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Abstract

High friction response in pavemantprovesroad safety, while reduced noise producfi@m the tire

pavement interface benefits public health and the economy of a coActgrding to Transport
Canada, highway crashes cost Canadians approximatehilé7 annually The economic impact of
noise is difficult to quantifyhowever billions of dollars hae been invested in noise bargers noise

mitigationalternatives.

Roadway safety is related to many factors including the friction charactedstikid resistance of
pavemerg. Lack of suffigent friction at the tirgpavement interface is a significant contributing factor

to vehicle crasheskid resistance of pavement is affected by both: the microtexture of the pavement
as related to the fine and coarse aggregroperties in the mortar pba of the concrete mixture; and

by the macrotexture, which is defined as the measurable grooves formed in the plastic concrete during
the finishing operatioror created in the hardened pavement with cutting heads consisting of uniformly

spaced circular dmond saw blades.

Traffic noise is also a growing concern for public healthttiett ount r y 0 s @avemed my . Ti
noise predominates over the other sources of roadway noise in many circumstances. Under accelerating
conditions, the tirgpavement noise dominant at speeds greater than 35 to 45 km/h foy anadsA5 to

55 km/h for trucksAlthough the tirepavement noise is generated through a variety of mechanisms at

the tirepavement contact patchjstrecognized that a proper desigrPafrtiand cemerconcretPCC)

pavement surface may assist in reducing noise levels and thus has prompted the evaluation of new
macrotextures. However, an optimization process must be carried out to achieve adequate friction while
reducing noise generation through maexture because large macrotexture can increase friction and

generate excessive noise due to an inadequaigatiment interaction.

Next Generation Concrete Surface (NGCS) is the first new concrete pavement texture infrotheced
United State@ thelast 20 to 30 years. NGCS also has the quietest texture developed for conventional
concrete pavements, mainly through macrotexture modificafithe construction process uses
conventional diamond grinding equipmgehniit the blades have a different configtion in the drum.
Currently, afterthe evaluations of long term pavement performance ancereharacteristics of the

NGCS,concerns have been reported regarding durabifitlincreased noise level over time.

In this researcha laboratory investigatioexaminedhow friction, noise absorptionand surface

durability can be improved by madging the concrete microtextur&€he innovative approach of this
iii



researchinvolved investigating those propertiesf concrete pavement through microtexture
modificationusing nanotechnology. Nanotechnology involves manipulating materials at scales below
100 nm. Two different products were investigated: nanosilica applied in the cemenpapdateano

lotus leaf solutiorapplied as coating to mimic the lotus leaf effect.

Several concreteixes were prepared and tested in theotatory Results reveal thahicrotexture
modification througtthe addition ofhanosilica carthangethe properties of fresh concrete, hardened
concreteand concretedurability. In fresh concreteht main finding indicate that nanosilica rediuge
the concretslumpand also redusghe air contentor a given water cemendtio; however theslump
and air content can be adjusted using High Range Water &dund Air Entraining Admixturegn
hardened concrete, results reveal that a small amount of nancoaileaelerate the hydration process
and enhance the compressive strength and the friction respBasaltsalso revealthat nanosilica
camot significantly modify the sound absorption coefficiel@canning Electron Microscope (SEM)
imagesin hardened concref@ovide insightinto the impacthatthe nanosilicahas on tk Interfacial
Transition Zone (ITZ)Nanosilicacanreduceettringite crystaformation in voids andanalso produce

a denserand a morecompact cement paste. Regardithgrability, several abrasion testsing the
rotating cutter methoihdicate that nanosilica can enhatitec oncr et eds abr asi on
in better wearesistanceand durabilityof PCC road surfacesFreezing and thawingand scaling

resistanceesults shovthat nanoconcrete is able to reduce the external damage on the PCC surface.

Regardinghe coating mimickinghe lotus leaf effecteveral concrete ixes were prepared and tested
in the laboratory. Visual inspectislemonstrate that is possibleto create the lotus leaf effeon
concrete surfaces. Laboratagsults reveal that the coating is ablenaintainthe friction responsef
concrete surfees;however results also reveal that tkeund absorptioooefficientis not significantly
affected by the coatingr-urther research must be dote determine the @ing impact onthe

hydroplaningeffectwhena heavy rainfall is present.
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Chapter 1

l ntroducti on

1.1 Introduction

Portlandcementconcrete (PCC) pavemenancreatet wo pr i mar y f urelatéeditoo n a l
surface texturdnadequate skid resistance and excessivéwement noise generati@®yrum et al.,

2010) According to the United States Federal Highwaymdstration (FHWA), wet pavemenbften
associated with reduced skid resistainethe more importarfiactor contributingto departure crashes

on roadgFHWA, 2012) Highway crashes cost Canada $67 billi@n&diarDollarsannually(Vodden

et al., 2007) In the United State$U.S.) this annual cost exceeds $230 billié@merican Dollars
(FHWA, 2012).Due to tle importance of road safetiie U.S.FHWA introduced ehighway safety
improvement pogram that indicated 70% of wet pavement crashes can be minionipeeivented by
pavement friction improvements; therefoa@ optimum level of friction must be maintained in order

to reduce accidents (FHWA, 2012).

The friction of a concrete pavement is affectedHgmicrotexture as related to the sand and cement
contents in the mortar phase tife concrete mixture, and itmacrotexturewhich is defined as the
measurable grooves formed in the plastic concrete during the finishing opériibet al., 20091).
Thismacrotexturean also be achieved in the hardenaespnent surface with cutting heads consisting

of uniformly spaced circular diamond saw blades.

In addition to friction, taffic noise is another concern for the public health and economy of a country
(Ahammed, 2009)Tire-pavement noise predominates owélner sources of roadway noise in many
circumstances; under accelerating conditions, theptikement noise is dominant at speeds greater
than 35 to 45 km/h for cgrand 45 to 55 km/h for truck®8ernhard et al., 2005Although the tire
pavement noisesigenerated through a variety @dmplexmechanisms ahe tirepavement contact
patch,proper design of concrete pavement surfaces may assist in reducing noise levels and thus has
prompted the evaluation of new macrotextuhdsreover an optimization proess must be carried out
to achieve adequate friction while reducing noise generation through macrotexture lzeleagee
macrotexture can increase friction but also generate excessive noise due to an inadepaatertaet

interaction(Byrum et al., 2Q0).
According to ScofieldScofield, 2011)the Next Generation Concrete Surface (NGCS) isntlost
recentconcrete pavement texture introduced in the United StatesNGCS also has the quietest
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texture developed for conventional concrete pavementsilyridirough macrotexture modification.
The construction process uses conventional diamond grinding equjpmerbe blades have a
different configuration in the drum and can be applied to both new and oldervice concrete
pavements. Previous atterafib increase friction and reduce the noise intensity at the contact patch
have focused on creating different surface textures through macrotexture improvésoefitid,
2011).The Washington State Department of Transportg@SDoT)in the United Stateevaluaéed
long-term pavement performance and noise characterigti&CS The WSDoTconcluded that using
NGCS textures was not a viable neigeluction strategy because their noise level incecamee
rapidly than those of traditional surfacesnderson et al., 2014)he increase in noise level was
attributed to the lack of durability in the surface characteristics (loss of aggregate and general
roughening of the PC@avementsurface).Therefore thereis a strong motivation to maintain the
suiface characteristicer durability over time, since NGCS is the quietest texture develofoed
conventional PCC pavementdoreover, in a Canadian contggixposure to theveather may cause

deterioration in concrete.

This research investigatenow friction, sound absorption, and durabilitgan potentially be
improved by modifymg the PCC microtexture.In order to evaluate dse propertiesa laboratory
research prograrhas beerdevelopedat the Centre for Pavement and Transportation Technology
(CPATT) atthe University of Waterloo (UWin partnership with the Cement Association of Canada
(CAC) and The Natural Sciences and Engineering Research Council of Canada (NSBRC)
innovative approach of this research invalvevestigating the frictionsound absption, and durability
of concrete pavement through microtexture modification using nanotechnology. Nanotechnology
involves manipulating matter andaterials at scales below 100 nithe combination of the new
microtexture andhe possibility to radify PCCmacrotexturéhrough diamond grinding techipiesis
providing insightthat can be usetb establish the next generatioh concrete pavement surfaces in
Canada.

1.2 Nanotechnology

The ajplicability of nanotechnology toa variety of fields has received increagd attention
(Gopalakrishnan et al., 2011nternationally, ountries have realized the potential of nanotechnology
for future growth and devepment, andhave establishenhitiatives for the develoment ofresearch

and products related to nanotechnolo@ihese initiatives includerganizations inCanada,China,



Japan, USA anthe European Union. The changes brought about by nanotechnology will be observed

in terms of thi& environmental, social and economic impacts

According to Persons Rersonset al.,, 2014)nanomanufacturing with nanotechnology can be
descrbed as a future megatrend thmaay potentially match ogo beyondt he di gi t al revo
influence on society and the econor®mce concrete is the most used construatnaterial in the
world (Kosmatka et al., 2011gnd because it has been recogmiteat nanomaterials can enhance
C 0 n c g peopeetiés and durability, nanotechnology could be a promising and revolutionary tool to
improve thebehavior angrerformance ofhis materialGrove et al., 2010).

1.3 Research Hypotheses, Objectives and Methodology

This section definethe research hypotheses, objectives, scope and methodology.

1.3.1 Research Hypotheses

The hypotheses for this research are as follows:

9 Microtexture modification through nanotechnology can enhance the surface friction and noise

absorption irconcrete materials.

1 Microtexture modification through nanotechnology can improve microstructure and durability in

concrete materials.
1 Macrotexture modifications using diamond grinding téghes can be applidd nan@oncrete to

designnew surface textuse

1.3.2 Research Objectives and Scope

The overall objective of this research isadvancethe state ofthe art of next generation concrete
pavement surfacessuitable for Canadian conditionsith increased friction and reduced noise

generation. Thedtus is tanodify concrete microtexturéhrough nanotechnology.
The specific objectives of this research tare
1 Identify and understand the fundamentals of friction and noise generation in concrete pavements.

1 Identify and understand the fundamentals of nanotecbyealod their effects on concreteterials

and pavemergurfaces.
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1 Identify and evaluate at least two nanomaterials and quantify their impact on the friction and noise

absorption of concrete matesal

9 Propose a new concretaicrostructurewith increased dwability in terms of abrasion resistance,

freezethawresistance anscaling resistance

Many of today’s concrete mixtures for PCC pavements contain supplementary cementitious
materials (SCMs) such as silica fume or slag, generally in large am@aynts 10% by weight of
cementKosmatka et al., 2011l contrast, much smaller amounts of nanomaterials such as nanosilica
canbe used tgositively altertheconcrete microstructur@ndthe microtextureof the concrete surface
(Gopalakrishnan et al., 2011)hus, the latter represents a significant deparfiuna stateof-the-
practiceandthus itis the sole focus of this thesianosilica and the lotus leaf coating were chosen to
be studied in this thesis for the following reasdfisst, when this researdiegan nanodica was the
most studied nanomatal in concrete and waadily available.Carbon manofibres andhanotubes
werealso considered, howevdifficulties achieving good dispersion in the PCC matrix weygorted
in the literature Thiswas themainreasonwhy thesealternatives werenot included in thexperiments
and onlynanosilicawas used inside of the concrete mix. Finalhg lotus leaf coating was chosen
becausaccording tAAshby(Ashby et al.2009) coatings are widely used becauseytprovide a direct
and costefficient way of imparting particular surface qualittesa material without theeed to modify
the entirematerial

1.3.3 Research Methodology

The laboratory research methodology is presented in FiglireThe first step involvedefining the

problem and identifying gaps in the current state of PCC pavement friction and noise
absorption/emission. The mathallengewith changingghep ave ment 6 s macr theext ure t
friction of concrete pavements is thgsociatedoisegeneration from tirgpavement interacti@Thus,

the goal is to increase frictidout at the same time redute overall noise generation. This thesis aims

to do that through the application of a new type of concrete that incorporates nanomaterigls. Usin
nanomaterials to modify microtextures magtgntially provide benefits tBortlandcement concrete

(PCCQ).

The next stage of the research involeddboratory experimental design plan. This design included
an experimental matrix, a feasibility analysfsapplying nanomaterials in concrete, and the definition

of the specificnanomaterials to be investigated. Several tests s@lextedio addresshie thesis
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objectives and to be conductedlectively in three different atertement (w/§ ratios. A material
characterization and mix design based on Canadian standards was also developed. Two types of
procedures were carried othe first involved incquorating nanosilica withoththe concrete anthe

mortar mixes, and the second involved applying a coating on the concrete surface talohialeaf

effect selectedto provide high water repellenc8ince the nanosilica was used in powder foam
batching procedure was designed to avoid fume generatidrthedispersion of particles into the air

while still achiewng proper dispersion in the concrete or mortar matrix.

Several concrete and mortar mixes were then prepared with different proportions of nanomaterials.
Specific tests, including compressive strength, friction response and noise absorption response are
described in Figure-1. The friction response was evak@tusing two different tests: the British
Pendulum Tester and a novel experiment designed using a tribometer. For noise absorption an
Impedance Tube was used. A surface profiler was used in the mortars to determine the impact of
nanomaterials in the suri@enorphology. Scanning Electron Microscope (SHEkBges were taken to
examine changes in the concrete microstructure and surface characteristics at both the microscale and
nanoscaleFor the concrete mixes with nanosilica, additional durability testingpeesrmed under
simulated extreme climate conditions to observe how nanomaterials impact concrete performance. The
durability tests included abrasion resistance, fréleae resistance and scaling resistance. For concrete
mixes with a lotus leaf coatindghe tests included concrete compressive strength, friction response

(using the British Pendulum Tester) and noise absorption response (using an Impedance Tube).

Statistical analyses and test hypotheses were developed to draw conclusions and to datermine t
significance in the modifications. Finally, the results and conclusions were summarized and

incorporated into this thesis.

1.4 Thesis Structure

This thesis is composed of six chapters as follows:

Chapter 1 introduces a general background of the topic escride the problem, objectives,

methodology and the thesis structure. The chapter also introduces the concept of nanotechnology.

Chapter 2 presents an extensive review of the relevant literature related to concrete pavements,
materials, concrete microstiture and pavemengssurface characteristics. It also descsilibe
mechanisms of friction and noise emission. The nanotechnology and nanomaterials used in this research

are also discussed in detail.
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Chapter 3 descrilsethe materials andnethods as well athe experimentadesign and the

experimental matrixwith a summary ofheteststhat wereconducted

Chapter 4 presesiin analysis and discussiohthe main results obtained

Chapter 5 presests summary of the statistical analysis and desstifoe test hypothesissedto

determine the significance in theodifications.

Chapter6 conclude the main body of the thesis and providesommendations drawfrom this

research.

The thesis alsincludes sevenAppendiceswith the following information:

1
)l
)l
1
)l
)l
1

Appendix A ConcreteMix Design

Appendix B GU CementCharacterization

Appendix C Results From Freezing and Thawing Test
Appendix D Pictures of Scaling Resistance Evaluation
Appendix E Statistical Analysis Tables

Appendix F ANOVA CalculationDetails

Appendix G t-StudentAnalysis



Chapter 2

Liter BRawirew

This chapter presents a literature revieaused orconcrete pavements, materials and specifications,
concrete microstructurdundamentad of friction, fundamenta of noise absorption/producticend
main distresssin Portland cement concrete (PQiavemensurfacesBackgroundnformationabout
nanotechnology and its interaction with concrete materialalsopresented.

2.1 Concrete Pavements, Material Specifications and Mix Design

2.1.1 Concrete Pavements

Concrete pavements are referred to as rigid pamesnbecause the pavement structure deflects
minimally under traffic load. A concrete pavement structure typically has al@@€on the surface,

a middle layeitermed the subbase, and the whole structure is plawedthe subgrade. Figurel2
presents a typical cross section of PCC pavement (Papagiannakis and Masad, 2008).

PCC

Subbase

o G oy O~ A
G e PR e
'.'g ;:",‘*";Lﬂfg ":(;"“;'-'
[P FCTANELRL S P T TR
i R R T e SRS

Figure 2-1: Typical PCC pavement structure

The surface layer is in direct contact with traffic loadittds designed to provide smooth, low
noise, high friction surface, while providing adequate surface draifi&geproperties of the concrete
material controthe functional integrity of the concrete pavement (Papagiannakis and Masad, 2008).

The three primary types of conventional concrete pavements are defined as [oighwes2013)

A Jointed Plain CdncrCPtPeCPP d\se nteme smost ccemmon ty
pavement i n Camfldabsandle fciomesd stiys cl osely spaced
transfer in joints is achieved through the aggr

A Jointed Reinforced CodRCPt evPa@akméottsy@ih&ERCP)y:



wi re mesh) in order to allow | onger joint Sp
required to achieve adequate |l oad transfer.

A Continuously Reinforced Cbhhicyetgpdavémepmtve me (

cont irnasiorufsor cement with the objective of el i mi
in the slab thickness of around 70% to 80% (o
cracks is a typical characteristic of CRCP.

2.1.2 Materials Specifications

TheOntario Provincial Standards and Specifications (OPSS) for Roads and Public Works Organization
provide standardir pavement constructiofDPSS, 2013)The specification provide the minimum
standard to produce high quality pavements. The applicableispgoiis for this research avatlined

herein.

2.1.2.1 Fine Aggregates for Concrete

Fine aggregates represamiproximatel\24% to 28%of theabsolute volume in agntrained concrete
(Kosmatka et al., 2011)ine aggregates are usuatlymprised ohatural sand or crushed stone with
most particles smaller than 5 mifhe gradation requirements for fine aggregates according to the
OPSS are presented in Tabi¢.2

Table 2-1: Gradation requirements for fine aggregate(OPSS 1002JOPSS, 2013)

MTO Sieve Designation Percent Passing

9.5 mm 100

4.75 mm 95-100
2.36 mm 80-100
1.18 mm 50-85
600 mm 25-60
300 mm 30-oct

150 mm 0-10

75 mm 0 - 3 Natural Sand

0 - 6 Manufactured Sand

The OPSS alsestablisheshe requirements presented in Tabi2f2r fine aggregates.



Table 2-2: Physical requirements for fine aggregate (OPSS 10p@OPSS, 2013)

MTO or CSA Lab. Test Number|Acceptance Limit
LS-610 3
LS-619 or CSA A23.2-23A 20
LS-620 or CSA A23.2-25A 0.15
CSA A23.2-14A 0.04

Laboratory Test Name
Organic Impurities Test, Maximum organic plate numbper
Micro-Deval Abrasion Test, % maximum lost at 14 days
Accelerated Mortar Bar Test, % maximum at 14 days
Concrete Prism Expansion Test, % maximum at 1 yejar

2.1.2.2 Coarse Aggregates for Concrete

Coarse aggregates represamproximately31% to 51% by absolute volume in-aintrained concrete.
Both types of aggregates (fine and coarse) represent about 60% wf #wconcretéKosmatka et

al., 2011) The gradation requirements for coarse aggregatesrding to the OPSS (OPSS, 204
presented in Tabl2-3. Table 24 presergthe physical requirements of coarse aggregate for concrete

pavements.

Table 2-3: Gradation requirements (LS-602)- coarse aggregate for concrete pavement or
concrete base

Nominal Maximun Size 37.5 mm ‘ 19.0 mm | Combined

MTO Sieve Designation Percent Passing
53 mm 100 - 100
37.5 mm 90-100 - 95-100
26.5 mm 20-55 100 -
19.0 mm 0-15 85100 3570
9.5 mm 0-5 20-55 oct-30
4.75 mm - 0-10 0-5

2.1.2.3 Cement, Hydration and Hardened Concrete Microstructure

In Canada, the Canadian Standards Association standard CSA 3001 defines six types of Portland

cements which are identified as follows (C2A09):

A Type GU:-UGenRoratll and cement

A Type MS: Moderast st awnitpliPoare | and cement

A Type MH: -Hwoadtercaft ehydr ati on Portland cement
A Type HE: #ligéngthl|l Portland cement

A Type LHealtowf hydration Portland cement
A Type HSulkihakiest ant Portland cement
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Table 2-4: Physical requirementsi coarse aggregates for concrete

Acceptance
Laboratory Test Name MTO or CSA Lab. Test Number Requeriments for
Pavement
Material Finer than 76m Sieve, by washing. % maxmun
For gravel LS-601 1.0
For crushed rock 2.0
Absorption, % maxmun LS-604 or CSA A23.2-12A 2.0
Unconfined Freeze-Thaw Loss, % maximun LS-614 or CSA A23.2.24 6
Flat and Elongated Particles, % maximun LS-608 20
Petrographic Number, Concrete, maxmun LS-609 125
Micro-Deval Abrasion Loss, % maxmun LS-618 or CSA A23.2-29A 14
Acceletarted Mortar Bar Expansion, % maximun at 14 day$ LS-620 or CSA A23.2-25A 0.150
. ) - . Chemical Composition Musg
;otekntlal Alkali-Carbonate Reactivity of Quarried Carbona CSA A23.2-25A Plot in the Non-Bxpansive
oc Field of Fig.1 of Test Metho
Concrete Prism BExpansion Test, % maximun at 1 year CSA A23.2-14A 0.040
Alternative Requirement to Unconfined Freeze-Thaw Loss (LS-614)
Magnesium Sulphate Soundness, 5 Cycles, % maxmun Iti)ss LS-606 | 12

Portland cement chemically reacts with watsulting inhydration. Hydration is initiated when
water malks contact with cemeiarticles this process produces cement hydrates on the surface of
each cement particlereatingthe cement paste (cement, water, and &irconventional concrete,
cement paste in combination with aggregates (sand and gravédstiheaconcrete material where the
paste acts as an adhesive resulting in a monolithic mass.

The constituent breakdown of Portland cement is presented in Td&blAcording to Taylor
(Taylor, 1997)tricalcium silicate &lso known as alijereacts relatively quickly with water and is the
mostimportant phase because it is responsible for the strength develdproentreteup t028 days;
alite constitutes between 50 to 70 %uohydratedcement. Dicalcium silicatealso known adelite)
reacts slowly with watertherefore it is important in the long term strength development after 28 days
belite constitutes between 15 to 30 %uohydrateccement. Tricalcium aluminaigvhich constitutes
5 to 10 %of unhydrated cementeacts rapidly with \w&ter and may causedesirable rapid setting
Gypsum isoften added as a sebntroling agentto counteract the effects of tricalcium aluminate
Ferrite constitute® to 15%of unhydrated cemerdnd its rate of reaction with wates variable,

althoughin generalkhis rateis initially high andboecomedow or very low at later ages.
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Table 2-5: Major constituents of Portland cement (adapted fromTaylor (1997))

Mineral Chemical formula Abbreviation Amount (%)
Tricalcium silicate (alite) CaSiOs C3S 50to 70
Dicalcium silicate (belite) CaSiOy Cc2s 15t0 30

Tricalcium aluminate Ca&Al 204 C3A 5to0 10
Tetracalcium aluminoferritt  CaAlFex.nOr C4AF 5to 15

Hardened concrete has the composition present&dhile 26. Calcium Silicate Hydrate (S-H)
is the main component of ldened concrete (around 50% featertement (/c) ratio of0.5) and is
responsible for enhancing the strength and durability of the cement paste. According t¢TEgytor
1997) C-S-H can be described as a nearly amorphous material and presents properties of a rigid gel.
In addition to the solid phase;&H gel developsiny internal pores (gel pores) which have dimensions
on the order of nanometers and are considerably smatdlemiparison with capillary pores. According
to Selvam (Selvam, 2009)he concrete microstructure has two types «8-B gel: low density and
high density. Each Isadifferent mechanical behaviors; high densiyS&l has higher stiffness and
hardness valugban low density €5-H (Selvam, 2009).

Table 2-6: Major constituents of hydrated Portland cement(w/c = 0.5) (adapted fromBarnes&
Bensted(2002 and Selvam R. et al (2009))

Component Approximate Comments
Volume (%)

Calcium Silicate Hydrate (G-H) 50 Includes gel pores. Poorly crystalline
amorphous structure
CalciumHydroxide(CH) 12 Crystdline structure

Ettringite and monosulphaphases

13 Crystdline structure
(AFt and AFmphases)

Depends omydration Mainly affected

UnreactedCement particles S by temperaturewater amountand curing
moisture
Capillary Pores 20 Dependahonwi/c ratio

Calcium hydroxide (CH) occupies about 12% of the volume of a normal Portland cemen#paste.
largeportion of the CH is responsible for forming the ldensity GS-H. CHonly providesvery minor

contributiorsto the strength and impermeability of the pasteomparison t&€-S-H.
12



The most common AFt (ADs-FeOs-tri) phase in hydrated cement is ettriegi Ettringite is
composed ofod-like crystals in the early stagestbe hydratiorreaction. The formation of ettringite
in the cement system depends on the ratio of calcium and calcium sulfatedicitnn aluminate
(C3A). AFt formation is commonly fiowed by a significant increase in the volume. Shrinkage
compensating cements can be used to adjust for the controlled formation of ettringite. ABGsn (Al
FeG-mono) phase or Calcium monosulphoaluminate hydrate appear in the later stages of hydration,
appoximatelyoneor two daysafter batching.

Porosity represents the volume of voids as a proportion of thectotatetevolume Kosmatka et
al., 201). In the concrete pore structure, it is possible to identify capillary and gel pores. Capillary
poresare the product of the watBlled space between the hydrdteement grainsDepending on the
w/c ratio and the degree of hydration these pores may produce a low deissity gel (i.e. high
porosity) According to Table B, for aw/c of 0.5, capillary pres represent aroura@¥6 of the total
gel volume. Gel pores aamintrinsic part of the €S-H and are much smaller in size than capillary
pores. Gel pores form approximately 28% of the total volume of gel, but they have only a small impact
on strength ashpermeability. Permeabilitgan be defined ake ability of concrete tallow penetration
by water or other substances (liquid, gas, ions, etc.) (Kosmatka et al.,a2@id)nfluenced by the
porosity of the concretédt can be classified as the maaportant property affecting concrete durability
(He X.& Shi X., 2008).

2.1.3 Concrete Strength

Strength is the most common concrete property measured because it indicates how well the concrete
can resist external loads and is relatively easy to medksaneond& Pielert, 2006) Compressive
strength is measured to provide an overall representation of the concrete quality, since strength is

directly related to the structure of the hydrated cement paste (Neville, 1996).

Concrete can be considered as a-pliase composite, consistinfjaggregates and cement paste
(Lamond & Pielert, 2006). Thus, under liagl the response of concrete depends on the interactions
between botlphasesand the interfacial region between therhe interfacial zone, called interfacial
transition zone (ITZ) is a weak area of concteteause its an area ofiigh porosity. The variation of
porositywithin theITZ depends on the distanftrem the aggregategt 10 nm from the aggregatthe
porosityis approximately22%, while at 30vm it drops to approximatel¥0% (Neville, 199% Under

loadng, microcracks are initiated in the ITZ. Silica fume particlelsich aremuch finer than cement
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particles,are an effective addition to increase the strengthe ITZ (Neville 1996) The mechanisms

by whichsilica fumeact areexplained inSection2.1.3.2.

Before external loads are applied to concrete materials, small cracks exist in concrete at-the paste

aggregate interfad@eville, 2006) Thesecracks are generatém differencesetween the hydrated

paste and the coarse aggregatéisemechanical propertigshrinkageates andthermal effects. When

an external loads applied to theoncrete, thse small cracks are stable until approxiehaB0% of the

C 0 n c rukirmage Gteengthand begin to grovas the loagxceeds this levelWhentheload reachs

70 to 90% of the ultimate strength the cracks penetrate the bulk(pastposed oEement paste and

fine aggregatesindgrow until a poin where the concreteannot support additional load. Figur& 2
represergthe internal microcracking developmentioaded concretd.amond & Pielert, 2006).

Based on the above explanation, it is clear that the strength of the cement paste plagtearkey
the ultimate strength of concrete and also the bonding quality between the cement paste and aggregates.
Several factors influence paste quality, however the paste densitysimglemost important factor
affecting paste strength (Lamond & Pi¢|&006).
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Bond cracking Paste cracking Continuous cracking
at ultimate

Figure 2-2: Microcra cking development in comcrete under load (Adapted from Lamond &
Pielert, 2006)

2.1.3.1 Chemical Admixtures

Admixtures are chemicals that can be added to a concrete either beflurengmixing. Different

admixtures serve different purpose and include air-entrainers, plasticizers, waterducers,
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accelerators, air detrainers, foaming agents, and more. Adwesxare usefubecausahey make it

much easier to achieve a certain desired effect.
According to Kosmatkak{osmatka et a] 2011) the main reasons to use admixtures in concrete are:

To minimize the cost of concrete construction
To obt ai nmobreet teefrf eacntdi ve properties
Tomaintain the concrete quality during: mi xin
weat her conditions

T To control particul ar emeri et diee £ vewmrti ndgradortdr

For the purposeof this research, only two types of admixtunesre consideredAir-Entraining
Admixtures (AEA) and HigilRange Water Reducing Admixtures (HRWRhe purpose of using AEA
is toenhance the concrete response under freezing and thalwagse oHRWR is recommendkto

maintainthe concrete slumyithin adesiredrange
Air-Entraining Admixtures (AEA)

Air-entrainers are commauditivesthat introduce dizreteand stableiny bubbles of air when mixed
with concr et e. clbdelgspacedbsphermadbressthatfae embedded permanently in
the concrete paste oncéardengTaylor, 1997) AEAs have been universally accepted for enhancing
the ability of concrete to resist the potential destructive effects from exposure tothaezeycles.
AEA shouldbe mandatory for environments when chemicaicées are being used, for instance, in

pavements and bridge decks (Lamond & Pielert, 2006).

Air-entrainers are commonly composed of synthetic detergents, petroleum acids, proteinaceous
material, fatty andesinous acids, organic salts of sulfonated hydrocarbons, salts of wood resin and

sulphonated lignin (Lamond & Pielert, 2006).

AEAs are able to modify the properties of fresh and hardened conlerétesh concrete, these air
bubbles act like ball bearisgwhich help increase the workability of the concrete. It is also recognized
that AEAsc an i mprove concretedbds plasticity, and redu
2006). In hardened concrete, the main benefit of uaiag is to provideresigance to freezing and
thawing, particularly when chemical-it=ers are used. In order to achieve improvements in hardened
concrete, the main factors are the total volume of air, spacing factor, and size and distribution of the air

voids. Freezing water ineases its volume by approximately 9%; thus, during winter as thewitktizr
15



the concrete expands, it generates an internal hydraulic pressure, which is responsible for distressing
PCC materials (Lamond & Pielert, 2006). The air voids act to relieveypesaused by the expansion

of freezing water, thus releasing tension from the concrete to prevent bursting.

AEAs add voids to the cement paste whielduce the strength of the concrete. It is estimated that
in moderate to higistrength concretdpr every 1% of air introduced into the concrete, the strength
will be reduced by-9% (Kosmatka at al., 2031

High-Range Water Reducing Admixtures (HRWR)

HRWRsreduce the water demarateating a concrete with a reduaeft ratio and thus increasine
concretebs strength (Kosmatka et al ., 2011) . Al
consolidating concrete. In PCC water reductiesults inless capillary pore forationin concrete
Therefore the transport properties are reduced and thkilityraf the concrete is enhanced. HRWR
can also help in the hydration process by allowing mixtures to obtain higher strength azatl

redugng void sizes.

HRWR admixtures are made from sulphonated melamine formaldehyde condensates, sulphonated
naphhalene formaldehyde condensates, lignosulphonates, and polycarboxylatesHR&MeéRewill
reduce the water conteby approximately 1280% (versus regular water reducers that can reduce by
5-10%). They are much more efficient than regular water reducerkeadsto higher compressive
strengtls (greater than 70 MPa). As well, thaye able tqrovide more early strength gain, reduce

chlorideion penetration and provide the benefits of a lowatertementratio concrete.

Certaintypes of HRWR admixtures giveeement particles a highly negative charge so that the
particles repel each other. As a result, HR(Rovide dispersion of the cement particles, generating
an increase in the concrete workability (Neville, 199®)e latest development in HRWR is the
introduction of a class of polymer material called polycarboxylate. These polymers are highly efficient
dispersantsThey are generally 2 to 3 times more effective than naphthalene or melzased HRWR

andresult inexcellent workability retention (Lamond & Pielert, 2006).
2.1.3.2 Mineral Admixtures

Mineral admixtures (silica fume, fly ash, natural pozzolans, calcined clays, and slags) are usually added

to concrete in large amounts to imprdkie properties of hardenedncretd FHWA, 2014; Kosmatka
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et al.,, 2011) This isbecause #y may provide hydrauliactivity, pozalanic activity or bothto the
concrete These materials are usualtgferred toas supplementary cementing materials (SCMs).
According to Kosmatkaosmatka et al.2011)fa pozzolan is a siliceous or aluminosiliceous material,
that in a finely divided form and in the presence of moistahemically reacts with the Calcium
Hydroxide released by the hydrationFdrtland cemento form Calcium Silicate kdrate and other
cementing compounds Sincethe focus of this study isanosilica, this section wilbnly cove a
description of silica fumeOther mineral admixturgsresent some similarities their effects on PCC

Silica fume (also known asicrosilicaor cordensed silica fumgis a byproduct of theeduction of
high-quality quartz with coal in electric furnaces (FHWA, 2014; Kosmatka et al., 2011). Silica fume
was discharged to the atmosphere before thel@ir@sbut after environmentatoncernswere raised
it becamenecessaryo collect and dispose thmicrosilicain landfills. Thusthe use of this material in
various applicationprovides the additional benefit of reducing landfill waste

According to Kosmatka Kosmatka et al., 2011), siica fume has the following overall
characteristics: average particle size around rird, maximum sizes around @m, chemical
composition of more than 85% silicon dioxide and specific surface area arourfdg20lmconcrete
materials, silica fume is commonly used in amourgsveen5% and 10% by mass of the total
cementing material (Kosmatka et al., 201The small particles of silica fume can enter the space

between the particles of cement, and therefoablis to improve the packing (Neville, 1996).

According tothe Federal Highway Administration, silica fume is used in concrete to improve its
properties. It has been found that silica fume improves compressive strength, bond samhgth,
abrasion resistae. It alsoreduces permeability and therefore helps in protecting reinforcing steel from
corrosion (FHWA, 2014). In concretesntainingsilica fume or fly ash, the abrasion resistance is
enhancedy improved compressive strength (Lamond & Pielert, 20D6addition, for this special
type of concrete, the cement paste plays a key role in abrasion resistance and can be considered to be

more important than the aggregate’s quality (Lamond & Pielert, 2006).

Silica fume particles are effective to increasesthength in the ITZ (Neville, 1996). The mechanism
can be explained as foll@sincethe surface of the aggregate éovered with a thin layer @alcium
Hydroxide, followedby a thin layer of Calcium Silica Hydratand finally a thicker layer of the sam
materials but without any unhydrated cem@ihie strength of the ITZ can increase because silica fume
can act in a pozzolanic reactihichforms Calcium Silicate Hydrate and other cementing compounds,

instead of Calcium Hydroxide.
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2.2 Microtexture and Macrotexture in Concrete Pavements and their

Relationship with Friction and Noise

Pavement surface texture, characterized by microtexture, macrotexture, and meg&expnperty
used to describe the functional condition of pavemdnhtsan be defined as the deviations of the
pavement surface from a planar surface. These deviations occur at three differerdefwvets by
wav el en g tha peéka-peakeamplitude (AfHall et al., 20091). The scées of microtexture,

macrotexture and megatexture are defined below:

q Mi crot®x<méhednd A = 1 to 500 Om
q Macrotextmbhebo 50 mm and A = 0.1 to 20 mm
1 Megat ext=un®me0t o 500 mm and A = 0.1 to 50 mm

Figure 23 illustrates the concepf microtexture and macrotexture. Figure8 2) presents the
concept of macrotexture constructed by longitudinal broom finishing on a tunnel graverade of
concrete. Figure -2 b) presents a photo taken on a microscope (bar scale 1 mm) where the
microgructure of the surface of an-gervice concrete pavement is formed by mortar (sand and cement
paste). Theoncept presented in Figure3d) is consistenwvitht he def i ni ti on of Ami cr
by the American Concrete InstitutByncan et aJ.1998) where the microtexture has been related to

the mortar phase of concrete.

Figure 2-3: a) Concept of macrotextureand b) concept of microtexture

Figure 2-4 presents the influences on paverrmet interations due to texture wavelength
According toHall et al (Hall et al, 20092) microtexture provides a significant contribution to on

surface friction of dry pavements at all speeds and on wet paveatesitsver speeds. Macrotexture
18



has a significant impact on the surface friction of wet pavements surfaces with vehicles traveling at

higher speeds. Highway noise is affected mainly by the macrotexture of a roadway.

Texture Wavelength

0.00001 0.0001 0.001 0.01 0.1 1 10 100 fi
104 10 10+ 10 102 10-! 10° 10! m
1 Micro-texture 1 Macro-texture g Mega-texture g Roughness/Unevenness o
| | | || | ||

e

Note: Darker shading indicates more favorable effect of texture over this range.

re Wear

Figure 2-4: Influences on pavementtire interactions due to texture wavelength
(Adapted from Hall et al., 20092)

2.2.1 Friction in Concrete Pavements

Friction under wet conditions is a primary property affecting the safety of roads. The coefficient of
friction between the tire and pavement is critical in providing the required Stopping Sight Distance
(SSD) and the circular curve radius (R). These characteristics are both associated with the vertical and
horizontal alignment of the road.

Friction can le defined as the resistance obtained by one body in moving over another (Hutchings,
1992). In a rolling movement as presented in Figubethe pavement frictional force F is the resistive
force produced by the tire when it brakes over the pavement suacording to Hutchings
(Hutchings, 1992) the friction force F is proportional to the normal load W. Therefore, the mathematical
expression is:

F=mwW (Equation 1)
Thus, the coefficient of frictionm can be determined by:
m=F/W (Equation 2)
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Figure 2-5 Concept of frictional force in arolllng movement (Adapted from (Hutchlngs, 1992)
and (Hall et al., 20091))

According toHall et al.(Hall et al, 20091), pavement friction is the result of two primary frictional
force components: adhesion and hysteresis. Adhesstablished at the contact patishthe friction
resulting from the smakcale bonding/interlocking of the vehicle tire and the pavement surface; it is a
function of the interface shear strength and contact &letice that in this definition the shes
parallel to thalirection oftire movementCheng Cheng &Robbins, 201Pnotes that defining contact
at the atomic level remains challenging. According to Gotzarhar& Rahnejat 2008, adhesion
occurs with the contact between asperities (contasttipns), which define the reabntact area
Therefore, adhesiooccurs on the atomiscale and is related to the number of atéonsiing bonds
(Cheng& Robbins, 2010).

The hysteresis componerdf frictional forces result from the energy takie to buk deformation
of the vehicle tire. Figure-8 presents the friction mechanisms in the paventieatinteraction Other
components of friction such as tire rubber shear are deemed to be insignificant (Hall et al). 2009
Friction can be expressed as taedition of the adhesion and hysteresis frictional forces. Both
components depend mostly on the characteristics of the pavement surface, the contact between tire and
pavement, and the properties of the tire. Also, because tire rubber is slastio magrial, the

temperature and sliding speed affect both components.
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Figure 2-6: Adhesion and hysteresis in the pavemetiire inter action (Adapted from Hall et al.,
20091).

At high speeds, the water film thickness is crucial for the friction response caused by the lubrication
effect. According toFigure 27, the coefficient of friction, measured asskid Number at 40 mph
(SN40) decreases exponentially as the water film thickness incigsalest al, 20091 and Henry,

2000) Also, the thicker water film causes a higher degree of hydroplamihigh is a complex
phenomenon that depends on several parameters such as water depth, vehiclpaspawht

macrotexture, tire tread depth, tire inflation pressure, and contact area between the tire and pavement
(Hall et al., 20091).
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Figure 2-7: Water film thickness effect onfriction measured as Skid Number(Adapted from
Hall et al., 20091)
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According to Hall (Halletal.,2002 ) t he durability of pavement 6s

and abrasion pperties of the exposed aggregate and by the wear resistance of the mix. In concrete
material, according tosmatka(Kosmatka et al., 2011), the paste in concrete constitutes about 25 to
40% of the total volume. Therefore, an important point to analythésinesearch is whether the changes

in the cement paste can affect friction, noise absorption capabilities, and friction durability on both the

microtexture and macrotexture of the pavement.

2.2.1.2 Friction Response Assessment

The friction response in ¢laboratory and the field is often measured using the British Pendulum skid
resistance testeas presented in Figure& The British Pendulum test provides a measure of the
frictional properies and microtexture of surfaces (ASTM, 2008). The device ammta dynamic
pendulum with a rubbdriction patch.As the rubbeon the pendulurslides over a surface, the device
measures the energy loss. The iegerformed om wet surface and determatle British Pendulum

Number (BPN)f a given sample

Although the British Pendulum Number quantifidge overall friction responsedue to a
microtexture responseaccording to Ahammed (Ahamme&d Tighe, 2012) the BPN represents the
responsérom both the microtexture and macrotexture of the surféts researh will test the friction
response due to microtexture nfazhtion, thereforeto eliminate the macrotexture effecssnooth
surfaces should b®onsiderfor evaluating microtextures.

Figure 2-8: British pendulum tester
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The tribometeis a different and more sophisticated dewltan the British Pendulum Testhich
can also be used to evaluate frictimina surfaceThe devicemeasures the friction coefficient
arising from nantexture micraextureand macrotexture properties. The experimental setup and the
device description will be presentedSaction3.1.9 Figure 29 displays the theoretitshape of the
friction coefficient versus displacement plot that is observed from the results of a tribofineter.
maximum frictionoccursafter a short sliding distance from the origin. In Figw@iRis possible to
differentiate tworegions(Davim, 2011): the static friction which is the force needed to overcome the
potential energy between atoms in order to initiate the sliding, and the dynamic frictioniswthieh
mechanism for dissipating energy as atoms slide over each other.

* Friction Static friction

Dynamic friction
_v

f”
-

Displacement

—»

Figure 2-9: Variation of the friction coefficient with the sliding distance (Adapted from Davim,
2011)

2.2.1.3 Surface Roughness and Surface Roughness Assessment

According toDavim (Davim,2011), the surface interaction between two materials depends on the shape
of the surface. Both the nature of the material as well as the production process will affect how smooth
or rough the surface is. No matter how smooth a surface agpdsrsonce magnified to a fine scale,
deviations in the surface smoothness exist. The surface roughness is characterized by asperities, which
are the maximum peaks that occur with varying amplitudes and spacing (Davim, 2011). Therefore, the
randomdeviaton of peaks and v adinieesiyraltdpagmaphy caeatsthersdefa c e 0 s
texture of a material (Goha& Rahnejat 2008). Surfaces with a higher amount of asperities will
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produce a higher friction response. FigwE®2below shows a cloag two dimensional representation

of a surface texture, where the asperities can be observed.

_ Asperities _

Reference line

Figure 2-10: Representation of the surface roughness 2D

A stylus profilometer is the most common technique used in assessing surface topography. The
output of the profilometer can be seen in Figwk)2 Asperities are measured from a reference line
and the graph is in two dimensions. The device uses a fine stylusiwkiidgged over a surface; the
displacement of the stylus is translated into an electric signal. This signal is calibrated to the
displacement of the stylus, and amplified to a chart recorder (Figlit®. Zhe chart recorder then
provides the profile athe surface as shown in Figurd @ (Davim, 201JandHutching, 1992).

Fickup —-—‘
| ! ) aear-Dox i

I | recorder
i

Figure 2-11: Components of a typical stylus surfaceaneasuring instrument (Adapted from
Hutching 1992)
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2.3 Noise Generation in Concrete Pavements

Sound results from small pressure variations in the air and can be desirable or undesirable. Undesirable
soundis typically referred to as noisand he sound produced by the interaction between the tire and

pavement is an example thiis (Bernhad, 2005).

Currently, traffic noise i s a affedtsthpaconongy ofta conc e
country (Ahammed, 2009). This is because noise can produce negative health effects such as hearing
loss, high blood pressutgypertensionandsleep disturbance, to name a few. These effects produce an
i mpact on the peoplebds qual it Ynderacceleratingcoralitiods, t her e
the tirepavement noise dominates over other sources of roadway noise, such as engia&iagd br

noise.

According to Bernhard Bernhard, 2005) the main mechanisms behind noise generation in

pavements are summarized in Figuww&2and as follows:

1  Tread impact: This refers to the impact between the tread block and pavement surface when a
wheel isin movement. This mechanism can be compared to a rubber hammer impacting the

pavement material and causing vibrations on impact and therefore noise.

1  Air pumping: This dynamic interaction occurs in the contact patch and is generated by air

compression. lis similar to the sound generated by clapping hands.

9  Slip-stick: Tractive forces between the tire and pavement will also produce noise when the
horizontal forces exceed the limits of friction. The tire block then slips briefly and lsatanhes
to thesurface pavementhe mechanism is similar with the squeaking sound produced by athletic

shoes on a gym floor.

9  Stick-snap: Due to the adhesion between the tire rubber and the pavement surface, the adhesive
forces clamp the tread block. When the tread btetdases, it creates noise and vibrations. This

mechanism can be compareddteasing auction cup.

2.3.1 Tools to Measurement the Tire-Pavement Noise Generation and Noise

Absorption

Several options are available to measure the noise production in pavestetigscal Passby Method
(SPB), Controlled Passby Method (CPB), Closed Proximity Method (CPX), and tBe&d Sound

Intensity (OBSI) Method are examples of methodologies used to measure noise in the field. In terms
25



of noise absorption properties, thededance Tube Method is the most common laboratory test used

and as such, it was used in this research. The OBSI, CPX and the Impedance Tube Method are described

in the following sections.

Tread impact causing vibration Stick T slip Adhesin
(stick-snap)
—
PR

¢

Figure 2-12: Source generation mechanism (Adapted froniBernhard, 2005))

2.3.1.1 OrBoard Soundintensity (OBSI) Method and Closed Proximity Method (CPX)

Although several devices are available to determine the noise level in Bmadsan(Donavan&
Lodico, 2009 indicatesthatthe primary tools to evaluate the sound productioi@source are the
Closed Proximity Method (CPX) and @voard Sound Intensity (OBSI) method. The OBSI method
can useeithera single or double sound intensity proBegure 213 shows the OBSI and CPX setup
which is owned byhe Centre for Pavement and Transportafiechnology CPATT) at the University

of Waterloo.Figure 213 a) shows the microphoéeposition with respect to the tire and Figur&3

b) illustratesthe configurationusedto perform field measurements. This configuration allows the

measurement of na@sat the tirgpavement interaction when a car drives across a pavement section.
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Figure 2-13: a) On-Board Sound Intensity (OBSI) and CPX microphones locations and b) pictur
from the configuration owned by CPATT (microphones with windscreens)

According to Otto (Otto et gl2011) the OBSI method is able to measure the sound intensity as
defined by the acoustic power per unit area (units Wadts/fhe first standard wasedeloped by
AASHTO in 2008 as a provisional standarda | | ed AStandard Method of

Tire/Pavement Noise Usingthe@no ar d Sound | nt e fMABHTQ TR7T®BEI. ) Met h

According to Otto (Otto et gl2011), the main factors te controlled during the testing include:

A The tesiThtei O8SI standard specifies a Standard

howeveNGCBhReseearch was performed with a Goodyea

Di fferencapsatithertrheand eraubber pr operatnideSSRicdan af f

i sypicwilldgyyempar ¢ dGovadyhear Agquatred 3.
A Vehicle Blpeesitandard speed is 96 km/ h or 60

a correctilbmwme dp@ppltioed magr s pt3e dmpvhar iFRRdri onse d de S«

greater t han atcltioa,nit eeftead resu | caatni obnes .

A Vehicl es Exdiegensal noi ses bstuhceh vaesh iscgluee abkri ankgi ncga uns

because ctomdsaenimart e t he intensity | evel

OBSI can be reported as a single overall sound intensity level (value in dBA) or if frequency is
included, as a value on the sound intensity spectrum. CPX allows for measuring the sound pressure
l evel and t heme&PtheSOICH 11BBEstandard budoes not includan acoustic
enclosure (i.etrailer).
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2.3.1.2 Impedance Tube Method

The impedance tube methattasureshe sound absorption coefficient of a material. The absorption
coefficient is an indicator of how well a material can absorb sound. When a sound wave reaches a
pavement surface, a portion of the sound energy is reflantittie remaining portion is abdmd. The

ratio between the absorbed energy and the total incident energy is the absorption coefficient. The ratio
is between zero and one, where one means 100% absorption. Pavement material absorption coefficient
is related to the noise production becatise highest absorption coefficient will generate less noise
overall. Figure 214 shows the Impedance Tube which is owned by the CPATT at the University of
Waterloo.

Figure 2-14: Impedance Tube Equipment

The impedance tube test is performed in accordance with ASTM EI®$ASTM, 2010). The
arrangement includes the analyzer, the tube, the sample, two microphoreepoavet source. The
tube has a speaker at one end while the sample is placed at the atfiéeeswlind signal is generated
by the speaker and it travels to the sample. Both microphones measoerttenergy lost antbased

on this result thabsorption coefficientan be calculated

2.4 Next Generation of Concrete Surface

Accordingto Scofield (Scofield, 2011the Next Generation Concrete Surface (NG@&3he most

recent concrete pavement texture in the United StatesNGCS hashe quietest texture developed

for conventional concrete pavements, mainly through macrotexture oatiifi. The construction

process useconventional diamond grinding equipment and blabdaswith a different configuration

in thedrum. The NGCS development was initiated using the Tire Pavement Test Apparatus (TPTA)
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located at Purdue Universits showrin Figure 2.5 a). Figure 2.5 b) shows the diamond grinding

head being used at a laboratory scale to produce different texture configurations.

(@ TPTA | (b) Diamond Grinding-‘;‘

Head

Figure 2-15: a) Purdue Tire Pavement Test Apparatus (TPTA) and b) diamond grinding head
(Adapted from (Scofield, 2011))

The Minnesota Department of Transportation (MnDOT), Arizona DOT, lllinois DOT and ACPA
developed field applications to verify the bersefif the NGCS. Currently at least 13 sections are in
evaluationacrossthe USA; Figure 2.8 shows a picture of one example of NGSC developed by
MnDOT.

Figure 2-16: NGCS LITE test strip at MNROAD (Adapted from (Scofield, 2011))

Different studies have shown that the controlling factor in noise generation is the fin profile on the
surface(Anderson et al.2014) Positive texturegiglgeg were shown to produce more noise compared
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with negative textures/éllleys. Thus, an appropriate way to reduce noise in PCC pavements is to have
negative textures while grinding in a unifotnansversal and longitudinakofile. This is the main

principle behind the design of Next Generation Concrete Surface (NGCS).

Figure2-17 presents the results of noise evaluation using the OBSI metttalstates dflinnesota
andKansasas well as ithe province oDntaria The tested concrete surface typeduded transverse
tining, longitudinaltining, exposed aggregate and convemalodiamond grinding. Transversaing
has been measured to be the loudest of the textures with the noise gaatent¢edities betweetD4
T 106 dB. Specifically, according to Figurel?, transverse ting in Ontario is one of the noisier
surface tetures. Longitudinatining is second loudest with decibel leveisE102 dB According to
Figure 217 Next Generation Concrete Surface (NGCS) is the qui€l€¥i 101 dB range) in
comparison to the conventional pavement.

Potential improvemestto the Onario road network in terms of noiseductionmay be further
examined byocal researchers. However, given snow and ice conditions in Ontario winters, the ability
to change the texture to optimize noise and improve durabilitybrmbmit ed
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Figure 2-17 Sound Intensity Level with OBSI method in different states or provinces (Adapted
from (Scofield 2011) and (Byrum et al, 2010))

A report published in January 20bYy the Washington State Department ofafisportation
(WSDoT) summarized their experiments using NG@8&derson et al., 20)4Their objective was to
investigate the longerm pavement performance of NGCS when compared to conventional diamond
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grinding (CDG). In this study, NGCS was compared WihG and installed in 2010 on Highwa32

in Sunnyside, Washington.

For the fieldtests the NGCS was constructed and installed using two methods, single pass and two
pass. In the singlpass method, the pavement surface is ground smooth and cut sl passThe
two-pass method involves grinding the surface in one pass and then cutting the grooves in a separate
pass. It is common to use the twass method if the surface is particularly hard to Eigire 2-18
presers picturesshowing the CDG an@DG plus groovingThe test section was two lanes wide and
1500 ft long. On each lane, tfiest portionin the direction of traffiécs CDG and the second portion is
NGCS. The cost of building the NGCS was $12.75/square yard compared with a statewide average of

$8.26/square yard for CDG. Noise data was measured and observed for a period of 2.5 years, from
November 2010 until April 2018Anderson et al., 2034

1@

CDG + GROOVING

1] ALY
Figure 2-18: Conventional diamond grinding (CDG) and grooving

The noise data from the study showed that at the beginning, in November 2010, there was about a
3 dB difference between the NGCS and CDG on both ldndsane 1 the respective noise levels of
the NGCS and CDG sections were 101 dB and 104 dB. In Lanes, ldvels were 99 dB and 103 dB,
respectively.However, by April 2013, the NGCS was no longer quieter than the CDG. In fact, the
NGCS and CDG had both increagedhe sameaoise leves of approximately 105 dB and 103 dB
Lane 1 and Lane,2espectively Lane 2 was the passing lane, thus it is usssl whichexplains the
difference between the two lan@nderson et al., 2034

The NGCS most likely performeglorseover time due to the degradation of the surface from-long
term interaction with the tirest should be noted that studded tires were usehisnspecific project.
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Images taken at the end of the two year period show a vast contrast from the surface at the beginning.
From the images, one can clearly see pieces of aggregate missing from titeceradlso be seen that

the flush surface is no longer smoattdresembls positive textures.

Thus the WSDOT concluded thtae performance diGCScannot be maintained in the leterm
despite initial noise reductiohe NGCS surfacevas found toeventually wear down and perform
similarly to CDG, and WSDOT decided that NGCS was not a viable option. The WSDOT report
identified that the benefits of noise reduction from NGCS is not sustainable in thitongnless a

solution to reduce the wear of thavement surface can be found.

2.5 Main Distresses on PCC Surfaces Affecting Surfaces Characteristics

Since friction and noise production are two properties dependent on the surface characteristics of a PCC
pavement, this section will cover the main distresses that can affect rigid pavement surfaces, including
stressors present in Canadian climates.

2.5.1 Freezing and Thawing and Scaling

Freezing and thawing is the terminology used to describe the action as well as destruction that occurs

in concrete over time when water @xposedconcrete freezes and thaws repeatedly, creating a

cumulative effect. Overall, th destruction is caused by the 9% volume increaseciated witlvater

when it turns from a liquid to solid (iceJhis expansionoccursin the paste, aggregates, or both

(Kosmatka et al., 2011). When freezing and thawing occur in the presence of, dededized failures

or mortar degradation of the exposed surface ari:
Pielert, 2006). Aggregates susceptible to scatiag generate popouts amdCracking which is

damage irtheform of a D-shapehatis often observed near to joints.

Even though there is an extensive amount of published literature on this subject, the mechanisms
behind freezing and thawing and salt scaling are complex and still not fully understood (Kosmatka et
al., 2011). Their effectsan be detrimentab pavement performance, ride quality, safety, and noise

production.

There are a few theories that expltdie distressingf PCC materialsubject to freezing and thawing
(Lamond & Pielert, 2006)T'he water freezes into layers of iesd these layers grow bigger as water
travels towards it. Later on, the hydraulic pressure theory inditatewater will move away from the

frozen areas. Investigations show that when this water is displaced from the area of freezing, it creates
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a presure against the cement. When the water flow is longer than a critical length, the pressure becomes
greater than the resistant strength of the cement paste, and thus, theielammaigedThis happes

when the water cont en triticalsatuhaiioggoimtr t han t he concr e

Another theory, termed the osmotic pressure hypothesis, reasons that water does not just flow away
from areas of freezin.amond & Pielert, 2006)t has been shown that at a uniform temperature of
concrete, the water in the pores will freeze at diffestagjesdepenént on the size of the pore. The
smaller the pores, the lower the freezing temperature of the water in those pores. The frozeiv@ores
a higherwater concentratiorwhich caugswater to move from unfrozen areas to the frozen areas to
reduce the concentration gradient. Further studies show that the cement paste and aggregates in the
concrete must be considered separately. This isibeamater will bexcretedrom the aggregates and
the paste will take the pressure from this water.

Concretes that experience freezing and thawingoftdinbe exposed to dieing chemicals. Scaling
occurs when thesedeci ng chemicals | ead to |l ocalized fail
mortar de flamond&rPlert, 2006)5caling occurs due to freeze and thawing, as the
chemicals are nicstrong enough to deteriorate the surface without the cyclic freeze and thaw action.

This isalsodue to concentration gradients.-igers have a lower freezing temperattivan wateand
increasethe water concentration gradient, causing water to mowenflareas of low concentration to

high concentration.

Special consideratioresoapply to individual particles oBomecoarse aggregateSince porous
aggregates can absorb wateey oftenexpand due to the effect of freezitugpw porosityaggregats
or aggregate with capillary systema interrupted by asufficient number of macropores are not
vulnerable(Neville, 1996. If avulnerable particle islose tothe PCC pavement surfadecan cause

a popout.

D-Cracking is aother type ofailure associatwith vulnerable aggregateshis failure caroccur
in PCC roads, bridges, and airfield PCC pavemdSracking consists of the development of fine
cracks nearthe free edges of slabsThe initial failure starts lower in the slab where moisture
accumulates and the coarse aggregates become saturated to the criticih&reébre, the failure
essentially starts in the aggregates, but the freezing and thawing cycles increase the siztmired
and finally cause the damage in the surrounding m@xtaville, 1996).Figure 219 presents pictures
that show the scaling distress, the popautsl the BCraking distress in PCC Pavements.
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Figure 2-19: a) Scaling b)popoutsand c) D-Crakings distresses in PCC pavements

ASTM C666(ASTM, 2008 is the standardized test for freeze and tHavability of concreteThe
testis a rapid test as it allows four to twelve cycles to take place inha @driod. Increased concerns
for scaling on highways and bridge deck pavements led to the standardization of ASTKASBIE
2012. The methodology of ASTM C672 uses blocks of ceteor mortar and a dike placed around
the surface so that ponding of theiders can occufLamond & Pielert, 2006 Both standard methods
arecoveredn the next chapter.

2.5.2 Abrasion

According to LamondLamond & Pielert, 2006)he factors affecting concrete’s abrasion resistance

are: the quality of aggregates, compressive strewgtiertement (v/c) ratio, type of concrete finishing

procedures, curing methods and surface treatments. The use of hardened coarse aggregabeg has a s

influence on abrasion resistance. For instance -tpigtlity quartz will increase wear resistarféel,

2008) Compressive strength is one of the most important factors affecting abrasion resistance;
according to Lamon(Lamond & Pielert, 2006pr the same type of aggregates and finishing, abrasion
resistance increases Wwith an incremcgaioisalsot he con
responsible for the abrasion response, because for the same types of aggregates, abrasios response i

improved when thev/c ratio is decreased.

Macrotexture in concrete pavement can be related to the pavement’s ability to drain surface water
and alsaaffectsthe hysteresis component of frictional force. According to Hédlll at al, 20092)
macrotexture durability is dependent on cumulative traffic; however, no specific relation is reported
based on concrete mix properties. Macrotexture durability is related to a reduction in textu¢elaépth
at al, 20092). Because of this,kmasion response may affect the durability of a macrotexture, and
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therefore a better abrasion response can be beneficial for the hysteresis component of frictional force

in thelong term.

2.6 Nanotechnology and Nanoconcrete

Nanotechnology involves manipulating matter and materials at scales below 100 nm. According to
Grove, nanotechnology could be a revolutionary tool for engineering applications & aly2010).
Nanotechnology is revolutionary becausdldwas us to take advantage of different material properties
that appear at the nano scaleich is the boundary between atoms and molecules ahdloeo level
(Ashby et al., 2009 an@/IN, 2013). Also, it is revolutionary because the atomic scale is where t
fundamental behaviors and material properties are digtasddby et al., 2009)n addition, reductions

in particle size can increase the specific surface area of matehials can have significant impact.

Figure2-20 shows the range of speciiarface aresfor different materials used in concrete.

Regarding the constituent materials of concrete, the Strategic Development Council from USA
states that there exists a variety of research 1
pe f or mance of concrete and concrete productso
research needs may be categorized into three groups: new materials, measurement and prediction, and

reuse and recycling. Nanomaterials can be considered as nevatsateri

Nanoconcrete may be defined as a concrete made of Portland cement which uses particles with sizes
smaller than 500 nm as a cementing agent (Sar&!8aboley 2010 and Balagur& Chong 2006).
The most important reasons to consider incorporating aahoblogy into concrete are to control
material behaviour, achieve superior mechanical and durability performance, and provide novel
properties in concrete such as low electrical resistivity;ssibing capability, setfleaning, sel

healing abilitieshigh ductility, and seltontrol of cracks (Sanch& Soboley 2010).

The application of nanotechnology in a variety of fields is receiving extended attention
(Gopalakrishnan et al., 2011). In concrete materials, the applications have been reduced dcompare
with the applications of supplementary cementitious materials), but the results are promising because
the innovations in experimental techniques and advances in computational modeling and simulations

allow for better understanding of the fundamental e of nanoconcrete.
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Figure 2-20: Specific surface area of different concrete material componens, Nanoc-engineered
concrete definition and TEM image ofnanosilica (Adapted from (Ashby et al, 2009))

Currently it is possible to identify a variety of nanomaterials available to enhance concrete
properties most of which can be applied to improve the upper layer of concrete pavements. The
literature surveydentified the following nanometarials that may be used in concrete materials and
therefore in rigid pavements. They aanosilica (NanesiO;), carbonnanotubes (CNTshanofibers,
nanotitanium dioxide (NanaTiO,) andcoatings to mimidhe lotusleaf effect. Table 27 presents a
summary of the effects of nanomaterials on concrete performance and the effects in duaiccate t
be potentiallybeinvestigated for PCC pavement applications.

The next sections present descriptions of the main nanomates&sn concrete and their effects
on the properties and durability of concrete.

2.6.1 Nanosilica (Nano SiOy)

To date, anosilica is the moghoroughlyinvestigated nanomaterifdr usein concrete. The main
chemical component of nanosilica is silicon dioxi®&Cp) which can be present in crystalline and
amorphous forms. The amorphous nanosilica is most commonly used in nanoconcrete (Quercia et al.,
2012) . Nanosilica has spherical mor phol ogy and
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(Querciaet al.,2012), the particle size varied in the range of 5 to 658 nanometers in six different
nanosilica products.

Table 2-7 Nanomaterials descriptions, main effects ohardened concrete and effects that can

potentially be investigated

Type of - Main effects investigated in Effects in
. Description concrete to be
nanomaterial concrete : .
investigated
. Frictional and
. . Improve compressive strength, . .
Nanosilica SIiO; > noise absorption
flexural strength and abrasion
response
Carbon (C) atoms Improve compressive strength, Frictional and
Carbon nanotubes | interconnected togethe flexural strength and fracture noise absorption
by C-C bonds toughness response. Abrasio
Nanofibers are fibers Improve compressive strength, Frictional and
Carbon nanofibes | with a diameters dess flexural strength and fracture noise absorption
than 100 nm toughness response. Abrasio
Nano titanium . Enhance compressive strength, Fr ictional aqd
o TiO, . noiseabsorption
dioxide flexural strength and abrasion
response
Frictional and
Generally used as . . X
Nanolotus leaf coatin Response as seifeaning surface noise absorption
9 response

Nanosilica is available in powder and slurry forms. The slurry form is attractive in onuérgate
healthproblemscaused by inhalatiofrigure 221 presents aransmissioticlectron Microscop€ellEM)

image of a commercially available nanosilica, where the ggaiemorphology is very clear.

According to Chung (Chung2002 and 2004), silica fume in concrete can improve the sound
absorption ability of the material by increasing vibration damping capacity. Neaagsay show a
similar effectIn materials, damping requires energy dissipation. In terms of acoussangans that
certain materials can absorb noise or sound.
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Figure 2-21: Transmission Electron Microscope (TEM) images of nanosilica

2.6.2 Carbon Nanotubes

Carbon nanotubes (CNTSs) were discovered in Japan by Sjimé#&during Transmission Electron

Microscopy (TEM) observation in 1991 (Ashby et al., 2009). The discovery was accidental and was

due to an electrical discharge between two carbon electrodes. CNTs can be defined as cylindrical
molecules with a diameter approximately 1 to 3 nm and a length typically lower thamB CNTs

are made of carbon atoms interconnected together by cadobon (CC) bonds Al-Rub, 2012).

Based on the manufacturing conditions, CNTs can be generated aswsiigtt doublewalled or

multi-walled structures. The hexagonal structure of the carbon lattice in the CNTSs results in a very

strong structure. Singlealled and multwa | | ed CNT6és mor phol ogi2s are pr
Multi-walled carbon nantubes (MWCNT) are less expaime and more readily available than single

walled carbon nantubes SWCNT) (Makar 2011).

Carbon nanotubes have several exceptional properties (Ashby et al., 2009): very high Young’'s
modulus of 1000 GPa, high tensile strength of 30 GPa, superior cdemsities of 10A/cnm?, and
high thermal conductivity of 6000 W/mK. CNTs possess better material properties than carbon
nanofibers and according to the National Research Council of Canada (NRCC) they are ideal

reinforcing materials for concret®lékar, 2011).

It is recognized that MWCNT can act as sowainpersbecause the interfacial sliding between

tubes creates frictional energy dissipation which leads to enhanced damping characteristics (Ashby et
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al., 2009). Therefore, carbon nanotubes may potgntiborb noise in PCC pavements; however the
application as a noise mitigation alternative has been unexplored. At the same time, the potential impact

on surface friction has been also unexplored.

Single wall

Multi wall
Figure 2-22 Single-walled and multi-walled CNTs (Adapted from Al-Rub, 2012)

2.6.3 Carbon Nanofibers

Carbon nanofibers (CNFs) play a very significant role in cement concrete becthesesxtraordinary

and useful properties, such as exceptional tensile strength, high stiffness, low density, good chemical
stability, and high electrical and thermal conductivity (Zhang et al., 2007). (Ffdisre 223) have
cylindrical nanostructures with diaaters less than 100 nm. Alsbyson [Tyson et al.2011) reported

that CNFs possess a Young's modulus of 400 GPa and a tensile strength of 7 GPa.

CNF

Figure 2-23: Scanning Electron Microscope (SEM) inageof CNF-composite (Adapted from
Gay & Sanchez, 2010)

In nanoconcrete, the exceptional properties of CNFs as well as CNTs are utilized through mixing

process engineering which ensures the nanofil
39

al



strengh between the matrix and surface of CNFs or CNTs. The proper dispersion of CNFs is shown in

Figure 223.Relevant research is included and discussed ifotlesving sections.
2.6.4 Nano Titanium Dioxide (Nano-TiOy)

Titanium dioxide (TiQ) is the naturally occurringxide of titanium In nature, it is present in the
following minerals:rutile, anataseand brookite TiO; has historically been used in a wide range of
apdications such as paints, cosmetiand drugs because of its low toxicity, sesanductivity, high
chemical stability, availability, and low industrial cost (Hamdy et al., 2011), @a® also be supplied
as nano titanium dioxide (NafldO,), which is mos widely used as a photmtalyst due to its
extraordinary photeatalytic activity (Che& Poon 2012). It has also been used in concrétee&
Poon 2012 Jalal et al., 2012nd Diamanti et al., 2008to increasestrength abrasion and chloride
penetration.

2.6.5 Nano Lotus Leaf

The literature survey also reveals thaine coatings can mimibe lotus leakffect, whichexhibits an
exceptional ability to keep itself clean and dry due to the lotus eBetiolev &Gutierrez, 200k In
recent yearghe use of lotus fundamentals and hydrophobic effess received growing attention all

over the world. Current research has indicated that the lotus leaf has seoleasetfg properties.

The selfcleaning properties are believed to be related topbeial surface structure and low free
surface energfMozumder et al., 2011, Kumar et al., 20aad Su et al., 2010)The waxiness
(greasiness) also provides a hydrophobic surface. The contact angle between the water droplet and
surfaceusually remains dess than 30for most of the hydrophilic surfad&orbes, 2008)However,
for a hydrophobic surface, the contact ancgaé increase to greater than 9Borbes, 2008)thus
decreasing the contact area between water droplet and surface. The minimization of the contact area
between water droplet and leaf surface causes water droplets to easily roll off {MoBahder et
al., 2011andForbes, 2009) This phenomenorsi we | | known as the o6l otus ef
hydrophobic and hydrophdisuréces are presented in Figur£2 wheregy is liquid-to-vapor surface
tension,gs is liquid-to-solid surface tension, amgy is solidto-vapor surface tension. Also glangle
g corresponds to the contact an@gheshby et al., 2009)The lotus effect contributes to nevetting,
super water repellent, and super hydrophobic surfaces and thus enhanck=sasiely properties
(Mozumder et al., 2011, Kumar et al., 2011 &ockt al., 2010)
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High wetting of surface

Reduced wetting of surface Superhydrophobic surfaces

Figure 2-24: (a) Hydrophilic surface, (b) hydrophobic surface, and (c) super hydrophobic
surface (adapted from(Ashby et al., 2009).

The super hydrophobicity of latus leafsurface does not only result from its waxiness, but also
depends on the microstructure and nanostructure of the s@iMazemder et al., 2011 and Forbes,
2008).The combination of microstructure and nanostructure cahsesontact angle to exed 150
and the sliding angle toe less than I(Mozumder et al., 2011 and Forbes, 200B¢ doublescale
structure contains micsbumps that are 5 torfim in diameter, narbranches on the micitoumps, and
the area between every two bumps that arerardi24 nm in diametdiForbes, 2008)In this case,
water forms spherical droplets on the leaf surface with very little contacf{rardzes, 2008)Indeed,
the contact angle will continue to increase dubé¢oair trapped between water droplet and ledase
(Forbes, 2008)Figure 2-25 presents two pictures that illustrate the nano geomettigedbtus leaf

surface.

Figure 2-25: (a) Lotus leaf nano-geometry in polymer surface (phys.org, 20123nd (b)

nanostructure in artificial petal surface (Park et al., 2011)
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2.6.6 Effects of Nanomaterials on Different Characteristics of Concrete

Based on the literature review, nmamaterials influence both the fresh and hardened properties of
concrete. The effects of nanomaterials on the fresh properties, cement hydration, microstructure, pore
structure, mechanical properties, and durability of concrete are summarized in thénépléuly

sections.

2.6.6.1Effects on fresh concrete properties

The fresh properties of concrete are affected by the particle size distribution of constituent materials.
Therefore, nanomaterials are expected to influence the fresh concrete properties duextoctimeirye

small particle sizes. The research findings of Quei@iaefcia et al.2012 showed that nanosilica
significantly reduces the workability of concrete for a given water content due to high specific surface
area. A similar effect was also obsenwedhe case of nandiO, (Chen& Poon,2012). This suggests

that the water demand is strongly related with the specific surface area of nanomaterials. Quercia
(Quercia et al.2012) stated that a higher amount of water is needed for a constant woyrkettodit

the surface area of nasibica is increasedNanosilica produces higher plasticity than traditional
cementitious materials, it can improve the cohesiveness of the concrete and thus reduce the bleeding
and segregatiorQQuercia et al., 2032

Nanomatemrls can significantly influence the rheology and stability of concrete. According to Jalal
(Jalal et al.2012), nanerliO; is able to modify the rheological properties of smifnpacting concrete.
The rheological properties were studied through slump fimg and diameter, ¥unnel flow time,
and L-box tests. NandiO, powder improved the consistency and homogeneity of the fresh concrete
mixture which exhibitedess bleeding and segregation. This is because Tiéhaacts as filler in the

mixture and imprees the resistance to water movement in fresh concrete.

Certain nanomaterials might influence the setting of concrete. For exampéglditien ofnance
TiO: increases the overdihenessanddecreasgthe setting time of concrete. This is relatedhe
acceleration ofhe hydration process and associated heat release. Hydration heat peak increases when
the naneliO; is added into the cement. The particle fineness and specific surface area play a dominant
role in enhancing the dissolution rate of cememtjgounds at the early stage of cement hydration, thus

increasinghe rate oheat releasedhen & Poon2012).

CNFs and CNTs were reportbg several authors (ARub, 2012; Gay &anchez2010;Makar,

2011) to have dispersion problems, which negatively affect the fresh properties of concrete. According
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to Nasibulina (Nasibulina et al., 2010) it is difficult to achieve homogeneous dispersion of CNTs and
CNFs in concrete mixtures as they are prone tloagerations. The attraction between particles of
CNFs/CNTs due to Van der Waals forces might be responsible for these agglomerations however, the
proper use of surfactants or ultrasonic mixers allows for adequate dispersion. Also, the use of high
range wéer-reducing admixture has also been successful in disaggregating the CNFs, thus improving
the dispersion of nanofibers in the cemeatrix (Gay &Sanchez2010).

2.6.6.2Effects on cement hydration

The incorporation of nanomaterials such as Aai®, CNTs anchancTiO, can positively influence

the hydration reactions and the physicaldtite of GS-H in cement (He &hi, 2008;Makar, 2011;

Chen & Poon2012). Using a Field Emission Scanning Electron Microscopy (FESEM), He and Shi
(He & Shi, 2008) explained @t naneSiO, not only makes anoredense material butanalso change

the morphology of hydrated cement by producing more TypeSHHCgel and less ettringite crystals.
According to AshbyAshbyet al, 2009), the drastiaicrease in surface araasociagd withnanailica
addition to concretean affect the surface energy, morphology and the chemical reactions in concrete.
The hidh specific surface area of nailecca compared with other concrete materialshown inFigure

2-20. Because ofhelow particle size and high surface fineness, nanosilica contributes to the creation
of smallsize crystad and clusters of calcium silicate hydrate $¢) during pozzolanic reactian

Like nanosilica, adequately dispersed SWCNT can also acceleratedtiadidny process compared
with the controkoncretgMakar, 2011). This is possibly due to SWCNTSs imgf as nucleating sites for
CsS hydration reactions, with the&H forming directly on the SWCNT. Moreover, SWCNTSs produce
an increase in the maximum hélatww which may also enhance the hydration of cement in concrete.
Furthermore, the incorporation of namD; in powder form can significantly accelerate the rate and
degree of hydration at early stadgsoromotng the formation and precipitation of hydi@t products
(Chen & Poon2012).

2.6.6.3Effects on microstructure and porstructure of concrete

Nanoparticles can potentially allow better void filling and positive filler effects due to the extremely
low particle size in comparison with conventional mateigdlsoncrete (Ashby et al., 2009); the filler
effects produce a concrete microstructure with improved density and reduced porosity (S8anchez
Soboley 2010). According to AshbyAshby et al, 2009), nanoparticles organize themselves in an

efficient closepacking structure In geometry closepacking is a dense arrangement of congruent
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spheres in an infinite and regular arramgat. He and ShHe & Shi,2008) explained that nanomaterial

can act as filler creating a dense and less permeable mortar microstructure; also nanomaterial may act
as nucleus to facilitate the creation of hydration products; thus nanomaterial may pghenfioteation

of high-density CS-H structuresSeveral author@Hosseini et a).2011, Said et gl2012andJi, 2005)
observed such effects in the case of nanosiliqdi, 2005) showed the improvement of microstructure

of concrete including nanosilidaased on the FESEM test. It was concluded that the addition of
nanosilica can make the microstructure of concrete more uniform and compact than normal cement. In
2010,Hosseini Hosseini et a).2010) carried out an experimental study to explain the mocatin of
concrete microstructure when nanosilica is added. They summarized that nanosilica contributes to
improve concrete microstructure in four ways: a) acting as a nucleus, b) generating {&HerclC
controlled crystallization, and d) filling of isro-voids.

The replacement of a certain amount of cement with nanosilica decreases the porosity of concrete
(Shirgiret al.,2011,Saidet al.,2012andMondalet al.,2010). The concrete mixtures with nanosilica
havesmallerthreshold pore diametsthanthe control mixtures without nanosili¢ain et al., 2008&nd
Said et al., 2012).

The porosity of concrete is also decreased when-f#Dpis added tocement. NandiO, can
modify the pore size distribution and decrease the total pore volume by filling up the pore space
graduallythroughout thdaydrationprocesgChenet al.,2012 and Nazari & Riahj 2017J). It wasfound
that the pore structure of concrete containing FEI is finer than that with nanr8iO.. Therefore,
the concrete containing naf@O, can exhibit a higher resistance to the penetration of deleterious

agents than the concrete containing R&i0y.

2.6.6.4Effects on mechanical properties of concrete

Nanomaterialsmprove the mechanical properties of concrete due to improved particle packing and
better bondindpetween cement paste and aggregatesording to Quercialuerciaet al, 2012), the
properties of hardened concrete are governed by the overall gradlivegsolid materials. The increase

in the particle size range including very small solid particles with dimensions below 300 nm improves
particle packing. Based on the analysis of six commercial nanosilica products, QQesieidet al,

2012) reportedhiat nanosilica is a suitable alternative to improve grading since its particle size ranges
from 5 to 658 nanometers. In addition, nanomateatsiucesa better interfacial bond between

aggregate and cement paste (Gopalakrishnan et al., 2011).
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Several studies indicated that the addition of nanosilica in cement paste can improve the compressive

strength of concrete due to its high surface area and pozzolanic(Sifittet al., 2006Said et al.

2012 Ji, 2005and Flores et al., 2010)t is already recognized from past research that silica fume
(micro-silica) can result in a higher strength in concrete (Mortlal.,2010). Due ta finer particle

size and highesurfacearea nanosilica is more effectivban microsilicaat increasing the copnessive

strength of concretehen compared at the same weight proportidre addition of nand@iO; up to

3wt% can also significantly increase the compressive strength of concrete by faroriigydrated
products (Chen et al., 20b2dNazari & Riahj 2011).

Nanomaterials can also improve the flexural strength of concrete. Gopalakri€upatakrishnan
et al.,2011) reported that nanosilica increases both the compressive and flexural strengths of concrete.
Similar results were also observed (blosseini et al.2010 as shown irFigure 226 a) and b) The
other nanomaterials such as ndn®; and CNFs also significantly improve the flexural strengths of
concretgLi et al.,2004,Li et al., 2007andMetaxa et al., 2070
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Figure 2-26. a) Flexural strength and b) compressive strengttof nanosilica concrete (adapted
from Hosseini et al., 2010)

The addition of nand@iO2 up to 3 wt% of cement can significantly increase the compressive
strength of concrete by forming a larger amount of hydrated profCicen& Poon 2012andNazari
& Riahi, 201]). Metaxa(Metaxa et al.2010) tested the flexural strength of the concremmples
reinforced with 0.025%, 0.048%, 0.08% and 1% CNFs by weight of cement. They concluded that the
optimal content of CNFs is 0.048wt%, which provides the strength increase up to 45%. Also, they
mentioned that CNFs will ensure the full capacity of tberk to transfer the load due to excellent
bonding between the naffibers and the cement hydration products. According to the report bf Li (

et al.,2005), the addition of CNTs can also increase the flexural and compressive strengths of concrete.
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This improvement is due to the modification of concrete microstructure from three aspects: a) CNTs
interact with hydrates to produce a high bonding strength and increase the load transfer capacity, b)
CNTs reduce the total pore volume in bulk cement paste,nbtesasing the strength of concrete, c)
CNTs treated with H2S£nd HNQ mixture solution act as the bridge connecti®tween cracks and

voids (Figure 227) to enhance the tension load transfer, thereby improving the flexural strength of

concrete.

Crack-bridging

CNT

Figure 2-27: Scanning electron micrograph of cracked CNTcomposite (Adapted from(Sanchez
& Sobolev, 2010)

Some nanomaterials can significantly improve the toughness of coatwat with other properties.
Al-Rub (Al-Rub, 2012) states thatvhen a small amount of carbon nanotubes (0.1% CNTS) is
incorporated into concretthe ultimate strain capacity increases by 142%, the flexural strength
increases by 79%, and the fracture toughness increases by 242%. These results show teaulENTs

in significant enhancemei the mechanical properties of concrete.

Nanomaterials caalso improve some of the other properties of concreté. ket @l.,2007) reported
that naneTiO; significantly enhances the flexural fatigue performance of concrete. In their study, the

concrete with 1% nan®iO; by weight of binder exhibited the bdkixural fatigue performance.

2.6.6.5Effects on transport properties and durability of concrete

Durability is the goal of any agency to ensure a sustainable development of concrete infrastructures.
The incorporation of nanmaterials such as nak@Os nanceAl,Os, naneTiO,, naneSiO, and

nanoclays (montmorilonite) improves the chloride penetration resistance of the mortar phase of
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concrete(He & Shi, 2008). Particularly, small amogntf haneSiO, and naneclays significantly
enhanced the chloride penetratiesistanc®f concrete Said Said et al.2012) reported that the rapid
chloride permeability significatyt decreased when nagilica was added into the concrete mixtures.
They concluded that a small amount of nanosilica can provide a significant effestiuaming the

penetration of chloride ions into concrete.

A recent study has also shown that the water absorgtiooncretedecreases when nanomaterials
such as nanosilicareaddedJalalet al.,2012). The authors reported ttia¢ addition of 2% nanakca
for the binder contesf 400 and 500 kg/Aresults in reductiosiof 58 and 54%f the capillary water
absorption at the age of 3 dagespectivelylt has been summarized tleancrete containing nanosilica
possesses a madenselypacked microstrcture, and thus exhibits less capillary absorption (8akl,
2012). NaneriO; also greatly decreases the water absorption of concretegqtialaP012).

Abrasion is a distress on concrete surfatteat may affect floors, pavementand hydraulic
structures Kosmatkaet al.,2011), therefore a concrete with high abrasion resistance is desirable.
According toGopalakrishnarfGopalakrishnan et al2011),nanomaterials can enhance the abrasion
resistance of concretbecause the incorporation of nanopartidgteseases the homogeneity of the
cement matrixandmakes it morecompact Abrasion resistance is extraordinarily improved in concrete
when nanomaterials are added to concretés asown inFigure 28. This figure shows the abrasion
resistance indethatis defined by the quotient between the square root of the head revolutions and the
depth ofthe abrasion grooves. The abrasion resistance of concrete can be increased by up to 157%
when 1% nanosilica by weighf cement is used ia concrete mixture. The abrasion resistance of

concrete can be increased181% when 1% nandiO- by weight of cement is used.

2.6.6.6Health risks of using nanomaterials in concrete

Nanotechnology has remarkable potential in the construictcrstry. However, there are reasonable
apprehensions that nanomaterials could cause severe health damages if not used cautiously (Ashby et
al., 2009). Since nanomaterial consists of ultrafine particles withsan@ | e di mensi ons ( C
there are hetl risks due to the possible inhalation of nanoparticles. Napierska (Napierska et al,. 2010)
reported that ultrafine particles (< Qrin) have been revealed to cause considerably more dangerous
inflammatory reactions and lung damages than fine particles of less than gi#e. Due to very small

particle size, nanoparticles have the ability to penetrate cells, and thus they are mpote tkese

biological problems.
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Figure 2-28. Abrasion resistance for different naneconcretes (Adapted from Gopalakrishnan
etal., 2011)

Several adverse health effects, such as lung cancer, silicosisicabipstructive pulmonary disease
are mainly related to crystalline silica (for example, quartz and cristobalite). Amorphous silica such as
diatomaceous earth is considered less detrimental to health (Napierska et al., 2010). Nanosilica that has

been usedignificantly in producing nanoconcrete contains an amorphous structure.

Nanomaterial is indeed a valuable technology that can be very useful for many kinds of applications.
However, there still exist several implications that must be considerad) the use of nanomaterials.
These are related to the prospects of nanomaterials and the risks associated with their use in concrete
(Ashby et al., 2009). In concrete material applications, construction procedures can adapt techniques to

minimize or eliminatehte labor riskof these material@Birgisson, 2010).
2.7 Summary of Literature Review

The application of nanotechnology in concrete materials is still in its infancy and the potential to
advance the stataf-the-art of this technology is promising. However, riaégs still a gap in the study

of how nanomaterials can potentially enhance the behavior and performance of PCC pavements
particularly in cold climates. At the nano scale, atomic and molecular interactions can occur, which can

generate different responsghich are observed on the macro scale.

According to Ashby (Ashby et al., 2009) nanomaterials can modify the surface morphology on

materials, however its impact on friction response for highway applications has been practically
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unexplored. Nanomaterialacn i ncr ease concretebds compressive s
with abrasion resistance. Abrasion resistance in turn, may be related with macrotexture durability, and
the application of nanomaterials may enhance the hysteresis componentrictitral force in the

long term performance of a PCC pavement.

The discussions regarding how nanomaterials can influence acoustic properties have been limited
because the noise waves, which have wavelength ranging from microns to kilometers, cannot be
influenced by nano scal e. However, since nanomat
noise waves can be influenced by damping effects and this has been unexplored for highway
applications.

Finally, nanomaterials may potentially improve themostructure and transport properties of concrete.

This can influence durability behavior under freezing and thawing when deicing agents are used
because nanomaterials can improve the concrete packing and therefore produce a more dense and
impermeable mat&@l. These effects are also largely unexplored.
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Chapter 3

Materials &and Met hod

This chaptedescribes the methodology, the experimental matrix, as well as the materials and methods
of the tests conducted. The tests were performed on two different nanomaterials: nanosilica and a
solution designedto mimic the lotus leaf effect. Nanosilica wadded to theconcrete mixes and
concrete mortard’he lotus leaf solution was applied on the surface of concrete samples.

3.1 Experimental Matrix and Methodology Applying Nanosilica

Table 31 presents the experimental matrix develogegart othis researchThe matrixincludes
mixes and mortars witthree different \mtertement (/c) ratios. The majority of the tests usava
ratio of 0.39.

Table 3-1: Research experimental matrix

Number of sampl{ water/cement (w/c) ratio (Kg of ceméit/i

Rapid freezing and thawing -
Scanning Electron Microscope (SEM) images of mortar siyirfaces
SEM images of concrete microstructure -
Scaling resistance - 4
*: Overall for each w/c ratio differents proportions of nanosilica were considered
**: For w/c ratio 0.39, five samples were included in the analysis
For w/c = 0.31 tests include: 0.0% nanosilica (NS), 0.5% NS, 1.0% NS and 1.5% NS
For w/c = 0.39 tests include: 0.0% nanosilica (NS), 0.5% NS, 1.0% NS, 1.5% NS and 2.0% NS
For w/c = 0.45 tests include: 0.0% nanosilica (NS), 0.5% NS, 1.0% NS, 1.5% NS and 2.0% NS

Tests in concretes and mortars per age 0.31 0.39 0.45

7 Days| 28 Dayd (496 kg/f) | (400 kg/) | (340 kg/r)
Compressive strength in concretes 3 3
Noise absorption using impedance tube 3 3
Friction response - British Pendulum Number - Broom finighing** 3
Friction response - British Pendulum Number - Broom finishing 15
Friction response - British Pendulum Number - Smooth finishisg 5
Friction response - Tribometer - Smooth finishing in moitars- 3
Compressive strength in mortars 3 3
Abrasion response - Broom finishing 5 5
Abrasion response - Smooth finishing 5 5
3
2
2

3.1.1 Materials

The materials usedhroughout this research include: General Use (GU) Portland cement,
policarboxylate based HigRange Water Reducer (HRWR), Air Entraining Admixture (AEA), fine

and coarse aggregates, and nanosilica in the form of a fine p&Vedvsilica was included by partially
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replacing the cement by weigfithe properties of the nanosilica used in this reseasie provided

by the supplieandare shown below

Material: Silicon Digxide nanopowder (Nano SiC
Purity: > 99%

AverageSPaetitbenm

Col or: wdheirt e Po

Specific SurfackgArea (SSA): 100 m

= =4 =4 4 4 =4

Mor phol ogy: Spherical

The chemical composition, particle size, color and morphology were verified in the lab and these

results are presented in the next chapter.

The aggr eg &s €isedandpcoarsp)emetti the Ontario Provincial Standards and
Specifications (OPS2013. The admixtures, HRWR and AEA, were used to achieve the required
properties in the fresh concrete mixes (slump and air content respectively). Micrasegggand
chemical analyses were performed in order to verify the quality of the nanosilica. A Transmission
Electron Microscope (TEM) and Scanning Electron Microscope (SEM) were used to take pictures at
different scales. The results are reported in the followingteha

3.1.2 Mixture Design and Proportions

The procedurausedfor producingthe mixtures corresponded with the CSA A269%A23.209
standardCSA, 2009, which speciiesdesign parameters for the fresh mix alamp ranging from 75

mm to 100 mm, air contentdm 5% to 8% minimum specified compressive strength at 28 dafys
32.0MPa,required average compressive stremtfgtb MPa, Class 2 exposure and 20 mm nominal
maximumaggregate sizéAppendix A presend the mix designand also the aeria used to modyfthe

w/c ratio. All mix proportions wereveighedbased on thev/c ratio. Table3-2 preserdt he mat er i al
proportions in kg/rh The wic ratio was kemtonstant for the mixes @ havedifferent proportions of

nanosilica.

The AEA and HRWR doses wedetermined based on the range define by the supplier (BASF) and

also using trial mixes that were fabricated in the beginning of this research.

Nanosilica was added in proportion to the cement weight. For instance for the w/c ratio 0.39, 0.5%

represent 2 kgf nanosilica that were added into the mix, mixed in % of the total mixing water.
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Table 3-2: Proportions for concretes mixes depending on the wi/c ratio

. wic
Type of material

0.31 0.39 0.45
GU cement (kg/ 495 400 343
Water (kg/nd) 154 154 154
Coarse aggregates (kgih 1046 1046 1046
Fine aggregates (kghyi 623 703 751
AEA doses in PCCL{m3) 0.28t00.95 | 0.19t00.29| 0.13t00.23
HRWR doses in PCA.(m®) | 3.78t06.57 | 3.1t04.26 | 2.52t03.1

*: Aggregates in dry condition.

For mortars, coarse aggregates and AEA were eliminated from the batching process. The concrete
slump was correlated with the mortar consistency using the following equatamofe, 2008

Concrete Slump Flow (mm) = 4.8 x Mortar Spread (m&()0 (Equation 3)

Therefore, according to EHqtion 3concrete with a slump between 75 to 100 mm had a mortar
spread range of 182 mm to 188 mm. Five different mortar mixes were produced: 0.0%, 0.5%, 1.0%,
1.5% and 2.0%f nanosilicaln the w/cratio of 0.45 the nanosilica content was increased until 3.0%.

In these concretes and mortars, 0.0% of nanosilica represents the Control Concrete (CC) and Control
Mortar (CM), respectively.

3.1.3 Fresh Concrete and Mortar Preparation

The fresh concrete mixes were prepared in a revolvingyggnconcrete mixer and with a laboratory
bench mixer for mortars according to the following procedures. Nanosilica was diluted in the water to
avoid fumes and to achieve a suitable dispersion indherete and mortar matrix (FigurelB

Figure 3-1: Nanosilica incorporates in water during mixinga) in concrete mixes and b) mortars
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UG Steps for Conc Tentee f Prl d pawi ehtgil dsrv-@pd c vec reet e mi
preparation.

o~ 0N PE

Coarse aggregates, fine aggregate and 1 of V
| of water, AEA: Mi x for 1 minute.
Cement , nanosilica in 1 of water : Mi x for 3

3 minutes r evett davdraepd with
HRWR i n 1 of water : Mi x f or 3 minutes.

It wasnot feasibleo put more than 2.0% nanosilica in ¥iloé total mixingwate, as any mixture

with this content of nanosilica or highleas a consistency closedael. Material of this consistency

was challengingto put into the mixer.To avoid this issue in mortars that contain 2.5% ara$o

nanosilicaall of the mixingwater was used to dilute the nanosilicther than just 1/4

U0 Steps for Mort@ahe PFfrephowt hgn:sfterps coveareetap prhd
preparati on.

1.

a s~ DN

Fine aggregate and 1 of Water: Mix for 1 min
| of water : Mi x for 1 minute.
Cement , nanosilica in 1 of water: Mi x for 3

3 minutes rest covered with wet burl ap.

HRWR i n 1 of water : Mi x f or 3 minutes.

3.1.4 Testing of Fresh Concretes

Each fresh concrete mixture wiasted foislump to determine iteonsistencyand subsequently tested
for air content and wet density, all according to ASTM C143/C148 ASTM, 2010, ASTM
C231/C231M10 (ASTM, 2010, and ASTM C138/C138-12 (ASTM, 2012, respectivelyFigure 3

2 @) presents the slump test in concrete.

3.1.5 Testing of Fresh Mortars

Each mixture was further evaluated by flow consistency according to ASTM C230 / C238M
(ASTM, 2013 and ASTM C1083TK,12019.Mgure 32b) dresefts the flow test in

mortars.
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Figure 3-2: a) Slump test in concrete and b) flow consistency in mortars

3.1.6 Preparation of Hardened Concrete Test Specimens

When the concrete mixes achieved all required specifications, the samples as specified ofl Table 3
were castStandard glinder specimeng100 mm diameter and 200 mheight) were cast for the
compressive strength test and 152 mii@mmeter,75 mm height specimens were cast for the noise
absorption test (using the impedance tube), friction test (using thg df abrasion test (using the
rotating cutter method). For friction and abrasion responses, the specimens had broom and smooth
finishing. To ensureconsistency, visual inspection was made after casting anubtténg to ensure

that the specimens have a sim#arrfacefinish. Broom finished samples were prepatsdsliding a

broom over the surface while the smooth finished samples were preparea sgiaye trowelFor

freezing and thawingesting prisms of 76.2 mm x 10.16 mm x 40.64 mm (depth, width, length) were
prepared. For scaling resistance tests, slabs of 76 mm x 300 mm x 300 mm (depth, width, length) were

used.

Twenty four hours after casty, all specimens were demolded and cured insideutieg room.
Overall, samples werkeptin the curing room untithe start ofeach testFigure 33 displays some

freshconcrete specimens.
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Figure 3-3: a) Casting of samples focompressive strength andoise absorption and b) casting

of slabs for scaling resistance

3.1.7 Preparation of Hardened Mortar Test Specimens

Once the concrete mortars matched all specificationsyuh®erof samples specifieth Table 31
wascast. 50 mm x 50 mm 50 mmcube specimens for compressive strength testing and 25 mm x 70
mm cylinder specimengheight x diameter) for friction tests using the tribometer were used. Similar to
the otherconcree tests, the cube specimens were demolded after twenty four hours and placed in the
humidity room to cure. The cylinders for tribology were kept inside their plastic molds to prevent
damage during curing/transportation. Figuré & displays the prepaian of mortar specimens and

Figure 34 b) mortar specimens inside the curing room.

Figure 3-4: a) Casting of cube specimentand b) mortar samples insidehe curing room
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3.1.8 Testing of Hardened Concrete

Generallycast concrete specimens were testegigas of7 and 28 days, however certain specimens
were tested at 28 days only (See Tablg.Specimens were tested for compressive strength according
to ASTM C39/C39M12 (ASTM, 2012), friction regmse using the British Pendulum Skid Resistance
Tester according to E368 (Reapproved 2008) (ASTM, 2008) and abrasion response following
ASTM C944 | C944M 12 (ASTM, 2012).

Figure 35 a) shows cylinders in the process of being grinded, while FigtBeo3displays the

compressive machine used in this research; both are located in the structural lab of UW.

Figure 3-5: a) Grinding the cylinders before compressive strength testing and b) the

compressive strength machine

Specimens for abrasion were testatording to ASTM C944 / C944NM 12 (ASTM, 2012.
Abrasion occurs with longerm wear/use, but examination at 7 days were done to observe effect of

nanoconcrete in PCC pavements when earlyiogs to traffic may be required.

According to Lamond & Piele(®006, abrasion testing using the rotatiogtter method is suitable
and successfully determines the quality of concrete used in highways and bridges subject to traffic. This
rapid method wss 152 mm diameter samples and is done with a very simple apparatus. The setup was
built to obtain a vertical load of 197 N (double load) and a rotation speed of 200 rpm. The test reports
the loss of weight on each sample after a period of 2 minuteseR@upresents two pictures of the

CPATT rotatingcutter dril press used in this research.
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Figure 3-6: a) Rotating-cutter drill press owned by CPATT and b) tested sample

The testor measuring theasistance ofoncrete taapidfreezing andhawing was performed based
on the standargrocedure outlined ilSTM C666 (reapproved 2008) (ASTM, 2008). There are two
procedures that can be taken, the first (Procedure A) is to conductesm dnd thaw cycle in water,
while the second (Procedure B) is to freeze the specimens in air, but thaw them in water. Since an
automatic cabinet was used, procedure A was followed; the specimens were placed in a container
submerged in water and the termradare of the water is automatically adjusted waittimer to achieve
each freezéhaw cycle.

The freeze and thaw temperatures are dictated to be O(d®j €) and40 deg H4° C) respectively
and each cycle must be conducted in two to five hdmirocedure A, a minimum of 25% of thiene

is to be used for thawing.

The specimens were cast as prisms and were cured for 28 days. After that, the specimens were
brought to thaw temperature and the transverse frequency and mass were measured. The specimens
were subjected to at least 300 cycles. Fundamental transverse frequency and mass were measured at
intervals of 36 cycles. The relative dynamic modulus of elasticity, durability factor, and mass percent
change wrecalculated from the observations at thd enthe test. In this thesis the percentage length

change wasot measuredFigure 37 presents pictures tfiefreezing and thawing samples.
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Figure 3-7: a) Prism for freezing and thawing and b)samplebeing measured forthe

fundamental transverse frequency

The Relative Dynamic Modulus of Elasticitalculationinvolves the application of the following
equation(ASTM, 2008)

Pc = (m?/ n®) x 100 (Equation 4)
Where:
P.= relative dynamic modulus of elasticity, after c cycles of freezing and thawing, percent.

n = fundamental transverse frequency at 0 cycles of freezing and thawing, and

n; = fundamental transverse frequency after ¢ cycles of freezing and thawing

The Durability Factocalculationinvolves the application of the following equation (ASTM, 2008).

DF=PxN/M (Equation 5)

Where:

DF = Durability factor of the test specimen

P = relative dynamic modulus of elasticity, at N cycles, percent.

N = number cycles at which P reaches the specified minimum value for discontinuing the test or the
specified number of cycles at which the exposute ks terminated, whichever is less, and

M = specified number of cycles at which the exposure is to be terminated.
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Scaling tests were performed in accordance with the Standard Test Method for Scaling Resistance
of Concrete Surfaces Exposed to Deicing Cloatsiaccording to ASTM C672 (ASTM, 2012). The
procedure involvepreparingthe molds with oil and fillinghemwith fresh concrete in one layer. The
mold used was 300 mm x 300 mproviding atotal surface area of 0.09%nThe standard states that

the concete should be rodded once for every 2dfsurface area.

The molds were leveled and surfaced with a flat steel trowel, and a light broom finishing was applied
with a brush. After twenty four hours, samples were demolded and stored in the curing r@an fo
days. Next, the samples were kept out in air &CZ8r 14 days. In order for the scaling test to occur,
a25 mm wide and 25 mm higlike was constructed around the perimeter of the sample, leaving an
effective area of 0.0625%for the scaling tesfThe dike was made out Bfexiglas, which was adhered
to the surface using silicone (See Figw®)3A brine of calcium chloride and water approximately 6
mm deepwas then placed on the surface of each sample. The concentration of the solution should be
such that there is 4 grams of anhydrous calcium chloride per 100 mL of solution. The specimens are
frozenovernight for 1618 hours, and then thawed foi8ehours. At the end of each cycle, water is

added to maintain a depth of 6 mm of solution.

A visual inspectionusing the ratingsystem outlined ifTable 33 and brine replacement was
conducted every five freezbaw cycles until th@5thcycle, after which a visual inspectiaras only
conducted on th&0th cycle. Figure 38 a) illustrates the Plexiglas dike and Figur® 8) shows all
samples before the solution is added on the effective surface. Onyaratio equal to 0.45 was used

in the scaling resistance experiment since this ratio is recommended in the standard &&TM C

Table 3-3: Scale for scaling evaluation(ASTM, 2003)
Rating Condition of Surface
0 No scaling

Very slight scaling (3 mm [1/8 in.] depth, max, no coarse aggregate vig

Slight to moderate scaling
Moderate scaling (sonmarse aggregate visible)
Moderate to severe scaling
Severe scaling (coarse aggregate visible over entire surface)

g s (W (N (-
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Figure 3-8: a) Sample with the dike ofPlexiglass and b)samplesbefore the first cycle began

3.1.9 Testing of Hardened Mortars

Compressive strength testing of the cast mortar specimens was perforages af7 and 28 days
accordingto ASTMCQ 9/ C109 M 1 1 1)bThieeA28dayWl|d sp2dinteris were tested for
friction response using theliometershownin Figure 39 a). In this experimentsmoothsurfaces were
used to eliminate the macrotexture effettisthe context of this researca smoothsurface can be
defined asa horizontal surface with ngsually observablgrooves.The experiment was performed
with the following configurationStroke length of 5 mm, sliding speed of 0.1 mm/s, two cycles, normal

forces of 50 g and 100 §everal trial configuratiswere performed before final testing.

Figure 3-9: a) Tribometer and b) experiment setup and forces recorded during the test
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Tribology testing records two different foreesrtical (Fz) and horizontal (Fh) when the sijfdes
on the material surface (Figure93). The friction coefficientnfy) is defined bym = Fh /Fz. Plotting
the curvem versus time differentiates the static and dynamic coefficients. Here, the dynamic coefficient
was obtained as the average on the plateau sethierttibometer was modified using a tip with rubber
from the BPT slider (Figure-8b) to simulate anoreredistic tire (rubber}pavement interactigrsince
the original tip is made of stedtigure 310 display the rubber used from the British Pendulum slider
to build the tribometer tip. During the test, a small amount of water was applied to the mortar surfac

to producea wet surface.

Figure 3-10: a) New and old rubber used in the BPT and b) tip constructed for the tribometer

The surface texturef the mortawas evaluated in two wayBrstly, byusing a surface profilometer,
and secondly, with a Scanning Electron Microscope (SEM). Surface profile assessments using a Tencor
P-10 surface profilometer (Figure1d) evaluated the surface roughneste mortar The device has
a 2mm radius tungstetip with a diamond embedded at its apex. Two scans were conducted for each

specimen, with the scans perpendicular to each other. The following parameters were used in the scans:

Length:m1Q0106m)
Speedmm/ 4@C

Stylus force: 3 mg
Verticald2mRange:

= =/ =4 4 =4

Various roughness parameters, including Root
Hehg woalscul ated from the scanned dathf usi ng5a@0

mm.
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Figure 3-11: a) Tencor P-10 surface profilometerand b) sample being tested

3.1.10 Scanning Electron Microscope (SEM) and Transmission Electron

Microscope (TEM) Images

In order to characterize nanosilica, cement, concrete microstructuraatat surfaces a Scanning
Electron Microscop€SEM) (Figure 312 a) and Transmission Electron Microsc¢pEM) (Figure 3
12 b) were used.

SEM is mainly used to produce images of the surface of materials (Asby et al. wa@the
sample sizés lessthan 1 crd SEM mortar samples were cut using a table saw with a blade. For the
concrete samples; the sample surface was not disturbed. These concretes samples were obtained after
compressive strength testing at 28 days and cut with the same table sawa@iss were maden
fracture surfaces, whickierenot disturbed.
Sample preparation includgdacing a small piece of mortar/concreteer a conductive carbon
tape attached to a circular metallic holder. To make the sample electrically conductidec@atjag,
10- 15 nm thick, was applied with a Denton sputteater.For nanoslica and cementa small amount
of materialwas pacedover a conductive carbon tape attached to a circular metallic sample holder and

finally the gold coating was applied.
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Figure 3-12: Pictures presenting a) Scanning Electron MicroscopéSEM) and b) Transmission
Electron Microscope(TEM) from UW

TEM images of nanosilica were capturedugimgP hi | | i ps CM10 equi pment f |
Department (Figure-32 b). For TEM testing, 30@m cper mesh grids were used and 0.05 g
nanosilica was diluted in 4 g of water. One drop of solution plesedon the grid and dried for 24
hours before testingSEM picturesof nanosilicawere also taken; however, TEM presented better
resolutions. Figure 313 a) presents the sample preparation for SEdhg small pieces of
mortargconcretesand Figure 313 b)displays the preparation of the TEM samples using sikeein

the cqoper grids.

Figure 3-13. a) Mortars/Concretes samples preparation and b) TEM sample preparation
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In order to obtain a different perspective of the mortar surfaces roughness, SEM images of mortars
were captured with the sample surface set at 45° angle using a special metallic holdér amdngle

of 0°. Figure 314 displays two pictures comparingtb alternatives.

Figure 3-14: a) Mortars samples reld at 45° and b) teld at 0°

3.2 Methodology Using Lotus Leaf Coating

This section describes the methodology used to explore the feasibititynicking the lotus leaf effect
on the concrete surface to determine the possible effects on friction and noise absorption.

3.2.1 Materials

The materials used in this part of the study were gensm(Type 10Portland cement, fine and coarse
aggregates, narotus leaf solution products, polycarboxylate based -higige water reducer
(HRWR), and akentraining admixture (AEA). HRWR was used to achieve the target workability, and
AEA was used to achieve the target air content.

Two different commercially availde nanclotus leafproducts were used to obtain thin coatings on
concrete surfacé he first product waa solution formulated to creag waterproofing effect; it is a
combination of acetic acid and zirconium acetdtee second produetas particularifformulated for
use on concretand was applied as spray this product is fabricated using aliphatic petroleum
distillates and additives created by thsuppliet Both nandotus leaf coatings were examined to

evaluate their effect on the friction and sdwbsorption properties of concrete pavement.
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3.2.2 Mixture Design and Proportions

The mix design of concrete was based on the procedure depicted in CSAOB2828.209 (CSA,
2009). The following parameters were defined in the mix design: slump from 75 n®0 tarh, air
content from 5% to 8% (toleraec+1.5%), 32.91Pa specified compressive strength at 28 days, Class

C-2 exposure, 43.5 MPa design strength, and 20 mm nominal maximum size of coarse aggregate.

The weight based proportions of the concrete wezegmted in Table-2. In this experiment, only
one water to cement ratio (w/c = 0.31) was usdids wasbecause in generéthe appliedcoating
produces modifications at the surface lendly (Ashby et al., 2009), therefore adjustments in the mass

of theconcrete materiabasconsidereadhot critical for this experiment.

3.2.3 Fresh Concrete Preparation

Concrete batches were produced in the laboratory using the mix proponiapreviously The
constituent materials were mixed in a revolving-pgre mixer toproduce the concrete batches. The

following mixing procedure was specifically used in this study:

Coarse aggregate + fine aggregate + 1 water:
I water + AEA: mi x for 1 min
Cement + 1 water: mi x for 3 min

Covering the copnacnr ewtiet hwiwtehti nbo umilxaepr: r esti ng

o~ w0 Dn e

| water + HRWR: mi x for 3 min

3.2.4 Testing of Fresh Concretes

After mixing, the fresh concrete batches were immediately tested for workability (slump), air content,
and wet density following the procedurdescribedin ASTM C143/C143M10a (ASTM, 2010),
ASTM C231/C231M10 (ASTM, 2010), and ASTM C138/C138IR (ASTM, 2012), respectively.

3.2.5 Preparation of Hardened Concrete Test Specimens

Two sets of hardened test specimens were prepared from freshly mixed concrete batcblesdt ea
three 100 mm (diameter) x 200 mm (height) cylinders for the compression test and fifteen 150 mm
(diameter) x 75 mm (height) cylinders for friction and sound absorption tests were cast. After molding,
the top faces of the 150 mm x 75 mm cylindercgpens weregiven a broonfinish to create

macrotexture. All specimens were-oh®lded 24 hours after casting and immediately transferred to the
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100% relative humidityoom for wet curing. Visual inspection after casting anehdding was

performed to enge that the specimens had similar macrotesture

Nanolotus leaf coatings (NLLCs) wergpplied tothe concrete surfadavo sets of samplessing
two commercially available solution producEachcoating was applied to twelve @%nm x 75 mm
cylinder specimensthree cylindersdr each set were not coatadd acted athe control specimens.
Nanolotus leaf solution was used in both coatings in the followjpglications amoun®.0 g/n3 (CC),
30 g/nt (NLLCC1), 60 g/m (NLLCC2), 90 g/m (NLLCC3) and 110g/m? (NLLCC4) where CC
indicates theontrol concrete and NLLC{Ddicates theanolotus leaf coated concrefEhe amount of
coatingis definal in g/n?, however originallythe amount of coating watefinedin order to achieve
0.0, 0.5, 1.0, 1.5 and 2.0of solution persampleThe two nandotus leaf coatings were applinl28
day old concrete surfageT he first coating was applied by means of a brush and thedeoating as
spray.Figure 315 a) displays the application of the coating and Figur&3b) shows the lotus effect
on the coated surface of a concrete specimen.

Figure 3-15: a) Coating application and b) Lotus effect on the coated surface of a concrete

specimen

3.2.6 Testing of Hardened Concrete

The hardened concrete specimens were tested for compressive strength, sound absorption, and friction
at the age of 28 days. The compressive strength was determined using triplicate 100 mm (diameter) x
200 mm (height) cylinder specimens based lom proceduredescribedin ASTM C39/C39M12

(ASTM, 2012)
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The sound absorption coefficient was determined using all fifteen 150 mm (diameter) x 75 mm
(height) cylinders (12 coated and 3 uncoated specimens). The measurement for sound absorption was
performed 24 hours aftéine coating applicatiorifrhe sound absorption measurement was carried out
in accordance with the procedure given in ASTM X@BQASTM, 2010)using triplicate 150 mm
(diameter) x 75 mm (height) cylinders. An impedance tube was used to evaluate sound absorption
(Figure 316a). The tube was isolated in a soundproof chamber to avoid any external noise perturbation.

After the sound absorption test, the same cylinder specimens were used to determine the surface
friction value or skid resistance. The friction property of concrettaseirwas measured using the
British pendulum tester (Figure-1% b) in accordance with ASTM E3&8 (ASTM, 2008). In the
British pendulum test, the concrete specimens were first positionedlerto simulate transverse
finishing and then the measuremesats performed in dry and wet conditiofisibology tests were not
carried out in mortars with coating, sirtberesults of British Pendulum Tester presented no significant
differences.

Figure 3-16. a) Impedance tube test for sound absorption and b) British Pendulum Tester

3.3 Summary of Materials and Methods

Several materials and methods were defined in this chapter to address the thesis objectives. Materials
included tke conventional constituents of concrete used in PCC pavements under Canadian conditions
plus the addition of two nanomaterials. In the methodology several tests were integrated to characterize
the PCC surfacesd® char act diesjtsetmodifisation ofthe comncrete s e a b
microstructure and durability. In the specific case of surface friction response, a conventional British
Pendulum Tester and a novel experiment using a tribometer were combined to measure the frictional

response of €C pavement using redundant tools. Sophisticated tools (a profilometerSaadrang
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ElectronMi cr oscope) were also used to characterize th
surface morphology. Specific durability tests to verify the responsenuiretes under severe weather

conditions were also implemented.
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Chapter 4
RESULTS AND DI SCUSSI ON

This chapter presits the results and discussionthis research. The results gmesented according
to the same structure presented in the previous ckapter

4.1 Material Characterization

The material characterization results are presented in this section.

4.1.1 Fine and Coarse Aggregates Characterization

Table 41 presents the gradations of three samples of both fine and coarse aggregates, respketively.
physical properties of both aggregates are shown in TaBleB4th materials meet the gradation
requirements (L$02) for fine and coarse aggregates presented in the Ontario Provincial Standards
and Specifications (OPSS) for Roads and Public W@ISS, 2018

Table 4-1: Gradation of aggregates

Results gradation sample number

Sieve size fine

Percent (%) Passing 1 2 3
aggregates
(% Passing) | (% Passing) | (% Passing)

9.5 mm 100 100 100 100
4.75 mm 95-100 99 99 99
2.36 mm 80- 100 91 91 92
1.18 mm 50-85 75 75 78
600 mm 25-60 50 52 55
300 mm 10-30 17 20 21

150 mm 0-10 3 4 5

75 mm 0 - 6 (Manufactured
Sand) 0 0 1

Results gradationsample number

Sieve size coarse

Percent (%) Passing 1 2 3
aggregates
(% Passing) | (% Passing) | (% Passing)
26.5 mm 100 100 100 100
19 mm 85-100 91 91 86
9.5 mm 20-55 35 37 26
4.75 mm 0-10 7 9 6
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Table 4-2: Physical properties of fine and coarseaggregates

Ovendrylk Relative Density _ _
Aggregate based b u Oventdry | Saturated surface Absorption | Fineness
density based drv based (%) modulus
Fine na 2.671 2.705 1.2 2.7
Coarse 1660 2.678 2.709 1.16 na

na = not applicable

Two Micro-Deval abrasion tests were performiedeach of théine and coarse aggregai&sgure

4-1). This test determines abrasion loss in the presence of water and an abrasive charge of steel balls.

Both aggregate materials (coarse and fine) meet the OPSS for Roads and Public Works (10), with an

abrasion loss ithefine aggregates of 12.9% and 10.#¥d in coarse aggregates of 11.6% and 11.2%.

Figure 4-1: a) Micro-Deval apparatus and b) sample of coarse aggregates after the test

? :Mw R —

4.1.2 Nanosilica Characterization

The quality of the nanosilica was verified with TEM and chemical analysis. For TEM testieg,
different samples were prepardtdgure 42 presents different TEM pictures captured using Phillips

CM10

equi pment

from UWOs sBeésxe of theynanDstligaaused amck atsod

its spherical morphologyhe size of the particles was demonstrated tagpeoximately20 nm.
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sampleCl-1.tif —

Cal: 0.163 nm/pix 20 nm

14:59 03/26/13 Direct Mag: 180000x
EM Mode: Imaging

Figure 4-2: TEM image of nanosilica (bar scale 20 nm)

During this resea&h, several questions regarding the differences between nanasitisdica fume
(or microsilica were raisedThe differences were discussed in Section 2eath though silica fume
was not used in this researéfigure 43 compared one image sflica fume(Figure 43 a) and one
image ofnanosilica(Figure 43 b). Based on this test, it is possibledonclude that silica fumis
composeddf largerparticlessinceparticle dimensionsver 1000 nm (Irm) were detecte@Figure 4
3 b). SEM images of nanosilica presguaor resolutionbut it is possible tadifferentiate the small

particle size, which is consistent with TEM observations.

Chemical analysis was performed using EDAX software incorporated into a Scanning Electron
Microscope SEM) owned by UW’s Chemistry Department. Testing was performed in three areas of a
nanosilica sample. Figure4a) shows Area 1, while Figure-41b) presents both the predominant
phases O and Si. Notice that in the context of FigeddoyK does not indiate potassiurbut instead

indicates which energy level of the electron in the atom is excited.
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Figure 4-3: a) SEM image of silica fume (bar scale fam) and b) SEMimage of nanosilca (bar

scale D nm)
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Figure 4-4: a) Area 1 of SEM analysis and b) predominant phases in the chemical analysis

Table 43 showsthe measu@ SiO, content for nanosilica based on analysis results and compared
to the purity listed inSection 3.1.1In Table 43 the chemical analysis results revealy@en (O)and
Silicon (Si) as the predominant elemen@odium (a) is also present but only in insidicant
guantities. Two smaller unnamed peaks also appddch indicate carbon, probably from the
conductive carbon tape, and gold, from the condugidd layer. Any carbon contamination in the

nanosilica cannot be quantified because of the carbon sage u
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Table 4-3: Chemical analysis ofnanosilica

Area Number

Atomic percentage (%) of each element

O] Si Na
1 69.6 28.4 2.01
2 53.9 45.2 0.86
3 71.1 28.4 0.59

Based on SEM and TEM tests, it is possible to conclude that purity, particle size, and morphology

of nanosilica matches thiesearctspecification.

4.1.3 Cement Characterization

Only General Use (GU) cement (or Type 10) was used in this research. St Marys Cement Inc. (Canada)

was the supplier during the fitsto yearsof experimenation whereas Holcim Canada was temnent

supplierduring the last yeaof researchThe cement quplier changedecause the first supplier is

currently fabricatingpnly General Use Limestone (GUL) cement insteaGeheral UseGU) cement.

The second supplier was able to provide GU cement in order to maintain the same type of cement (GU)

during theertire researctstudy The SEM images in Figure3!

the normal range for GU cement.

reveal

t hat

t he

Figure 4-5: SEM pictures of GU cement a) 100mm scale and b) 1@vm scale

Appendix B presers the physical and chemical composition of both gbhents used throughout

the course of the research
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4.2 Results from Concretes and Mortars Applying Nanosilica

This sectiorpresents all resulfer concrete and mortar mixes produceithmanosilica, according to

the procedures and proportions explained in the previous chapter

4.2.1 Results of Fresh Concretes and Mortars

Tables4-4, 45 and 46 present summaas of the fresh concrete properties fafc 0.31, 0.39 and 0.45
respectively. The workability and air content of the concrete mixtures were found to be within the target
range definedor thisresearch. The demand for HRWR and AEA, respectively for the target slump and
air content increased with tigr amourg of nanosilicaadded to the mixture§ his can be explained

by the fact that nanosilica adsorbs more water due to high specific surface area. Therefore, less free
water was available to produce the lubrication effect in conemeteonsequentlythe demand for
HRWR increasedn order to achievéhe target slumpNanosilicaincreasedhe loss of air voiddy
reducingthe effectiveness of the AEAhis wasduet o n a n bighifilenessdebe, the demand

for AEA increasedn orderto achievehe target air contenBoth behaviors are consistent when silica
fume is used in concretsifica fume added to concrete increaseththe water demand (which can be
compensated using HRWR) and &kieA demand (because the high surface area of silica feduees

A E A éffectiveness) (FHWA, 2014).

Table 4-4: Fresh concrete properties and dosagesf chemical admixtures w/c = 0.31

Mix Nanosilica| Slump | Air Content | Wet Density | AEA | HRWR
(%) (mm) (%) (kg/m®) | (L/M%) | (L/m?)
1(CC) 0.0 95 4 2436 0.28 3.78
2 (NSC 1) 0.5 95 5.5 2379 0.60 4.77
3 (NSC 2) 1.0 95 5.9 2379 0.72 5.17
4 (NSC 3) 1.5 90 5.4 2387 0.95 6.57

Note: CC: control concrete; NSC: nanosilica concrete.

Figure 46 summarizes the dosage demands for AEA admixture for different w/c fdimsosage
demand for the HRWR admixture are summarized-igure 47 for each of thev/c ratios. Fronboth
figures itis possible to conclude that for both admixturesrquired dosages increase linearly with
the amount of added nanosilica. The results also show a consistent trend for the w/c ratios, since in both

cases when w/c decreased the admixture dosages increased; lower w/c means larger relative amounts
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of cementand therefore, proportionately more nanosilica. More cement and nanosilica means higher
specific surface area in the mix.

Table 4-5: Fresh concrete properties anddosages othemical admixtures w/c = 0.39

Mix Nanosilica| Slump | Air Content | Wet Density | AEA | HRWR
(%) (mm) (%) (kg/m?) | (L/m¥) | (L/m?)
1(CC) 0.0 82 7.0 2365 0.19 3.10
2 (NSC1) 0.5 90 5.9 2379 0.19 3.29
3(NSC 2) 1.0 85 5.2 2379 0.21 3.68
4(NSC3)| 15 75 5.0 2401 024 | 4.26
5 (NSC 4) 2.0 90 6.5 2365 0.29 4.26

Note: CC: control concrete; NSC: nanosilica concrete.

Table 4-6: Fresh concrete properties anddosages othemical admixtures w/c = 045

Mix Nanosilica| Slump | Air Content | Wet Density | AEA | HRWR
(%) (mm) (%) (kg/m?) (L/m¥ | (L/m3)
1(CC) 0.0 75 6.2 2358 0.13 2.52
2 (NSC1) 1.0 65 5.3 2365 0.17 2.90
3 (NSC 2) 2.0 75 6.6 2337 0.23 3.10
Note: CC: control concrete; NSC: nanosilica concrete.
2.0
18 1 @ wlc=031PCC A w/c=0.39 PCC | |
¢ w/c=0.45PCC — —Linear (w/c = 0.31 PCC
16 1 Linear (w/c = 0.39 PCC) — - -Linear (w/c = 0.45 PCQ)
1.4
‘%‘ 1.2
5 R2=0.97
< 0.8 - =
0.6 - -
04 |——=— R2=0.87
0.2 —— ——— —————%
; ''''' R2 = 1.00
0.0
0.0 0.5 1.0 1.5 2.0

% Nanosilica
Figure 4-6: Summary of fresh concrete dosages &EA admixture for different w/c ratiosand
different nanosilica proportions
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Figure 4-7: Summary of fresh concrete dosages of HRWRdmixture for different w/c ratios

and different nanosilica proportions

Tables4-7 and 48 summarize the fresh mortar properties fordsearch for w/catios 0f0.39 and

0.45 respectively. The flow consistency was found to be within the target ramgdated with the

slump flow of the concrete mix.

Table 4-7: Freshmortar properties anddosages othemical admixtures w/c = 0.39

Mortar Nanosilica | Flow Diameter HRWR
(%) (mm) (L/m?3)
1 (CM) 0.0 182 1.28
2 (NSM 1) 0.5 188 1.60
3 (NSM 2) 1.0 182 1.96
4 (NSM 3) 15 185 2.17
5 (NSM 4) 2.0 183 2.45

Note: CM: control mortar; NSM: nanosilica mortar.
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Table 4-8: Freshmortar properties anddosages othemical admixtures w/c = 0.45

Mortar Nanosilica | Flow Diameter HRWR
(%) (mm) (L/m3)

1 (CM) 0.0 183 1.06
2 (NSM 1) 0.5 188 1.38
3 (NSM 2) 1.0 185 1.38
4 (NSM 3) 1.5 182 1.70
5 (NSM 4) 2.0 182 2.02
6 (NSM 5) 2.5 183 2.34
7 (NSM 6) 3.0 182 2.34

Note: CM: control mortar; NSM: nanosilica mortar.

Figure 48 summarizethe demand for the HRWR admixture (AEA wa used in mortajs From
Figure 48t is possible to conclude thiite mortaresults are consistent with the behawbservedn
concretessince the HRWR doses increase linearly with the amount of nanosilica. Also, results show a

consistent trend for the wratios;whenw/c decrease the dages of HRWR increase.

3.0
R2=0.99
2.5 -
/ ¢ _-" o
. -_ . -_—
£ 20 /}4_/ R2=0.96
— L=
« // -
= 15 . — ‘/
= ‘//. .-
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05 A w/c =0.39 mortars & w/c =0.45 mortars
Linear (w/c = 0.39 mortars) — - -Linear (w/c = 0.45 mortars
0.0
0.0 0.5 1.0 15 2.0 2.5 3.0

% Nanosilica

Figure 4-8: Summary of fresh mortar dosages of HRWR, for differentw/c ratiosand different

nanosilica proportions

Results presented in FigureB4present a similar trertd concretemixescontainingsilica fumeas

reported by ChungQhung,2001). The summary otheseresultsare presented in Figure% From
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Figure 49t is alsopossible tadentify a linear relationship between the amount of HRWR needed and

the amount of silica fumghung,2001).
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Figure 4-9: HRWR content versus percentagailica fume in fresh concrete (Adapted from

Chung, 2001).

4.2.2 Results of Compressive Strength of Concretes and Mortars

The average results for compressive strength are preseritagglies4-10, 4-11 and 412 for thew/c
ratios 0.31, 0.39 and 0.4fespectivelyOverall the compressivstrengthincreasedvhen the amount
of nanosilica increase In generglthe compressive strengtitreasd when the w/adecreasg andat

28 dayss higherthan those results @tdays.
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Figure 4-10. Compressive strength for diffelent concretes at 7 and 28 days wa0.31
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Figure 4-11: Compressive strength for diffeent concretes at 7 and 28ays w/c= 0.39
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Figure 4-12 Compressive strength for different concretes at 7 and 28 day#/c = 0.45

Figures 413and 414 present the results for compressive strength in mgpcimensThe overall
trend is the same ampared to theoncretespecimens where bihe strength increadewith an
increase in the amount of nanosilica.
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Figure 4-13: Compressive strength for differentmortars at 7 and 28days w/c= 0.39
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Figure 4-14: Compressive strength for different motar at 7 and 28 daysw/c = 0.45

Overall, compressive strength results are consistent, however for w/c = 0.39 the best results occurred
with 1.5% of nanosilica instead of 2.0%he difference between these two results magxXmained
by the air content observed in the 2.0% miXé$5% in 2.0% nanosilica versus 5.0% in 1.5%
nanosilica)

Figure 415 presentsa comparison ofhe concretespecimenand mortarspecimencompressive
strengthresults According to Figure 45, mortargenerallypresent higher strengtlas compared to
the concrete specimemas the samev/c ratio; thisis expectedoehavioursincemortar mixes do not
contain AEA aud are not affected by coarsggregatéNeville, 1996. Additional insights about why

compressive strength increased are provided in the next section.

In Figure 415, all regression lines present an acceptable correlation except for w/c = 0.392PCC (R
= 0.25).For thisw/c ratio the best results occurred with 1.5% of nanosilica and not with @&.0%
nanosilica(See also Figure-41), which is not a behavior thiatlows the overall trend. The difference
between these two resulierediscussegbreviously andmay be related to the air contalifferences

between the mix with 1.5% and 2.0% nanosil&&% versus 5.0%).

For PCC the best improvement in compressive strength occurreahicretes with av/c = 0.39 at
1.5% nanosilicalt wasable to improve the compressive strengyi8.5% compared with the control
concrete. This value is consistent with the enhancement presented in F@ir@dapted from

Hosseini et al., 2010yvho reportedimprovementsof 16.2% (2.0% nanosilica) and 2%9(3.0%
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nanosilica). AlsdGopalakrishnan (2011), reported an enhancement of 12.31% vé®émanosilica is
added in a PCGf w/c = 0.42.

In PCGs withw/c ratios 0f0.31 and 0.45nanosilicawasable to enhance the compressive strength
by 7.7% and 12.0%espectivelycompared with the control concrebe mortarswith w/c ratios 0f0.39
and 0.45nanosilica is able to enhance the compressive strdiygli®.8% and 18.4%respectively
comparedo the control concretélhe mortars containin@.0% nanosilicgfor w/c = 0.39) and 3.0%
nanosilica (for w/c = 0.45)ad the highest observed compressive strefigtbse results ardightly
lower thanthosereportedin the literature. For mortarsesults mayhavebeen affected by the mixing
energy provided by themaller mixer. This may haveaffecedthe overallnanosilica dispersion in the
mortar matrixIt is recognizd in the literature that a uniform dispersion of nanoparticles is essential to
obtainthe bestesults(Gopalakrishnan et al., 2011).
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Figure 4-15: Summary of compressive strength results for differentv/c ratios (Only 28 days

results)

4.2.2.1 Scanning Electron Microscope (SEM) Images of Hardened Concrete

SEM testing was performed in hardened concret& dbfs. Samples were obtained after compressive
strength testig and observations were madef@cture surfacestigure 416 and Figure 417 present
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SEM picturesvhich comparehe concrete and nanoconcrete microstructiamew/c = 0.39 andw/c =
0.45 respectivelyFigures 416 and 417 a) and b) compare both at a scale ofh® Figures 4-16 and
4-17 c) and d) compare both at a scale afrit and,Figures 416 and 417 €) and f) compare both at a
scale of 100 nm.

In generalthe SEM pictures reveal mditiations in the morphology of the cement paste, with the
following findings:

1 Adding nanosilica improved the bonding between the aggregates and the cement paste:
compressive strength testing shows microcracking in the-pggregaténterface(Figure 416
and 417 a). In Nanoconcrete with 2.0% nanosilica, fewer microcracks were observed in the
pasteaggregate interfacéor instance Figure-46 a) shows no microcracking in the interface, a

finding explained by nanomaterial’s enhancement of thefaaiat Transition Zone (ITZ).

1 Adding nanosilica reduces ettringite crystal formation in voids. Figufésafd 417 c) display
ettringite crystals in the form of needles filling the void. In contrast, Figuksahd 417 d)
show almost no crystals in voidrmanoconcretelhis result was not expected, however He and
Shi (2008) reported that ettringite crystals were much less identifiable in concretes with
nanomaterials. Also, according to Gopalakrishnan (20#oparticles will prevent the crystal
from growing as AFmEttringite formation can affect concrete durability; in concretes exposed
to moisture for long periagthe ettringite ¢gystals slowly dissolvedrhis resulted inessdense
spots in the concretmatrix. Also alower amount oéttringitecrystalscan be beneficial to protect

concrete against sulfate attack, which can produce an expansive reaction (Kosmatka, 2011).

1 The addition of nanosilica produces a more dense and compact cement pastdyeeenin
Figures 416 and 417 e) and f). According to He and Shi (He &hi, 2008), nanomaterials
promote the formation of higtlensity GS-H structures, especially when nanosilica is added.

Supplementary cementing materials improve the microstructurepargstructure of concrete
through their filler effect (reducing microporosity), pozzolanic effect (replacing porous calcium
hydroxide (CH) with CS-H), wall effect (increasing density of ITZ) and pore blocking (by combination
of the above factors). Nandisa can also act like a supplementary cementing material due to the very
small particle size and high silica content. SEM images provided evidence as to how the ITZ and the

paste density were improved. From SEM images, only the filler effect can beexbdérctly.
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Figure 4-16: SEM pictures of hardened concrete, comparing concrete microstructures.
Comparisons betweercontrol concrete and nanoconcrete (2.0%anosilica) at different scales:

a) and b)10mm scale;c) and d 1 mm scale andg) and f) 100 nm scalev/c = 0.39
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Figure 4-17. SEM pictures of hardened concrete, comparing concrete microstructures.
Comparisons betweercontrol concrete and nanoconcrete (2.0%anosilica) at different scales:

a) and b)10mm scale;c) and d)1 mm scale andg) and f) 100 nm scalev/c = 0.45
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As discussed in Chapter 2, the bonding quality between the cement paste and aggregates as well as
the quality of the cement paste play a key role in the development of the strength of the concrete.
Several factors influence paste quality, however the paswitgdés the most important single factor
affecting paste strength (Lamond & Pielert, 2006). Figur&6 4nd 417 e) and f) which reveal the
increased density of nanoconcrete, serve to reinforce this idea as the more dense concretes with

nanosilica provid higher strengths than the control concrete.
4.2.3 Results of Friction Response of Concretes i Broom Finishing

The average results for the measured friction or skid resistance inddiegamples pesampleage
groupas well aseach nanosilicalosage amourdre presented in Figuresl8. In Figure 419 five
samples are includedhe friction property was measured walBritish Pendulum Number (BPN). In
general, the nanosilica concretenibitedhigher BPN valugthan the control concret®yverall friction
at 7 days is lower than those at 28 days. The mechamigal results in increasdtction will be
discussedh the next section usinge SEM pictures of mortar surfaces.
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Figure 4-18: British Pendulum Number (BPN) for different concretes at 7 and 28 daysroom

finishing (3 samplesper % and age)w/c = 0.31
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Figure 4-19: British Pendulum Number (BPN) for different concretesat 7 and 28 daysbroom
finishing (5 samples per % and agey/c = 0.39

In order to have a higher number of samples per each nanosilica percentage, new mixes were
developed and all samples were cut@d28 days. The average results for the measured friction are
presented ifrigures 420 and 421. In general, the nanosilica conci&peesent higher BPN vala¢han

the control concrete.
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Figure 4-20: British Pendulum Number (BPN) for different concretes a8 days broom

finishing (15 samples in each %jv/c = 0.31
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Figure 4-21: British Pendulum Number (BPN) for different concretes at28 days, broom
finishing (15 samples in each %yv/c = 0.39

In Figures 4-20 and 421, the enhancement in the mean of BPN between the control concrete and

thel.0%nanosilica concrete is 18.2% and 16,28&6pectively.

In the experiments with broom finish presented in Figu04&and 421, the macrotexture can
influence thevariability of the results. Even though the macrotextures were visually inspected in this
researchit was noffeasibleto measure and quantify the macxbtee in order to test only the sample
with equivalent macrotexturélowever, in practice pavemerinishing also presesvariability in the
macrotexture, hence the criteria was to accept this variability of the sample# sepresentative
of whatcan be expecteid the field.

From Figure 421 it is possible to see thtite average results prasea maximunBPNin 1.0% and
1.5% nanosilicaconcrete with a small decreasbserved in the2.0% nanosilicaconcrete This

behavioumwill beexplairedin the next sections.

4.2.4 Results of Friction Response of Concretes and Mortars i Smooth Finishing

In order toeliminatethe potential effect of macrotextuom the friction responsea new experiment
was demgned using concrete and morw@ith smoothsurfacesThis section presesthe results for this
experimentThe friction response increases witlcieased nanosilica contéfiigure 422). Figure 4

23 presents the linear regression model for BPN at 28 days.
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Figure 4-22: British Pendulum Number (BPN) for different concretes at 7 and 28 daysmooth
finishing (5 samples per % and agey/c = 0.39

In Figure 422, the enhancement in the mé&PN between the control mortar and th&% and 2.0%

nanosilica mortar is 13.7% and 18.8%spectively.
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Figure 4-23: Linear regression model forBPN at 28 daysw/c = 0.39

Figure 424 preserd two outputs with the friction coefficient usirtbe tribometer. In Fige 424

a) sample 2 with 0.0% nanosilica (Control moytiarpresented while Figure2t b) shows the results
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of sample 2 with 2.0% nanosilica. The comparison of figtires revealthat the friction coefficient
in nanoconcretes increased

0.0% Nanosilica, Sample 2 2.0% Nanosilica Sample 2
12 ——Friction 1.2
ll a) ll —— Friction b)
1.0 1.0
.09 0.9
0.8 = 0.8
£57 ) e
206 S 0.6
205 805
L 04 L 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0.0 ! $ 0.0
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)

Figure 4-24: Examples of curves ofriction using the tribometer: a) control concrete sample 2

and b) 2.0% nanosilica,100gr vertical force

In Chapter 3t was indicated that plotting the frictiamurve versus timenotabledifferencesin the
static and dynamic coefficiendse observedn the tribometethe dynamic coefficient wasonsidered
to bethe averagacrossthe plateau section. Therefore for each sample, 4 different coefiviers
calculated, and tlieaverage is the representative of each sample.rméibod wasapplied foreach
load. Figure4-25 presents the friction coefficient results for different amounts of nanosilica and two
different vertical forces. For these forces, the friction response increases with increased nanosilica, to

a maximum value ith 1.5% nanosilicajnis behaviour will be explained in the next sectismg SEM
images

In Figure 425, thefriction enhancemeriietween the control mortar and th&%nanosilica mortar
is 25.4% and 19.5% for the 50 g and 100 g vertical fmespectively. Since the ndss for each
nanosilica proportion are very similar, Figur246 6 s | i near regression model ¢

to show this trend. With both devicdidction response riseghen the amount of nanosilicsincreased.
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Figure 4-25: Friction coefficient mr using the tribometer, mortars 28 days old and w/e 0.39
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Figure 4-26: Linear regression model for friction response using the tribometer (w/& 0.39)

4.2.4.1 Surface Profilometer Results

As shown in Figure-25 the highest friction coefficiert mortarsoccuredwith 1.5% nanosilica. Thus,
Figure4-27 shows threeontrol 0.0% nanosilica samples paired with three 1.5% nanosilica samples

for comparison. The graphs were separated in pairs only for clarity. Small differences occur in the
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surface morphology, which is related to the number of asperity peaks at-lmarchoweer, to

determine whether this modification is significant, the RMS (Root Mean Square) indicator is analyzed.
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Figure 4-27: Surface roughness for mortars comparing samples with 0.0%anosilica

(minimum friction) and with 1.5% nanosilica(maximum friction): a) samples number 1, b)

samples number 2 ¢) samples number 3
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0 Root Mean Square (RMS) of Mortars

According to Gohar (Gohar ahnejat, 2008), the RMS value represents the Standaidtioa of

peak distribution in respect to the mean line. Therefore, the highest values represent more surface
irregularities. The regression model of RMS results for each nanosilica proportion (Fig8ye 4

presents a low coefficient of determinatiol, Rieaning that the friction improvement cannot be
attributed to modifications at mi cr ons Tharefme, si nce

a new approach for measuremehthe surface modifications is presented in the next section.
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Figure 4-28. Regression model of RMS results

4.2.4.2 Scanning Electron Microscope (SEM) Images of Mortar Surfaces

Figure 429 presents SEM pictures which compared2§ mortar surfaces with 0.0% and 1.5%
nanosilica. Figures-29 a) and b) compare both at a scale ofif; Figures 429 c) and d) compare

both at a scale ofrim and Figures-29 €) and f) compare both at a scale26D nm. The SEM pictures

reveal that adding nanosilica to the mortar mix roughens the surface morphology by creating a larger
peak to valley heights with more asperities. Tl
because nanosilica particleodify the surface morphology of cemdrdased materials by acting as

nucleation centers and allowing crystal growth on the surface of different shapes. These two effects
result inan increased roughnesad thereforean increasd friction responsgsince he asperities

increase the real contact area betwiberubber and pavemeniAccording to Gopalakrishnan (2011)

very fine materials such as nanomaterials promote nucleation in the cement paste, and thus the

generation of €&-H.
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Figure4-29 SEM i mages comparing mortarsodé surface textu
mortar (0.0% nanosilica) and nanomortar (1.5% nanosilica)t different scales:a) and b)10mm

scale;c) and d) 1 mm scale andg) and f) 200 nm scale
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4.2.4.3 Scanning Electron Microscope (SEM) Images of Concrete Surfaces

Figure 430 presents SEM pictures of 2By concrete surfaces with 0.0% and 1.5% nanosilica.

c) 0.0% Nanosilica

e) 0.0% Nanosilica

Figure4-30 SEM i mages comparing concretesdé surface te
mortar (0.0% nanosilica) and nanomortar (1.5% nanosilica)t different scales:a) and b)10mm

scale;c) and d)1 mm scale andg) and f) 200 nm sale
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