms were used
for the MBE binder. Figure 7-15 and Figure 7-16serd the fitting curves of the
shear modulus of the original A3-UV binder aritstage cured MBE binder. The
blue curve is the pre-smoothed data, and the regeds the fitting data from
Prony series model. The two figures illustrate tia modeled data fit the pre-
smoothed data quite well.
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Figure 7-15 Pre-smoothed data and modeled datarifpnal A3-UV binder,
Tref=20 °C

Function plats.

Complex Modulus [MPa]

10 10 e 10
Frequency(rad/s)
Figure 7-16 Pre-smoothed data and modeled da@i’&tage cured MBE binder,
Tref=20 °C
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Table 7-1 presents the Prony series parameterthéoA3-UV and MBE
binder. They are used as input parameters to défengisco-elastic properties of
binder for the simulations. The reference tempeeati20 °C.

Table 7-1Prony series parameters for binders, PefE

EMB binder Modified Bitumen Emulsion (MBE)

N I [S] g [_] I [S] g [_]
1 5.52E-06 3.19E-01 2.11E-04 6.53E-01
2 1.43E-04 1.95E-01 1.81E-03 2.18E-01
3 3.70E-03 2.21E-01 1.56E-02 9.22E-02
4 9.60E-02 1.68E-01 1.34E-01 2.65E-02
5 2.49E+00 6.95E-02 1.16E+00 7.60E-03
6 6.44E+01 1.78E-02 9.97E+00 2.04E-03
7 1.67E+03 5.30E-03 8.58E+01 5.72E-04
8 4.32E+04 1.27E-03 7.39E+02 1.48E-04
9 1.12E+06 8.01E-04 6.36E+03 3.27E-05
10 2.90E+07 1.12E-04 5.48E+04 1.42E-05
11 7.51E+08 2.37E-04
12 1.95E+10 1.12E-04

G, [MPa] 968 1235

E, [MPa] 2613.6 333.45

The Young’'s moduluss,, and Poisson’s ratio of binder are also requiced t

define the visco-elastic properties of the binaerthe models. Young’s modulus
is estimated from the shear modultg)( using the following relation:

E, =2xG, (L+v) (7-7)

Where, v is the Poisson’s ratio; 0.35 was assumed in #search

7.3.2 Other Inputs

Aggregates have a much higher stiffness than theelbi So in the antiskid
FEMs, aggregates are simulated as rigid bodiesa$pkalt mixture layers under
the antiskid layers were simulated as homogenetastie materials with an
estimated Young's modulus of 6000 MPa and an estien®oisson’s ratio of
0.35.

7.4 Resultsand Analyses

The responses of antiskid models are given in Eigil7. The figures
present an indication of the maximum principal s$es in the EMB-based
antiskid layers. These figures show that theresamee locations in the 2D image
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models where stresses in the binder are higheméelts with red color) than in

other areas. At these locations failure may stdrérefore further analyses of the
stress and strain development at these locati@nsfanterest. In each 2D photo-
model 3 locations have been identified to plot kssu
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Figure 7-17 Response of EMB based antiskid modedg;ation of maximum
principal stress

Figure 7-18 shows the stresses occurring at lataiin the EMB based
Antiskid-2 model. A shear stress of 0.76 MPa caplieerved.
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Figure 7-18 Stresses at location 3 in EMB basedshiat-2 model

7.4.1 Influence of the Antiskid Structures

As an example, the stress and strain responseddiiatoped in the binder
in EMB based Antiskid-1 model during loading arspdiayed in Figure 7-19. The
maximum principal stress in EMB based Antiskid-1d®lovaries from 1.01 MPa
to 1.79 MPa. The shear stress can be as low asMP@3and as high as 0.5 MPa.
This illustrates that different locations in a de@ntiskid model may result in
large differences in the binder behavior and damdgeslopment. It is clear
however from the calculations that failure willrstaery locally.
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Figure 7-19 Stress-strain responses in EMB basedidad-1 model

The maximum principal stresses and strains, shiezssgs and shear strains,
in the EMB based antiskid models are presentedainlel 7-2. The results show
that the antiskid structures (the aggregate skedgtbave a significant influence
on the stress responses in the binder. It cletwdyvs that the highest maximum
principal stresses and strains are generated inskdl. The maximum
principal stress in Antiskid-1 is 1.79 MPa. In Asiid-2 the maximum principal
stress is 0.5 MPa while it is about 0.2 MPa in gkitl-3. The maximum
principal strains in Antiskid-1 model are also krghan that in the Antiskid-2
and Antiskid-3 models. The shear stresses in tleetimodels are more or less in
the same range. Antiskid-1 model has a shear stedge between 0.03 and 0.5
MPa, and in Antiskid-2 model it varies from 0.060d'6 MPa. The shear stress
values in Antiskid-3 model are in the range of OMRa to 0.13 MPa.
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Table 7-2 Outputs from EMB based antiskid models

Antiskid types Locations Antiskid-1 Antiskid-2  Askid-3

1 1.012 0.205 0.223

Maximum principal stress [MPa] 2 1.434 0.295 0.212
3 1.788 0.494 0.179

1 0.128 0.022 0.031

Maximum principal strain [%] 2 0.211 0.048 0.032
3 0.178 0.129 0.02

1 0.498 0.055 0.128

Maximum shear stress [MPa] 2 0.026 0.234 0.111
3 0.415 0.759 0.014

1 0.187 0.021 0.047

Maximum shear strain [%] 2 0.009 0.088 0.041
3 0.155 0.282 0.005

7.4.2 Influence of the Binders

Figure 7-20 and Figure 7-21 illustrate the differesin stresses when using
EMB and MBE residues as a binder in Antiskid-2 modde differences of
using the two investigated binders in Antiskid-1daAntiskid-3 models are
presented from Figure A-11 to Figure A-14 in thep@pdix. The figures show
that when a softer binder (MBE residues) is usdugher vertical displacement
and higher strain levels and consequently lowessts are generated than when
using the stiffer EMB binder. Figure 7-21 showst tine MBE binder has a shear
strain of more than 5%, which is much higher tham talue generated in EMB
binder. The shear strain in EMB binder, at the sdmecation under the same
loadings, is less than 0.3%.
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Figure 7-20 Stress and strain responses in Antigkitbdel (a)
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Figure 7-21 Stress and strain responses in Antigkitbdel (b)
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Table 7-3 shows the maximum principal stressess#iains, shear stresses
and shear strains in the three MBE based antisladets. By comparing the
results presented in Table 7-2 and Table 7-3 waitheother, it is clear that the
shear strain levels in MBE binder are much highantthose in the EMB based
models, while the resulted maximum principal stessand shear stresses are
slightly lower. The simulations showed that theesses in the EMB binder are
slightly higher than the stresses in the MBE bin@evious research in Chapter
5 showed that at the same loading conditions, & binder will result in a
higher modulus and tensile strength than for theEMiBder. This means that the
EMB binder has better ability than MBE for antislgdrface layer to carry this
heavy loading.

Table 7-3 Outputs from MBE based antiskid models

Antiskid types Locations Antiskid-1 Antiskid-2  Askid-3
1 1.082 0.186 0.191

Maximum principal stress [MPa] 2 1.512 0.303 0.2
3 1.904 0.45 0.181

1 2.58 0.392 0.52
Maximum principal strain [%] 2 4.209 0.923 0.595
3 3.68 2.311 0.391
1 0.51 0.054 0.109
Maximum shear stress [MPa] 2 0.046 0.232 0.103
3 0.402 0.724 0.013
1 3.679 0.395 0.794
Maximum shear strain [%] 2 0.18 1.683 0.734
3 2.916 5.133 0.096

After the load pulse is applied, the stress cuime&MB based models
decreased very fast to zero. And the strains rebttcea very low percentage of
the maximum strain value. But in the MBE based ngddill very high strain
exists in the binder after the same unloading perldis is of importance when
the load does not consist of a single load pulssraslated here but of multiple
pulses that do occur under 4 and 6 wheel landiragsgén the case of MBE a
much higher built up of residual stresses woulduodben in EMB antiskid
layers. These higher accumulated strains mightteaarlier failure.

7.4.3 Principal Stressesand Strains

The principal stresses and strains are summarigedable 7-4. Clear
differences can be observed in this table betweenthree analyzed models.
These results also prove that the different geaesetf antiskid layers have
significant influence on the stresses in the bindEnese stresses are also
dependent on the locations of interest. As a reslthough the same binders
were used, the stress and strain behaviors initigebdiffer from one location to
another location. One should however take into aectdhat it is very well
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possible that the arrangement of the aggregateciesrtobserved for the
Antiskid-1 layer might also occur in the Antiskidghd the Antiskid-3 layer.
Therefore the results shown in Table 7-4 can besidened as an indication of
the stresses and strains that can occur in ongkahlayer.

Comparing the results at the same locations witfergéint binders, in
general one can state that the maximum principalsseés are the highest in
Antiskid-1 model. Antiskid-2 and Antiskid-3 have moor less the same
maximum principal stresses. One can also obsefetlle maximum principal
stresses in the EMB based antiskid layers are tBlighgher than that in the
MBE based antiskid layers. The maximum principahias in the EMB based
antiskid are much lower than in the MBE based &ittisayers. These results
clearly indicate that higher strains will develoghem a softer binder (lower
modulus) is used compared to using an EMB bindae maximum principal
strain can reach to more values than 4% higher Waen a MBE binder was

used.

Table 7-4 Maximum principal stresses and straireniiskid models

L Principal stress [MPa] Principal strain [%]
Antiskid models
Jl 02 03 gl 82 53
EMB based Locat?on 1] 1.012 0.336 | -0.159] 0.128 0 -0.07
Antiskid-1 Locat!on2 1.434 0.307 | -0.559] 0.211 0 -0.162
Location 3| 1.78§ 0.842 | 0.616| 0.178 0 -0.042
MBE base Locat?onl 1.082| 0.369 | -0.112| 2.58 0 -1.43
Antiskid-1 Locat!on2 1.512| 0.351 | -0.527 | 4.209 0 -3.11
Location 3| 1.904| 0.896 | 0.657 | 3.68 0 -0.88
EMB based Locat@on 1] 0.205 0.086 | 0.041] 0.022 0 -0.008
Antiskid-2 Locat!onZ 0.295 0.057 | -0.178] 0.048 0 -0.04
Location 3| 0.494 -0.205| -1.074] 0.129 0 -0.162
MBE base Locat!onl 0.186| 0.079 | 0.038 | 0.392 0 -0.147
Antiskid-2 Locat!onz 0.303| 0.056 | -0.168| 0.923 0 -0.77
Location 3| 0.45 | -0.211| -1.038| 2.311 0 -2.97
EMB based Locat?on 1 0.22§ 0.057 | -0.06 0.031 0 -0.022
Antiskid-3 Locat!on2 0.212 0.039 | -0.101] 0.032 0 -0.026
Location 3| 0.179 0.072 | 0.027 0.02 0 -0.008
Location 1| 0.191| 0.048 | -0.054| 0.52 0 -0.368
MBE base :
Antiskid-3 Locat!on 2| 0.2 | 0.036 | -0.098| 0.595 0 -0.484
Location 3/ 0.181| 0.074 | 0.03 | 0.391 0 -0.161
o,, & are the maximum principal stress and strain;
o,, &, arethe middle principal stress and strain;
g,, & are the minimum principal stress and strain.

Furthermore, Table 7-4 shows that the effect ofregmte skeletons on the
maximum principal strains in the binder is the lagihfor the layer with an MBE
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binder (0.39-4.2%). For the layers with an EMB lanthis range is from 0.02 to
0.21%. This indicates that the aggregate skeletwills have a significant
influence on the binder behaviors when a softeddains used for antiskid layer.

7.5 Conclusions

By developing three photo FEMs of antiskid layews1f the Nano CT scan

images, the stress-strain responses in EMB binder MBE binder were
investigated separately. The Prony series paramefdinders were defined as
input for models to represent their visco-elastioperties. The following
conclusions can be drawn from the FEM simulations:

1.

The stresses and strains responses in the antiskidurfaces can be well
analysed by FEM at meso-level. Antiskid layers tise aggregates and
therefore high resolution images are required tbagelear separation of
aggregates and binder during the model developnidaho CT scan
images can be used for this purpose.

The antiskid aggregate skeletons have a huge mfuen the stresses in
the binder. The calculation results from 2D photodel vary with the
geometries of the photo models, as well as withedsht locations of
interest.

The FEM results indicate that the stresses gerntenatdhe EMB binder are
slightly higher than in the MBE binder, while theB® will be subjected to
much higher maximum principal strain and sheairstevels. Furthermore,
the EMB binder recovers faster after the loading leen removed.

The aggregate skeletons have a greater influenctherstresses in the
binder when a softer binder is used.

Above all, it can be concluded that for an antiskudiface the EMB binder
is to be preferred above the MBE binder based mnpiteliminary analysis.
No study has been conducted on the influence oft@mperatures on the
internal stresses.
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8. Conclusions and
Recommendations

This research was started to finding alternatieeddr containing binders to
be used in antiskid surfacings for airfield runway$ie conclusions can be
divided in five groups based on the flow of thesaash.

1. First of all a benchmark was developed for the wigstture, shear strength
and pull-of strength that could be used in a spEatibn to be developed for
anti-skid surfacing for airfields. Specimens from miilitary airfields were
investigated to develop a benchmark based on tHe pgeforming tar-
containing antiskid layers.

2. In the second phase alternative binders were iigagstl. Several potential
binders, such as Modified Bitumen Emulsion (MBE);cdimponent
Modified Epoxy Resin and 2-component Epoxy Modifigdumen (EMB)
were studied. Special attention was also giveheccturing time, because of
the relatively short time slots available for mamdnce.

3. After selection of some promising alternative birsjeantiskid layers
produced with these MBE and EMB were designed alatbsswere
produced in the laboratory to find out if they abshtisfy the benchmark

4. Finite Element Models were developed for anti-s&udfacings based on
Nano CT scans. In this way loading of the anti-skigtem could be
simulated to study stresses and strains that caglajein these layers.

5. Diverse: some research was also performed on NBseucing Thin
Surface Layers as extension of the anti-skid sumfpc

In this chapter, the important conclusions from the research items
described above are presented. Furthermore recodatiens for future research
are given.

8.1 Conclusions

8.1.1 Benchmark Development

Tar-containing antiskid layer samples were collécteom six military
airfields. Surface characteristics, ageing and sidhe properties were
investigated.

1. A tar-containing antiskid layer is a thin layer kv thickness between 3 to
5 mm. They have a high macrotexture. The textupghdef tar-containing
antiskid layers varies between 1.26 to 1.46 mrapfieared that these high
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texture levels remain more or less constant foorg Iperiod of time (20
years). Using these data as a benchmark impligsaibternatives to tar
containing antiskid layers should have a textunetldef at least 1.25 mm
during the whole service life.

The tested six tar-containing antiskid samples apgzeto have more or less
the same ageing index, which is much lower tharmatigng index of long
term aged bitumen binder. This means that the ggessistance of tar-
containing binder is much better than that of tiadal bitumen binder.

The test methods used for evaluating the adhegiopepies between the
thin antiskid layers and the underlying asphalttom layer did work well.
With these test methods, the shear strength arslldestrength at the
interface between the antiskid surface layer aedutiderlying layer could
be evaluated.

The minimum shear strength at the interface betwaentar-containing
antiskid layer and the asphalt mixture layer wd$ MPa and the average
was 1.5 MPa (at a temperature of 20 °C and verntisglacement speed of
50 mm/min). The age of the samples did not affeetghear strength. This
means that the influence of climate and traffictibe shear strength is not
significant. Based on these results, a minimum rskeangth of 1.2 MPa is
proposed as a benchmark to which other antiskigésysshould comply.
The average tensile strength at the interface ltwibe tar-containing
antiskid layer and asphalt mixture layer is 1.03a\#® 10 °C with a loading
speed of 0.025 MPa/s. The minimum tensile strergtbout 1 MPa. It is
therefore recommended that the tensile strengtthefinterface of newly
designed antiskid surfaces and the substratum éiheuht least 1 MPa.

8.1.2 Research into Alternative Binders

The curing behavior, direct tensile strength anaxetion behavior of MER

were investigated by means of the direct tensiost @®TT). Dynamic
Mechanical Analysis was used to characterize thetiel behavior of Modified
Epoxy Resin (MER)

6.

Two-component MER needs a certain curing periodeweelop sufficient

strength to be subjected to traffic loads withaiture prematurely. It can
reach a DTS of 5 MPa within 1 day at a curing terapee of 14 °C.

Environmental factors during application can aaegethe curing speed. A
curing time of one day might be too long for aidi@pplications given the
relatively short time slots available for maintecan

At high temperatures (more than 100 °C), MER bebtiagea rubbery elastic
material and has a stiffness value above 10 MP&whkiphase angle value
is close to O degree. The failure strain of MERa@sy small (about 10%)
and not sensitive to temperature and displacenast The influence of
oven ageing on the tensile strength and failuggrsts not significant.

The relaxation of MER decreases when the temperaiecreases. The
original MER binder shows about 40% relaxation 8&C0Aged MER has a
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poorer relaxation behavior. These rather low relaraproperties might

cause problems when a MER based antiskid layeulgested to high

traffic induced and low temperature induced streshgring winter time.

Since the temperature stresses will not relax cetely, the summation of
traffic and temperature induced stresses mighttrestailure.

Although MER has a high DTS, its failure strairmr®und 10% at the three
test temperatures of 0 °C, 10 °C and 20 °C. Thislatively low compared

to bituminous binders. A good flexibility of the teskid layer is required in

order to be able to cope with the fairly large temapure induced

displacements which can occur during cold winteysdd his implies that

the investigated MER binder is probably not sugafdr use in antiskid

surfacings.

The elasticity of Modified Bitumen Emulsion (MBE)aw studied by means

of the Dynamic Shear Rheometer.

10.

At a high temperature, like 60 °C, the MBE has aduhas value of

approximately 300 Pa, while its phase angle is ab60 degrees. The
binder has viscous domain properties. This behamonot suitable for

applications where a high temperature resistanceedgiired, such as
antiskid surfacings on airfields. Jet engines ceat lup the temperature at
runway surfaces to more 100 °C for a short time.

The curing property, direct tensile strength, rateon, elasticity and ageing

resistance of Epoxy Modified Bitumen (EMB) weresfistudied by testing three
different 2-component EMB binders. Then one bindes selected for further
evaluations.

11.

12.

13.

14.

The higher the curing temperature is, the faster BITS will develop.

Binder Al has the fastest curing speed and theebigRTS, while A3 has
the lowest curing speed and the lowest DTS (9 MPlag. DTS of EMB is

temperature dependent.

The relaxation of EMB is temperature dependent.dBinA3 showed a
better relaxation performance than the other twoddis. At lower

temperatures (e.g. 0 °C) it still has a relaxapercentage of 72.5%.

The decreased percentage of relaxation betweeaoridfieal binder and the
high temperature aged binder for A1, A2 and A35s79%, 46.33% and
12.03% respectively. The relaxation difference rigioal A3 binder and

high temperature binder is the smallest. This tithtes that the binder A3
has a better high temperature ageing resistanc¢hdfmore, ageing will

result in a higher modulus, and A3 has the smatteaihges of modulus
after ageing.

At higher temperatures (e.g. 80 °C, the militarywways require high

temperature resistance on the runway surfaces)cdhglex modulus of
EMB is higher than 2 MPa, while its phase anglarsund 5 degree. The
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binder shows rubber elastic properties at high e¥atpre. EMB is less
temperature sensitive than the residues from MBE.

8.1.3 Properties of Newly Designed Antiskid Layers

The surface texture and interface adhesion pr@geraf two newly

designed antiskid layers were investigated. The HMBed antiskid layer was
designed by using the 2-component A3-UV EMB as é&indrhe Schiphol
antiskid layer were produced using a polymer medifhituminous binder.

15.

16.

17.

The texture depths of newly designed EMB-basedtla@&chiphol antiskid
layers are 1.93 mm and 1.86 mm respectively. Bathfar above 1.3 mm
which is concluded as a benchmark for new antisuifiacings.

All of the EMB-based specimens, and six out of eighthe Schiphol
specimens failed in the underlying asphalt mixtdweing the pull test.
These results indicate that the tensile strengtheainterface is higher than
the reported values. From the test results, ithgiaus that the tensile
strength at the interface of EMB-based specimedsSahiphol specimens
satisfy the benchmark. The tensile strength ofEh#B-based specimens is
higher than that of the Schiphol specimens.

The average shear strength of the interface aC26f the EMB-based and
Schiphol antiskid layer are 3.37 MPa and 2.49 M@spectively. Both
values satisfy the requirement set in the benchmink shear strength of
the EMB-based specimens is higher than that of ghcthispecimens. It
means that the epoxy modified bitumen did providetds adhesion
properties than the Schiphol specimens.

8.1.4 FEM Analysis

FEMs of three antiskid layers were developed froamtNCT scan images.

In the FEM analyses the stress-strain respons&viB binder and BE binder
were analyzed and the effect of binder type anthgskeleton on the response
was evaluated.

18.

19.

20.

Fine aggregates are used in antiskid layers aneftre high resolution
images are required to get a good separation ofeggtes and binder
during the model development. Nano CT scan imabesld therefore be
used for this purpose.

The antiskid structures have a huge influence ensthesses and strains in
the binder.

FEM results indicate that the stresses generateititednEMB binder are
slightly higher than in the MBE binder, while theB® is subjected to
much higher maximum principal strain and sheairstevels. Furthermore,
the EMB binder has a better ability to recover rafdading. The aggregate
skeleton has a higher influence on the stressestaaiths in the soft MBE
binder than on the stresses and strains in the Bivider.
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8.1.5 Noise Reducing Thin Surface Layers

The pull test and Leutner shear test were alsowtiad on Noise Reducing
Thin Surface Layers (NRTSLS).

21. Just three out ten tests failed at the interfacenduthe pull test, which
means that this test is not suitable for testing ddhesion characteristics
between a NRTSL and the substrate.

22. The shear strength between NRTSL and asphalt reixayer is higher than
the shear strength at the interface between naasmdalt mixture layers. At
the same test conditions, the NRTSL-R specimerahawer value of shear
strength.

8.2 Recommendations

Based on the conclusions of this study, the foligMiecommendations are
made with respect to sustainable thin surfacinggdgeally antiskid surfacings).

1. Trial section in the field: The properties of investigated materials in the
laboratory presented in this research can be usedgseful guidance for
field applications. But in order to make sure tlvay behave as well as in
the lab, field tests on new antiskid surfacingsrammmmended.

2. Fud resistance: Fuel resistance and resistance to de-icing chesead
essential properties for antiskid surfacings. Utfioately these important
functionalities could not be evaluated becausehef limited number of
specimens that could be made available. Therefesearch on the fuel
resistance and the resistance to de-icing chemi¢alew antiskid layers is
highly recommended.

3. Antiskid modeling: The FEM models in this research simulate the stress
and strain behaviors of binder in the antiskid acirfgs. But damage
mechanism was not included. Losing aggregates farface layer, which
is so defined as raveling, is mainly caused byetifects of repeated traffic
loading. This means that the raveling is fatigukatesl damage. In the
future, fatigue property and failure mechanics barstudied to investigate
the damage mechanisms with FEM model. Furthernibie temperature
aspects can be also taken into account to givadioation of what tensile
stresses can be expected due to a strong drompetatures at the surface
in relation to the relaxation behavior of the binde
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Figure A- 11 Differences of stress and strain raspe in Antiskid-1 model (a)
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