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ABSTRACT

Digital Image Correlation to Evaluate Plastic ShrinkageCracking in Cement-Based
Materials

Pengfei Zhao

Fresh concretexposed to a drying environmesisusceptible tplastic shrinkage crackinghich

could result in negative impacts on concrétgability. In the current ASTM standarglastic
shrinkage crddng is evaluatedy the average crack widtheasuredat 24 hours afteconcrete
placement considering thathe traditional crackneasirement tools cannot be usen fresh
concrete.In this project a noncontact strain measurement technique based on digital image
correlation (DIC) was appliedto study the behavior of plastic shrinkage &rag. In the
experimental program, the effsaif air temperature, wind velocity, water to cementorv/c),

and substrate roughnesm plastic shrinkage cracking were investigategveBal @ment paste
specimens weregsgdseparatelyn a controlled environmental chambarseries ofdigitalimages

was taken above the specimen surface throughout each experiBi€htanalsis was then
performed on thge images.The crack areas wei@so determined based on thmages using
MATLAB functions. It was found that DIC can provide a series of stcaintourmaps thahelped

to understand thgrocessof plastic shrinkage racking The accumulations of tensile and
compressive strains can be used to illustrate the cracking intensity and the overall shrinkage,
respectively. The evolutions of the maximum tensile and compressive strains can be used to
indicate the time to firstrack and the shrinkage capacity, respectivélye effects of air
temperature, wind velocity, w/c, and substrate roughness were well explained by both the DIC

analysisresults anccrack areacomputed in MATLAB
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1 INTRODUCTION

1.1  Background

Concrete is a composite material that is mainly mgaef water, cement, and aggregate is

known aghe most widely used ostruction material in the worldue to its versatility, durability
and economy. In recent decagdamsideringheinconvenience and high expensssociated with
the maintenancand repair of concrete structurésere has been a gre@searchinterest in

improving theperformanceinddurability of concrete materials

A majorfactorthatnegativelyaffectsthe performancenddurability of concrete is th&equently
observedsurfacecrackingin concretestructuresas shown in Figure 1.Cracking in concrete is
a common problem which has been recognized worldwAdeording to its principal cause
cracking in concrete can be categorizetb structural crackingvhich is maiy caused by applied
loading and nonstructural craking which results from concrete mixture proportions and

propertiesas well as itexternal environmeat conditionsandconstruction practices.

Unlike structural cracking, the occurrence of sstructural cracking generalljoes not result in
structuralfailure, but it absolutely reduces the service life of a concrete structure. Some types of
nonstructural cracking may allow the ingress of aggiresagents to the embedded reinforcing
steel in concrete, thus leading to the corrosion of the reinfort@etvghichcauses possible further

cracking and spalling in concrete structures.

Non-structural cracking can be observed in concrete both irassip state and hardened state.
Plastic settlement cracking (A, B and C in Figure 1.1) and plastic shrinkage cracking (D, E and F

in Figure 1.1) are two types of phardening cracking that are often observed in freshly placed



concrete elemest Prehardening cracking usually occurs within a few howafter concrete
placementand before concrete has reachedl set. It is widely accepted thplastic settlement

is mainly the result of excass bleeding, while @stic shrinkage is mainly caused the rapid

surface drying. Cracking occurs when plastic settlement and plastic shrinkage are restrained before

fresh concrete has developed sufficient tensile strength totresistacking.

Plastic
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Figurel.1. Different types of cracking in a hypothetical concrete strug¢ieinta and Monteiro,

2006)

All freshy placedconcreteelementsexpo®d to a dryingenvironment aresusceptible to plastic
shrinkage crackingPlastic shrinkage cracking is usually associatath hot weather concreting.

ACI Committee 305 definehot weathed a sondior a combination of the following conditions



that tends to impair the quality of freshly mixed or hardened concrete by acceleratiatg tbe
moisture loss and rate of cement hydration, or otherwise causing detrimental results: high ambient
temperature; high concrete temperature; low relative humidity; and high windbsyéezh wind

velocity exceeds8 km/h, therisk of plastic shrinkag crackingis significantly elevated and
precautios should be applietb concrete elemen{Scanlon, 1987)According tothewind rose

plot for Montreal-TrudeauAirport in July during 1974200Q thefrequency ofvind velocity above

10 km/hwasabout56%, as shown in Figure 1.Zheaveragelaily maximum temperatui@nd the

highest daily maximum temperatureJuly during 19822010 atMontreal-TrudeauAirport were

26.3 °Cand 35.6 °C, respective{Zanadian Climatdlormals 19812010 Station Data, 20)5The
combinedwindy and hotweatherduring the summer season in Morafréhereforeputs castin-

place concreten a great risk of plastic shrinkage cracking
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Figurel.2. Wind roseplot for Montreal-Trudeau Arportin July during 19742000(Rose des

vents, Montréal P. E. Trudeau, Annuel 12400, n.d).

With the growing demandof concrete repair andidespreaduse of high performance worete,
t oday 6 s uscallyhas a lgher cement content, supplementary cementitious materials, and

a lower water to cement ratio (w/@nd is sometimes subjected to a high level of restraititein



case of concrete repair. These factora k e t o0 d a ymore seansdive torplagtisdrinkage
crackingwhen exposed ta drying environmentThus reent research haseen focusingn
investigatingplastic shrinkage cracking in fresh concreterder to improve the performance and

durability of concrete matials.

1.2 Problem statement

Currently, the only existing ASTM standard related to plastic shrinkage cracking is ASTM
Standard C1579 o reduce the risk gblastic shrinkage crackingwidely accepted solutiois to
add short and randomly distributed fibers to concrete2006, ASTM StandardC1579 was
introduced to evaluatthe effect of fibers omeducingplastic shrinkge cracking inconcrete
materials In ASTM StandardC1579 a fresHy placedfiber reinforced concretspecimeranda
plain concretespecimenare preparedn a prescthied manner The concretespecimens aréhen
exposed to a uniforrdrying environmento induce crackingDuring the experimenthetime to
first crackfor each specimers recorded At 24 hous after starting the experimerthe crack
widths are measuredt 10 mm intervas along thecrackpatts on both specimendhe effect of

fibersonreducingplasticshinkage cacking is evaluatedy comparinghe averagecrack widtls.

Consideringtraditional crackmeasurement toglsuch aoptical haneheld microscop@r crack
comparatorwhich may disturlthe cracking praess in fresh concrethe crackwidths in ASTM
Standard C479 aremeasured at 24 hours afgtarting the experimemthen concrete isonsidered
stable However, he crack widths measired at 24 hours afteroncreteplacementmay notbe
appropriateto evaluatethe risk of plastic shrinkagecracking in someconcrete mixture For
example high performance concrete twiarelativelylow w/c hasproved to be more vulnerable

to plastic shrinkage crackitgcause diavingless bleeding water. Insgveralrying environment



concrete mixtures ith lower w/c craclearlier,but theaveragecrack widthsare smallethan those
of higher w/c concretemixtures(Almusallamet al, 1998) Thus in order toaccurately evaate
plastic shrinkage cracking roncrete materialshe formation of plastic shrinkaggacking and

the cracking process should be recorded and analyzed.

1.3  Objectives

In recent years, image analysis has been widely applied to cracking assessment due 1o its non
contact manner, reliable results, high precision, and efficiency. In ASTM Standard C1579, it is

also recommended thidie crack widths at 24 hours can be measuredrbmage analysis system.

Digital image correlation (DIC) is an easy to use image analysis techmiigh can take full

field srain measuremesibn an objecsurface. DIC has been successfully applied to analyze the
cracking propagation in hardened concretdaurioading. It can providaccurate and detailed
information (Gencturk et al., 2014). So far, no work has been reported on analyzing the behavior

of plastic shrinkage cracking in fresh concrete by using this advanced technique.

The objective of this projectare

1. To analyzethe propagationf plastic shrinkage cramg in cementbasedmaterialsusing

the DIC technique

2. To evaluatehe effecs of air temperature, wind veldgj w/c, and substrate roughness

plastic shinkage cracking.

3. To substantiate results obtained by DIC using those obtained by image analysis of crack

area.



1.4 Significance ofresearch

The DIC analysis results combined with the crack area obtained by image analysis can produce a
more comprehensive understanding of the procegksfic shrinkage cracking.eRearchers will
benefit from the detailed information that DIC provides when watalg the risk of plastic

shrinkage cracking in cemehbased materials.



2 LITERATURE REVIEW

2.1 Introduction

This chapter describekfferent types of edy shrinkage in concretaaterialsthe mechanisnof
plastic shrinkage crackingnd factorscontributing to plastic shrinkage crackiag well afour
types ofrestrained g@stic shrinkagerackingtestng techniquesand currently availableimage

analysis systemi®r crackng assessment

2.2  Early volume changeof concrete

Volume change ofoncretebegirs immediately after it is castue togravity, cement hydratian
andits externalenvironmen{Bentz, 2008)Early volume changeespecially in the firdiew hours
after placementcan have a signitant impact orthe performanceand durability of hardened
concretedue tothedetrimental cracksiducedat thistime. In thefollowing paragraphsdifferent

types ofearlyvolume changare briefly described.

Chemical shrinkage:Chemical shrinkageefers to thebsolute volumehangehat results from
cement hydrationAs cement hydrateshe hydrationproductsoccupy essabsolutevolume than
the water and cemeriieforetheir reaction as shown in igure 2.1(a). Chemical shrinkages a
continuous feature of cemebased materials, aratcurs as longs cement hydrate&fter initial
set, cement paste becomes stiff and difficult tadeformy therefore, chemicakhrinkageis
compensated by tHermation ofinternal voidsn thecement pasterhe presence diiesanternal

voidsdoes nosignificantly changéhe dimensiors of a concretelementKosmatka et aJ.2002)



(b) Schematic diagram of self-desiccation shrinkage

Figure2.1. Schematic diagrasof chemical shrinkagé) and seHdesiccation shrinkage (I(t)

cement particle, (2) pore water, (3) hydration prodaad (4) internalvoid (Gao et al.2014)

Autogenous shrinkage:Autogenous shrinkagefers tothe apparenvolume change thatccurs
when concretehas no moisture and thermal exchangéh an external mediumMehta and
Monteiro, 2006) Autogenous shrinkage is mainljaused bychemical shrinkage and self
desiccation shrinkag@Kosmatka et al., 2002As discused aboveafter initial set,hardened
structuresareformed inthecement pastas a result ofement hydratiorand continuoushemical
shrinkageesults in the formation of internal voidstirecement pasteas shown in Figure 2.1 (b)
In the meanwhile pore water icontinuouslyconsumed byement hgration thusleadirg tothe
formation ofa water air meniscusn theinternalvoid. A capillary pressureés thengenerated in
the pore water andonsequentlgompressstheinternalvoid. The volume changeaused byhe
capillarypressureompressing thaternal voidss referredo asself-desiccatiorshrinkagg(Gao
et al., 2014)In the case ofiigh performanceoncrete vith arelativelylow w/c andhigh cement

contenf autogenous shrinkage is egit which may lead to eartyacking(Bentz, 2008)



Plastic Settlement Plastic settlementefers tothe vertical volume changef a fresHy placed

concreteslementbefore initial setlt is mainly attributedo gravity (bleedingandthe expulsion of
air voids) and chemical shrinkageln practice,plastic settlementrackingis often observed in
concrete structurs with insufficient consolidation of fresh concreteor above embedded

reinforcing stee(Kosmatka et al., 2002)

Plastic shrinkage:Plastic shrinkage refers tbevolume chang&henconcreeis fluid and plastic
Plastic shrinkage occunsithin the first few hoursafter placemenand beforefinal set Plastic
shrinkag results froma combination effect othe rapid surface drying chemicalshrinkage,

autogenoushrinkagg Kosmatka et al., 2002and plastic settlemel@i et al, 2003)

2.3 Mechanism of plastic shrinkage cracking

The process of plastic shrinkagan be divided intohree phases based the curvesof plastic
shrinkage and settlement a freshly placedconcrete specimethat wasexposed taa drying
environment(Turcry andLoukili, 2006), as shown in Figure 2.2In phase 1a largesettlement
wasobserved while the horizontshrinkagebegan to grow In phase 2the increase of settlement
wasrelatively small when comparedth thehorizontal shrinkage wbh hadasignificantincrease
In phase 3the curves of settlemerand shrinkage wergradually flattenedindicating that the

volume changslowed down
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Figure2.2. Developmerd of plastic shrinkage, settlement, and evaporatanfreshly placed

concrete specimen exposed to a drying environiffentry andLoukili, 2006).

This processs commonlyexplairedasthe devépmert of acapillarypressuraearthetop surface
of concretedue tothe rapid surfacedrying (Qi et al, 2005) Figure 2.3schematically showthe
process otapillary pressure buildp in afresh concrete elemenpondrying. When concrete is
cast solid particles (cement and aggregateegin to settle due to gravity.layer of water ighen
formedon the topsurface of frestltoncrete This process is referred &sbleeding(Aldalinsi et

al., 2013; Kosmatka et al., 2002 shown irFigure 2.3A.

If the fresh concrete elemens exposed to aeveredrying environment wherghe water
evaporation ratexceeds the bleeding rabé concrete the thickress of water kger on the top
surface of fresh concrete is continuously reducamhsequentlythe solid particleon the top
surface are not fully covered by water, thus formgegeralwaterair meniscibetween the solid
particles. A capillary pressurés then developedh the capillary wateaccording tathe Young

Laplace equatiofBentz, 2008)

11
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Where,

n capillary pressurePg
[ surface tension of the pore solution, N/m
| contactangle between the pore solution and the capillary pore,vdgitgees

i  meniscus radius, m

The solid particles near the top surface of ceteare then commssed by the capillary pressure
However, at this pointhecapillary pressures relativelylow; therefore no horizontal shrinkage
occurs(Aldalinsi et al., 2013)as shown in Figure 2.B. This processorrespondto Phase 1n

Figure 2.2

With thefurtherevaporation of apillary wateythemeniscus radiuandthe contact angl®éetween
the capillary water andhe solid particlesdecrease&onstantly According to the Youndiaplace
equation(Equation 1) capillarypressurer) increases with a drap meniscus radius and contact
anglebetween the pore solution and the capillary pore allBhe increasing capillary pressure
resuls in continuously compressinghe solid particles near the top surface of concrete
Accordingly, heamount ofhorizontalshrinkagencreasesas indicatedn Phase 2n Figure 2.2

This processs referredto ascapillary pressure buitdp, as shown in Figure 2G.

With the continuous dryingf capillary water, the menisci between the solid partickss the top
surface of concretelisappeargradually and the gaps between the solid particles them

penetratedby air. As a resultthecapillary pressurdrops dramatically The pealcapillary pressure

12



is defined aghefi b r-& b k 0 u g h qWitnrarens1976)aseshown in Figure 2.3 D. Thelisl
particles are then not compressedthg capillary pressuréAldalinsi et al., 2013)This process
can be interpreted ashrinkage limi{(Saiba & al., 2011) which corresponds tahase 3n Figure

2.2

Capillary Capillary pressure
pressure “break-through”

-4

.--"‘f D

B

A /

1)
Bleeding | Capillary pressure build-up Time

(pog ipaqﬁ

ODB 0B h o

Figure2.3. Schematic diagram ofapillary pressure buildip (Slowik et al, 2008.

When air starts tpenetratehe gaps between the solid particlég risk of plastic shrinkage
cracking is considered to reachntsximum (Slowik et al., 2008\t this point the solid particles
at thetop surfaceare no longer bridged by wateherefore,weak points are formean these
locations In the neanwhile the part of concrete near the top surface has more shrip&tegdial
than the part that is stiilled with water In practiceplastic shrinkageould also beedrained by
structures, such dsundations, subgradesr embeddedeinforcingsteel The norhomogeneous
shrinkage can causestrain localizatiordevelopingon the top surfagevhichmay lead to possible

cracking.
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The aacking procesisillustrated bya series of electron microscopeageshat wagakenabove
a fresh fly ash paste updnying (Slowik et al., 2008)As shown in Figure 2.4, the first imagas
somewhablurry, indicatingthatthere was thin layer of water on the top surfa@éth the further
drying of surface watethe solid particles wermoredistinct in the second imagen the third
image,someblack spots can be seen the rightside of the imagas a result of the penetration of
air into the gaps between the solid particlése fourth imagevas taken rightféer the thirdone,

which had a crack that was formed on the weak points.

Figure2.4. Electron microscopienages of a freshly mixed fly ash paste upon dry80gXx

(Slowik et al., 2008)

The penetration of air into the gapstween the solid particles éssential to the formatioof
plastic shrinkage cracking. Without the air penetration, plastic shrinkage cracking is impossible
(Slowik et al., 2008)However, whether plastic shrinkageackirg occurs or not is also dependent

on thelevel of restrained shrinkage.

2.4  Influencing factors of plastic shrinkage cracking

Plastic shrinkageoccursin a freshly placed concrete elememhenthe water evaporation rate
exceedghe bleeding rate of aucretebefore final setPlastic shrinkage cracking occunghenair

starts to penetrate the gdptween the solid particleand the tensile stssinduced by restraining

14



plastic shrinkagexceed the lowtensile strength capaciof freshconcrete Thus increasinghe
waterevaporation ratef concretedecreasinghe bleeding ate andhetensile strengtlcapacity
of fresh concreteouldincrease theisk of plastic shrinkage cracking afreshly placecconcrete

elementsubjected to a certanestrain.

According to Kosmatka at al. (2002e waterevaporatiorrateof concretes determinedy its
external environmeat corditions, while hebleedirg rateandthetensile strengthapacityof fresh

concretearedeterminedy concrete mixture ingredients apibportions.

2.4.1 Influence ofenvironmental conditions

Plasic shrinkage cracking i®ften associated withhot weather concretingThe following

conditionsmayincrease thesk of plastic shrinkage crackinglosmatka et al., 2002)

T High air temperature
1 High concrete temperature
i Low relativehumidity

1 High wind velocity

According to CSA Standard A23.1, whisewaterevaporation ratef concreteexceedd kg/mé/h,
plastic shrinkage cracking is likely to occur, gm@cautions should be appliéal the concrete
elementsThenomograplshown in Figure 2.5 commonly used to estimateewaterevaporation

rateof concrete

15
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Figure2.5. Effect of concrete and air temperaturedative humidity, and wind velocityn the

rate of evaporation of surface moisture from concrete (ACI 305R010)

The water evaporation rate of concrete can be also estimatiée bgllowing equationUno,

1998)
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Where,

‘O evaporation rate, Ibfith (kg/n¥/h);
"Y concrete temperature, °F (°C);
"Y air temperature, °F (°C);

i relative humidity, %;

@ wind velocity, mph (km/h).

According to the nomgraph and the water evaporation equation, the water evaporatiaof rate
concrete increases when lowering air temperature. However, when relative humidity is relatively
low, air temperature has a limited effect on the water evaporation rate of concrete. In practice,
concrete temperature is also affected by air temperatnceaahigh air temperature helps to

maintain a high concrete temperature.

2.4.2 Influence of concretmixture ingredients anproportions

In the Pbllowing paragraphs, the influenad concrete mixturengrediens and proportionsn

plastic shrinkage cracking tscussed.

Water to cement ratio (w/c): Almusallam et al. (1998nvestigated the effeaif differentw/c
and cement contenibn plastic shrinkage cracking the freshly placecconcrete slabthat were
exposedo a uniformdrying environment. Plastic Bhkage cracking was evaluated by recording

the time to first crack antheasuringhe percerggeof total crack ared&igure 2.6shows the effect

17



of different w/c and cement contents on the time 81 Grack. As shown in Figure 2 #Be time to
first crack increased with both w/c and cement con{étmusallam et al., 1998)The reason is
thatincreasingv/c and cement contemisoincreasedhe amount obleeding watein concrete
mixturewhich delagdthe time of air penetratioif his effectwas alsseen by Wang et al. (2001)

and Banthia and Gupta (2009).

-m CC=300 kg/m3
—— CC=350 kg/m3
—4— CC =400 kgim3

Time of Cracking, Hours
n

3 y T I
0.4 0.5 0.65
Water-Cement Ratio

Figure2.6. Effect ofw/c and cement contesibn thetime to first crack Almusallam et al.,

1998)

Figure2.7 shows the effect diifferentw/c and cement contesion the percenageof total crack
areaAs shown in Figure 2,thepercenageof total crack arealsoincreasedvith w/c and cement
content(Almusallam et al.1998) Asincreasingv/c and cement conteiricreasedhe amount of
bleeding watem concrete nixture, alarger volume changeas expecteth fresh concrete upon
drying, which resulted iralarger crack areadenerally a concrete mixture with the/c between
0.50 and 0.® has the highestontractiondue to plastic shrinkag@Vittmann, 1976)However,a

slight drop inthe percenageof total crack area wasbserved in theoncrete mixtee with thew/c

18



of 0.50 and cement contenf 400 kg/n¥. This isprobablybecauséncreasingcement content also

increasedhetensilestrengthcapacity offresh concretéo resist cracking.
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o0 /\'
0.02 - /

) I T
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Total Area of Cracks, %

Cement Content, kg/m3
Figure2.7. Effect ofw/c andcementcontens on crack aregAlmusallam et al., 1998)

Aggregates: Banthia and Gupta2Q09) investigated the effeof different coarseaggregate to
cement ratioga/c)on plastic shrinkage cracking in tliresHy placedconcree specimens that were
exposed ta uniform drying envionment.The concrete mixturelsadthe same w/c andand to
cement ratioAs shown in Figure 2,8vith anincrease ima/c theintensity of plastic shrinkage
cracking(maximum crack width andverage crack widthjecreasedr-or the concrete mixtures
with the same w/c and sand to cement ratio, an increase in coarse aggregateindictges a
dropin water content and cement conterttich govern early shrinkage in concrefa increase

in coase aggregate content coul$oincrease the internal friction in concrete mixtures to resist

cracking (Banthia and Gupta, 2008)us reducing the intensity of plasshrinkage cracking.

19



(b) & 800
== Average Maximum Width = Average Width
—i— Crack Area -+ 700

-+ 600

E o4l . <
£ k + 500 £
£ —
= ]
S 3- +400 8
Z b
1 -
S o] 300 -
. 1200 ©
14 —
— 1 100
0 : : ¥ 0
Ms M8-1 Ms-2
alc— 0.50

Mix Designation

Figure2.8. Effect ofcoarseaggregat®n plastic shrinkage crackirfBanthia andsupta, 2009)

Shrinkage-reducing admixture: Shrinkagereducing admixtures effective in reducing plastic
shrinkage crackingn fresh concrete bgreventing water loss upon drying doderingthe surface
tension ofmixing water(Mora-Ruacho et aJ.2009; Saliba et al., 2011According to the Young
Laplace equatio(Equation 1)capillary pressurg decreases ith surface tension dhecapillary

water .

Supplementary cementitious materials: Supplementary cementitious materialeduce the
bleeding rate andeveloprelativelylow early strengthwhich could increase theisk of plastic
shrinkage cracking. @crete containing siliclume is particularly sensitive to plastic shrinkage
cracking due tats relatively low bleeding rate. CS&tandard R23.1 requires that whehewater
evaporation ratef concreteexceed®.25 kg/n/h, precautions should be appliecthe concrete

elementontaining silica fum¢Kosmatka et al., 2002)
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Fibers: The most widely accepted method to conplaktic shrinkage cracking is to aslaort and
randomlydistributedfibers in concretenixtures By adding fibers in concret¢he settlemenof
fresh concrete is reduceathile thebleeding rate and ttiensile strengtlhapacityof fresh concree

areincreasedQi et al., 2005; Rahmani et al., 2012)

2.5 Restrained plastic shrinkage teshg techniques

As discussed earliewhether crackingccuss or not is also dependent ¢ime level of shrinkage
restraint In literature plastic firinkagecracking has beerevaluatedin freshconcrete specimens
under a variety of restrained conditions whictvere designedto induce cracking Four main
specim@ geometrieshave beenused toevaluateplastic shrinkagecracking including ring
(Bjgntegaard et gl1998) longitudinal (Banthia et al.1995; Mora et al.2000; MoraRuacho et
al., 2009) slab(Balaguu, 1994; Kraai, 1985; Shaeles dfdver, 1988; Yokoyaa et al. 1994)
andsubstrate restrairfBanthia and Gupta, 2007; Banthia and Gupta, 2006; Berk®altaire,
1994; Naaman et al., 2005; Qi et al., 2008jl& et al., 2011; Soroustn and Ravanbakhsh, 1998;

Turcry andLoukili, 2006).

2.5.1 Ring test

Bjgntegaardand Sellevold (1998) adomt@ ring type test to evaluapgasticshrinkage cracking
in high performance concret€oncrde wascastbetween twaoncentric gel ringswith a depth
of 50mmfixed on arigid plate. The diaméers of two concentric rings we280 mm and 580 mm
respectively In order to restraithe shrinkagen fresh concretéetween two concentric rings2
rigid ribs wereattached taheinsideof oute ring, and 3rigid ribs wereattached to the outside of

inner ring.A controlled air funnel waplaced10 mmabove the concrete speciminprovide a
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continuous drying environmenés shown in Figure 2.9n this geometry plastic shrinkage

cracking occurredat the locatioanearthe ribsattached to thangs (Bjgntegaard et al., 1998)

Crack index C; = iy T),
H

Figure2.9. Diagramof ring geometry with ribs under air funn@jgntegaard et al., 1998)

2.5.2 Longitudinaltess

Banthia et al. (1995) proposed a longitwditype testo evaluateplastic shrinkage cracking in
fiber reinforced concrete. Thaze of thespecimenwas40x40x500 mm. Two iple-bar anchors
installedat the two endsf the specimemold were designetb restrain the shrinkage, as shown
in Figure 210. The whole assembly walsenexposed to drying enviroment to induceracking

(Banthia efal., 1995)
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Figure2.10. Diagram of longitudinal geometry with triplear anchor¢Banthia et al., 1995)

Mora etal. (2000) proposed a differetyipe of longitudinhtestto evaluatethe effect of different
fibers ; plastic shrinkageracking Concrete wascast in aspecimenmold with a sizeof
150x150x600 mmThe shrinkagevasrestrained by sevdranchor bolts installed dlhetwo ends
of thespecimemmold. A riserplacedin the centeof themold reducedhe depthof the concrete
specimerand concentratetihe tensilestressgeneratedy restraining the shrinkagas shown in
Figure 2.11 The whole assembly wathen placed in a wind tunnelin this geometry plastic
shrinkagecrackingoccuredat the locatiorabove the centerser(Moraet al., 2000; Morat al.,

2009)

Pressure

Ceramic

Figure2.11. Diagram oflongitudinalgeometry withanchor bolts and a center rigbtoraet al.,

2009)
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2.5.3 Slab tesd

As plastic shrinkage crackingoften observed in concrete structuneth alarge exposedurface
area such as concte slabs and pavementesearcherfave developedlab typetessin order to

simulae plastic shrinkagerackingoccurredn such condition

Kraai (1985) proposed slab tesin whichtwo identicalthin concrete slabs with differecbncrete
mixtureswere exposed to a dryirepvironmentreated by two electrical fanags shown in igure
2.12 The hin concreteslals had a large surface area which ®ésnches (610 mm) wide and 36
inches (914 mm) long, whil&éthickness otheconcrete slabwasonly % inch (19mm). Due to
the thin depth concrete miturescannot contain angoarse aggregaia this geometryAn L-
shge hardware clothwas installed around theperimeterof eachspecimenmold to restrain

shrinkaggBalaguu, 1994; Kraai, 1985; Shaeles addver, 1988)

o 'IYI'
0.75in. 24in. Q.75in.

Figure2.12. Diagram of thin slab testith electrical fangShaeles antiover, 1988)
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Yokoyama et al. (1994) proposedianilar slab testvhich wasused to evaluatglastic shrinkage
cracking inhigh performance concretsd selfconsolidationconcrete Theconcrete slab witla
large surface arezt 600<600mm and ahickness 060 mm wasexposed to a drying environment
The shrinkagewas restrainedby the stud bolts installedt the four endf the specimemmold

(Yokoyama et al., 1994pas shown inigure2.13

600

T

500

[
T

Wy

NN

Figure2.13. Diagram of slab test using stud lsadt four endgYokoyama et al., 1994)

2.5.4 Substrate restraimess

In practice plastic shrinkage cracking is oftavbserved in overlajin the case ofoncreterepair.
In order to simulatplastic shrinkage crackingccurredn such conditionWanget al. (2001) used
cement pastéhat wascast in a Plexiglas nhd to investigatethe effectof fly ash and fibers o
pladic shrinkage crackingThe size of the mold wa®0x100x8 mm. A finesandpaper attached
to the bottom of the mold was desigrniedorovide restrainfThe specimens were then pladcec

drying environment to induce cracking.
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Banthia et al. (1996)roposeda substrate restraint type testevaluateplastic shrinkageracking
in fiber reinforcedconcree. In the experimenta 100 mm deep layer of fiber reinforceoncrete
wascast ora40 mm deepl010 mm long and 100 mm wid&gh strength concresubstratevhich
was prepared earlierThe substrate haa rough surfaceprovided bythe half exposedcoarse
aggregateThe shrinkgewasrestraned by the rough surfacéthesubstrate. iewholeassembly
was therexposedo a drying environment tmducecracking(Banthia et aJ.1996) as shown in
Figure 2.14The drawback of this test is thaerestraint provided by haéixposed aggregateay

vary from substrate to substrate.

Data Acquisition system
and Control Unit

AN
AN

ye Plexiglass Chamber Temperature and
7 (174cmX35cmX3Bem) Humidity Sensor

]

Concrete Base \Specimen Fresh Concrele
{101cmX
10emX10cm}

Figure2.14. Diagram of substrate restraint type tesing half exposed aggregdéBanthia et al.,

1996)

Banthia and Gupta (2006hen made some modifications to tlsebstraterestrainttest. In his
experimenta 60 mm deep layer abncrete wasast on @0 mm deep, 95 mm wide, and 325 mm
long substrateas shown in Figure 2.19he rough surface wasovided byseveraluniform
semicircular protrusionwith a diameter of 18.5 mnmstead of half gposed aggregatsothe

amount ofrestraint can be quantifig@anthia and Gupta, 200Banthia andsupta, 200Y.
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Figure2.15. Diagram ofsubstrate witluniform semicircle protrusion®anthia andsupta,

2006)

As plasticshrinkage cracking is oftesbservedat locationsn concrete structuresith different
depths Naaman et al. (2005) proposadifferenttype ofsubstrateestrainttestwhich was used
to evaluatethe effectof different fiberson plastic shrinkage cracking in fresbncrete.The
substraten this test lad a grooved structure, which wasepared with high strgth and low
shrinkage concretgas showin Figure 2.16Concretecast on the grooved substrditadalternating
depths of 38.1 mm and 50.8 mmitiVasurface area of 76.2x1016 mthe whole assemblyas
exposed to a drgg environment which was designednduce crackingNaaman et al., 2005n

this geometryplasic shrinkage crackings caused by aombined effect ourfacedrying and

plasticsettlement.
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Figure2.16. Diagram & plastic shrinkage cracking testtupusing a substrate with a grooved

structure(Naaman et al., 2005)

Berke and Dallaire (1994) proposadser type of substrate restratastto simulate the condition
that plastic shrinkage crackingccurredabove theembealded reinforcing steelin concrete
structuresin this test, plastishrinkage wagestrained by twaninor stress risexplacedinward
from the two ends of the mold, while a centeriser reducedthe depthof concrete slab and
concentratethetensilestress Plastic shrinkagerackingin this geometrypccuredat the location
above the center riséBerke andDallaire, 199; Qi et al., 2003; Soroushian aRhvanbakhsh,
1998) In the riser type 6 substrate restraint tedhe restraint provided byhe risers which
simulatestheembeddedeinforcing steelis more realistic thatheother types of tes$ (Soroushian
andRavanbakhsh, 1998RAs the cracking occurs a@ predetermined locatioit,is alsoeasiero

evaluate the crackingn addition themold with risers can bdemolded easily andeused.

In 2006,ASTM StandardC1579wasintroduced based on the riser type abstrate restraint test

which wasintendedto compareplastc shrinkage cracking behavior goncrete mixtures with
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differenttypes offibers (Rahmani et al., 2012)r admktures(Leemann et al.2014; Rahmani et
al., 2012) In the ASTM StandardC1579 the mold dimensiors for a concretemixture with

maximum coarse aggregate siegd than 19nm are 100£5 mnueep 35510 mm wide, and
560+£10 mm long. Two 32+1 mm high minstressisers and a 64+21m high centestress riser

are bent from a piece of siienetal, as shown in Figure 2.17

160 £5 mm

T
i g

-

e
ee&e&&sﬁs&a@ww
RS

355 ilffn%‘ ;;;gggggg

25 =1 mm

r— 12.5 =1 mm
63.5 +£1 mm
/\ 32 £1 mm /\

90 £2 mm

280 £5 mm
560 £10 mm

Stress Riser Geometry
Figure2.17. Diagram ofspecimemold and stress rise(&\STM StandardC157913, 2013.

In order to increase theelihood of plastic shrinkagerackingin this geometryan environmental
chamber is designed b able tgrovide a costant temperature of 36x3°@relative humidity
of 30+£10%,and a minimumwind velocity of 4.7 m/s, as shown in Figure 2.1Buring the
experiment, a minimurwaterevaporation rate of 1.0 kgith mustbereachegwhich is measured

from water loss in a paplacednext to the concrete sgienen in the environmental chamber
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Figure2.18. Diagramof environmental chamber (ASTBtandardC157913, 2013.

In the standard test, the setting timehefconcrete mixtureplaced in the environmental chamber
is determined according to ASTNbtandard C403/C403M. At the time of final sethe
environmental chamber is turnetf. At 24 hoursafterthe concrete specimens gpoéacedin the
environmental chamber, tleeackng is consideredstable. The mck widths areghenmeasured at
10+1 mmintervals along the crack patfihe effect of fibers onlpstic shrinkage cracking is
evaluated by aracking reduction raa (CRR) which iscalculted by the following equation
(ASTM StandardC157913, 2013:
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2.6 Image analysistechniques

In the discussed founain specimen geometrigsastic shrinkage cracking evaluatd eitherby
measiring the crackdimensionsin hardened concrete specimersach as thenaximum crack
width, average crack width, total crack lengthdtotal crack area (average crack width multiplied
by total crack length)r recording the cracking processich ashenumber of crackat different
pointsin time throughout the crackingrocessandthe time to first crack (Bentur and Kovler,
2003).Researchersave usedeveral tools to take smeneasuremestin ASTM StandardC1579

it is suggested that optical hahdld microscope, crack comparator, or image anadysiemcan
be usedAmong these crack measurement tools, imagaysissystemhas beerfound to be an
effective tool for the systematic chat@gzation ofcracking inconcreteamaterialgQi et al., 2003)
due to its reliable resultsnd high precisionBarazzetti andScaioni, 2009)In the following
sectiors, severahvailableimage analysisechniquedor cracking assessmeintfresh concrete as

well as hardened concretee reviewed

2.6.1 Scanning electron microscope (SEM)

Mindess and Diamond (1980) developed a special deviceltbated forhadened concrete under
loading tobe observed within the sample chamber of an SEM. Due to the high resolutien of
SEM, the development of crackimeas clearly observed in hardened concrete under loading, and
the cracking process was wetiderstood (Mindess and Diamond, 1980). However, the drawbacks
of usingan SEM to observe the cracking process are the limitation of sample size and additional

cradks induced under vacuum at the preparation stage (Mauroux et al., 2012).

31



2.6.2 Crack lorder detection

With the developmesbf digital image analysis technigsigesearchersaveused dicrack korder
detectiom function (Barazzetti an&caioni, 2009jo extractcrackcontous from a digitalimage
taken above therack on thesurface of a concrete elemewthen a crack occarm the surface of
a concrete elemerit changeghe surface texture ehe concreteelement Consequentlywhen a
digital image is taken above the crathe image texture iglso changedtby thepresence othe
crack The principalideaof crack border detectias to recognize crackontours by detecting the

changesn thesurface texture of eoncrete elemeni a digitalimage.

To be specificthree primary calrs hamelyred, green, andie (RGB) are combined together to
displaya variety of colorsin the digital systemFigure 2.19showsthe intensityof each RGB
componenalong aypicalcrack crossection As shown in Figure 2.1%he intensity of each RGB
component experiencessgnificantdecrease in the presence of the crack, and relatively small
fluctuations outside the crack. For each RGB component, the minimum intensity isl ioctite
center ofthe crack. Theeviations in the intensity of each RGB component corraspaactly to

the crack bordergherefore the crack borders can be extracted by recognizing the deviations in

the intensity of each RGB componéBarazzetti andcaioni, 2009)
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Figure2.19. Intensity of each RGB component along a typical crack esesson(Barazzetti

andScaioni, 2009)

In practice, this process can&ehievedy the following steps. iFst, the RGB image is converted
to a grgscde image which only carriemtensity information. Thena thresholdingunctionis
applied to the gngscale imageo filter theintensityinsidethe crack The pixels withtheintensity
values less than the tlsteold value are replaced by th#ack pixel, while the pixelsvith the
intensity values highehanthe thresholdvalue are replaced by théite pixel.By doing so,crack
contours are extracted, atite grgyscale imge is convertetb a binary imagevhich only carries

two colors,black and whitéBarazzetti and&caioni, 2009; Qi et al., 2003)

Based orthe function otcrack lorder detectionQi et al. (2003) proposed a seauitomatic image
analyss techniqueto evaluateplastic shrinkage cracking fiber reinforcedconcreteFigure 2.20

provides an overview dheimage analysiprocedure thavasused
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Figure2.20. Image analysis proceduréa) image acquisition, (b) image processing, (c) crack

feature detenination, and (d) crackneasuremen(Qi et al.,2003)

First, images weretakenabove a crackn thesurface of a concrete specimgna chargecoupled
device camera (digital cameyaas shown in Figure 2.20 (a)he digial camera used in the
experimenprovidal aresolution of 480x480 pixels al7x17 mm imag€0.0354 mm/pixel), so

the crackwidths less than 0.0354 mm cannot be detected

Then, the images were convefte the grayscale imagdsgure 2.21(a) shows a typical grayscale
image. An intensity disibution histogram for each gyscale mage was gesrated as shown in
Figure 2.21 (h)The thresholdralue usedh this experiment that extractéue crack contoursom

the concrete background w@8% of the intensity value at the peak frequency
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Figure2.21. Image processingrocedure(a)grayscale image(b) intensity distribution

histogram, and (c) imary image aftecleaning(Qi et al., 2003)

Generally afinished concrete surface ay havesomeair pocketsor defectsthat havesimilar
grayscalantensitiesto the crackThese points weralso extracted bgpplyingthe thresholding
function To minimize suctproblens, these points wereemovedin an imageediting program,
such aPhotoshopThus only thecrack contous werepreservedFigure2.21(a) and(c) provide
a comprison between the grscaleimage andhebinaryimagewith the crackcontoursafterthe

thresholding and cleaning procekscan be seen thawvo images corresponddwell.

After the crackcontours werextracteda grid withuniform intervas was appliedto the binary
image.The crack widths wenmeasured as the lengths of the grid intercepted by the @ratburs

(Qi et al., 2003)as shown in Figre2.20(c) and(d).

Qi et al. (2005)compared the crack widths thaere measured by the seautomatic image
analysistechniqueand an optical microscopand found that the crack widths measiliby the
opticalmicroscope werslightly larger than thosmeasured by the serautomatic imagerelysis,

as shown in Figure 2.22he reason was thahe optical measurements were taken on the top
surface, while theemtautomatic image analysis technique was basedecrdick contourshat

35



were extracted lowethantop surface of the concrete specinfén et al., 2005) However,this
image analysis technique was effective tool to measure the crack widths rapidly at numerous

locations without human error.
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Figure2.22 Crack widths measured by image analysis and optitaioscopgQi et al., 2005)

Banthia and Gupta (20p9roposed a similamage analysis techniquesed on the function of
crack border detecticiw evaluatehe developmentf plastic shrinkage cracking fresh concrete
by measuringhe crack areat different timepointsthroughout the experimen series of hgh
resolution imagewastakenabove thaop surface of dreshly placectoncrete specimethat was
exposed to a drying environmegitconstant time intervalby a fixed digital cameraThe crack
wasfirst extracted by théhresholdingunction Technically, vihen a binary image is createde
pixels of a single colocan be countedlhe black pixels whiclhepresergd the crack were then
counted,as shown in ilgure 2.23 The pixels ina known are®n the top surface of the concrete
specimernwerealso countedn orderto establish &alibration factor. By applying the calibration

factor to theblack pixels inside the crackhe crackareawas determined(Banthia andGupta,
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2009) The developmentf plastic shrinkage cracking wathen evaluatedoy the crack areas at

different timepoints
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Figure2.23. Crack area determined by countithg pixels inside the crac{Banthia andsupta,

2009)

2.6.3 Particle tracking

Ong and Mint-Lay (2006) proposed a test methtwdevaluateplastic shrinkage of concreby
analyzing the movement ¢drgetswhich were installedn a freshly placed concretgpecimen
The targets used in this experiment were made of 100 mm long steel pins with 0.5 mm in diameter.

An inked target was glued on the top of the pin, as shown in Figure 2.24.
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Figure2.24. Steel pin targets famage analysi$§Ong and MyintLay, 2006)

In the experimentconcrete was cast inraold with a sizeof 100x100x500 mm. Three pairs of
targets spaced approximately 400 mm apart were inserted into the freshly pteaeste
specimen. The pairs of targeterepenetrated full depth of the freshly placed concsetecimen
to ensure that the targetan move along with freshoncrete, as shown in Figure 2.Zkhe
movement of each pair of targets was monitored by cagtarseries of images by a fixed digital

camera with a resolution of 6.3 megapixels (3072x2048 pixels).
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Figure2.25. Diagram of specimemold and locations of targe{©ng andMyint-Lay, 2006)
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The targes werefirst extracted from the concrete backgrouog applying thethreshotling
function to these images. The pixel coordinafetargets in each imageerethenidentified. The
shrinkage strairtan becalculatel bydividing the change in pixelsetween each pair tdrgetsby
the originaldistance in pixel§OngandMyint-Lay, 2006) However the shrinkage at the top and
the mttom ofthefresHy placedconcrete specimen may rzet identicadueto thedifferentwater
evaporation rat Thus additional friction maybeinducel in the freshly placed concrete specimen

due o thefull depth penetration of thains

Barazzettiand Scaioni (2009) proposed a similarage analysigechnique to evaluatethe
development of an existing crack in hardened conti@ted on particle trackinheexperiment
seup usedin thismethod wasnadeof a digital camera, aorientation framganda pair oftargets

(Barazzéti andScaioni, 2009)as shown in igure 2.26

Figure2.26. Orientation frame and a pair of t&tg placed on both sidesatrack(Barazzetti

andScaioni, 2009)

In order to establisAn object reference systertie orientation framewith several targets iset

distance waslaid around lhe crack, and a pair tdrgetswerelaid on the both sides of the crack.
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By the thresholding fustion, the targets irthe orientation framandthe targets laid on the both
sides of the crackvere extracted fromthe concretebackground. Te pixel coordinatesf the
targetswerethenobtained As thetargets inthe orientaton frame and th@air of targetdaid on
the both sides of the cragkereknown in the image and object spadeallowedto transform the
coordinates of other points from the image spadheoobject spacedBy evduating a series of

images at different time pointthe crackdeformaton can beobtained(Barazzetti andScaioni,

2009) as shown in Figurg.27.
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Figure2.27. Displacement between targ¢Barazzetti an&caioni, 2009)

This image analysis technique can be used to monitor the developraemixadting crack on the
surface of dardenedoncrete element. The advantage is that the camera does not have to be fixed.
However, he crackingpatten of concrete ixomplicatedthe orientation frame and the pair of
targets attached to tleencretespeémen may disturb therackingprocessMoreover, itcannot

be usedo analyzea crack deformatiobefore the presence of tloeack because its challenging

to decide where ttay the orientation frame and tpair of tagets
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2.6.4 Digital image correlation§IC)

Recently, a nomwontact and fufield shape and deformatiameasurement techniquease on
DIC has been widelysed to examine thdeformationin metallic or ceramic materia{®auroux
et al., 2012 It commercially available in 2D and 3D versigwIC-2D and VIG3D from
Correlated Solutionor exampl@. The princifl ideaof DIC is to compardwo images taken
before and aftes deformatiopwhich are calledhefireferene imag® andthefideformedmage,
respectively The deformationmeasuremestarebased on the correlationade between any two

reference image and deformed image.

To be specificthe reference image and thdatened image arérst divided into a finite number
of subimageslf the imageshowa unique textue patternthe subimags in the reference image
can be recognizeih the deformed imagby using a pattermatching algorithmtherefore the
displacemerst of the subimage can beobtained and many strain tensorscan be compute

(Mauroux et al., 2012 as shown in Figure 2.28.

| Reference
| subimage

Deformed

subimage
B

Figure2.28. Schematic diagrarmof thereferenceand thedeformedsubimagein animage(Alam

et al, 2012)
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Choi and Shah (1997) first appli@D-DIC in concrete materials for the study of compness
failure behavior of concrete hE deformationof the concrete slalwith a sizeof 125x125x25nm
under loadingvasobtained fronboth DIC and the linearariable differential transduc@cVDT).
The resulé showed high correlation between bothethodsas shown in Figure 2.2B addition
the deformatiomeasuredby DIC can bealesribed as a strain contoarap which providednore

detailed information
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Figure2.29. Deformationobtained fronDIC and LVDT (Choiand Shah, 1997)

However, he precisionof deformationmeasuremestby DIC is significantly dependemin the

quality of image texture (Mauroux et al., 2012). Technically, it is difficult to find the subimages

in the reference image in the deformed imé&y a texturelessrsicture. As shown in Figure 2.30

(a), in atextureless image, a point on the line can be matched to several points in the displaced
line. This problem can be solved by placisgyeralapertures over the image. By placing the

aperturego the line, the ends die line are revealed. Thuke motion vect@can be uniquely
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determined, as showm iFigue 2.30(b). In practice, & solve the correspondence problem, a
speckle pattern is usuallgpplied to the textureless structy®utton et al. 2009) However,
currently,there are no wildly accepted guidelines for how to select the speckle pattern and how to

apply the speckle pattern tospecimersurface

Figure2.30. Apertures in image matching: (a) matching problem, (b) unique matching by placing

aperturegSutton et al., 2009)

Generally, concrete surfaceconsidered aa textureless structure. Bpplythe speckle pattern

to the surface of a concrete specimarmlackor white spraypaintis usuallyappliedonto the
surface of the concrete specim@lam et al., 2012; Bouleklsae et al., 201,5Choi andShah,
1997, Cor et al., 2007; Mauroux et al., 2012Alam et al. (2012) mentioned that an effective
speckle pattern should contain shiack speckles with the sizasound 10 pixels, medium black
speckles around 20 pixelsnd large kack speckles around 30 pixels, while Sutton et al. (2009)

suggested that for accurate matching,sikes of speckles should laeger than 3x3 pixels.

Generally, vhenconcreteas underloading,a small amount of outf-planemotion may occur in

theconcrete surfac&Vhen using 2EDIC, the outof-plane motiortherefore inducgimageplane
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displacement gradient&/hich maycause false correlationshis problem can be solved by using

3D-DIC system or a telecentric lens in-ZDC system(Sutton et al., 2009).

Gencturk et al. (2014) us&D-DIC technique to evaluate prestressed concrete structure under
loading and summarized the advantaged limitation of DIC techniqueDIC technique is aon
contact method, and can provide accurate and detailed information #Hielfdillstrain

measuremestwhile the limitationis thatthe crack dimensionsannotbe measured by DIC.

2.7 Summary

In the literature, the evaluation of plastic shrinkage crackingswenerally based on
characterization of the cracks in term of maximum width, average width, total lengitgl area

in hardened concretBue to the limitation of the traditional crack measurement tooly,a few
research projects were conducteewaluate the process of plastic shrinkage cracking. By using
image analysis technique of crack border detectBamthia and Gupta (200®valuated the
development of plastic shrinkage cracking in fresh concrete by measuring the crack area at
different tme points throughout the experimdntrecent yeard)IC has been successfully applied
to analyze the cracking propagation in hardened concrete under |badizugse the deformation
measured by DIC can be described as a series of strain contoywmapgprovided more detailed
information So far, no work has be@onductedon analyzing the development of strains using
DIC methodon thesurface ofconcrete or cemermiaste duringhe process of plés shrinkage

cracking
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3 EXPERIMENTAL PROGRAM

3.1 Introduction

As ASTM standard C1579 is the ongxisting ASTM standard in regado plastic shrinkage
cracking, experiments were firstonducted conforming to ASTM standard C15B®veral
concrete specimens that were cast in the standard form were sep@ctelyin a drying
environment; howeveno crackng occurred.Although not successful, the chapter begins with
experiments performed on concretater, cement paste specimens that were cast in a much
smalker formadopted from Wang et al. (2001) weestedin this project A series of inages was
takenabove the specimen surface throughout each experiDkhanalysis was then performed
on these image#s DIC cannot measure the crack dimensjdhe images weralsoprocessed

using MATLAB to determie the crack area

As discussed in the literature revigplasticshrinkage cracking is influenced by concrete mixture
ingredients and proportions as well as its external drying envirorandntestraint condition#n

the experimera program cement paste specimensgth the same wi/c that werexposed to
different air temperatures, wind velocitiegeretested and investigatdulst. Then cement paste
specimens with different w/c that were exposed uniformdrying envionment were studied
Finally, research was conducted cement paste specimens with §ane w/c that were cast on

different restraint conditionsndtested in a uniforndrying environment.

In this chapter,the information on the materials,environmental conditiosy and camex
specificationds provided Specimen geometriesjixture proportionsand testing procedures are
descriled for each purpose separatdyMATLAB script developedo determine the crack area

and the image correlation software VRD are presented as well.
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3.2 Materials

The cement used in this work was commelgiaValable Type GU Portland cemefithe mixing
water was from two separate hot and cold taps in tloedédry and its temperatusgas controlled

at 30°C. Locally available crushedimestone with tle nominal maximum size of 14 mm and
naural sand with the finenessiodulus of 2.8 were used as coarsad fine aggregase
respectively. Sieve analysis thfe coarseand fineaggregates was conducted according to ASTM
Standard C13€136M-14, and botlthe coarse and fine aggregates met the grading requirements
specified in ASTM Standard C33/C33M8. The coarse aggregate had an ovendry rodded bulk
density of 1470 kg/f an ovendry specific gravity of 2.51, and an absorption of 0.8%. The bulk
density, specifi gravity, and absorption of the coarse aggregate were tested according to ASTM
Standard C29/29M-09 and ASTM Standard C125. The fine aggregate had areondry specific
gravity of 2.44and an absorption of@®%. The specific gravity and absorption of fime aggregate
were testedaccording to ASTM Standard C12%. The cement,coarse aggregate and fine
aggregte were stored in the labatoryenvironment more than 24 hours before use. Corrections

were made to compensate for moisture in and on the agesdgzfore mixing concrete.

3.3 Environmental conditions

An environmental chamber was fabricated to provide a hot, dry, and windy envirpasishbwn
in Figure 3.1Two electricalfan heatergplaced inthe environmental chamber warged to control
air temperatureAn electrical farwith three speed settings placgedhe environmental chamber
was used to achieve a minimumnd velocity of 4.7 m/s specifiein ASTM Standard C15793.
Air temperature, relative humidity, and wind velocity were measatad elevation about 10 cm

above the specimen surfamgaKestrel 430 canstruction weather tracker oGcretetemperature
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was measured kaydial pocket thermometer, while cement paste temperature was mortoaed

infrared thermometer.

R

amera

Air flow

Specimen

ELEVATION

Specimen

Fan

PLAN

Figure3.1. Diagram of test setup.

3.4 Camera Yecifications

The camera used in this work was igitdl singlelens reflexcamera(Canon EOS 5D) with a
standard prime lens. Canon EOS 5D has difathe CMOS sensor which carovide a resolution
approximately 12.8 megapmis. The standard prime lens leafxed focal length of 50 mm. The

f-stop, ISO, exposure time were set at 4, 400, and 1/20 second, respectively. These settings were
found by trial and error to ensure prop&pesure under the laboratory lighting conditions. All

i mages were taken and saved in Canonés CR2 ra
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3.5 Water evaporationtests

As discussed in the literature reviethie concrete or cemergaste surface is considered as
texturelesstructure. In oder to evaluatéhe strain evolution on a freshly cast concrete or cement
paste surface by using DIC, a black or wispgaypaint has to be applied mnthe concrete or
cement paste surface to create a unique spackle pattéinms project, a commerdig available
white spray paint was selected to create the speckle pattern. (Famapn is given in section
3.8) However, plastic shrinkage cracking is highly dependent omaghie surface dryingThe
spray paint appliednto the surface of a freshtgst concrete or cement paste specimendekay

or prevent the surface drying. Thus, it is necessary to study the effdat gfray paihon the

water evaporation ratf concrete in the first place.

A digital scale with a capacity of &y and an accuracy of 0.1vges used to measure the mass of
the concrete specimeipon drying. Due to the capacity of the digital scabeccete wasast in a
325 mm long, 215nm wide, and 60 mm degyastic form. Feshly castoncrete specimenwith
andwithoutthe spray paint weréghenseparatelyplacedon the digital scalen the environmental
chamber for the first 6 hours after pégrent The mass of concrete specimair temperature,
relative humidity, wind velocity, and concrete temperature were dedagvery 30 mirtes. The
water evaporation rate of concrete wdetermined by dividing the mass loss betwésn
successive mass determinatidnysthe surface area of the concrete specimentlae 30minute
time interval. The water evporation rate waalso calculaté by the water evaporation equation

(Equation 2 for comparison
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3.6 ASTM standard C1579 procedure

3.6.1 Specimen geometry

The speimen geometry used in this sectimas adopted frorASTM Standad C157913, as
shown in Figure.2 The four sides of théiorm were fabricated fromplywood, while the base of
theform and he risers were made afigid PVC sheetTheformwas560 mmlong, 355 mmwide,
and100 mmdeep. A63.5 mmhigh stressiiser was placed ithe center of théorm, andtwo 32

mm high stress risensere place®0 mminwardfrom both ends.

Figure3.2. Specimerform with stress risers

3.6.2 Testing procedure

The concrete used in this work was made up of water, cement, arehatgg; which did not
contain any supplementary cementitious materials or admixtures. A cement cod@ditkgint
was selectedwhich was intended to increase the likelihoodplastic shrinkage cracking. The

concrete mixture design is shown in Table 3.1.
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Table3.1. Concrete mixture proportions

Coarse Fine Aggregate
w/c Eli(zr/nn%;\t (\I:\é?:_::g; Aggregate (dry) (dry)

(kg/m®) (kg/mP)
0.50 460 230 853 693

Concrete was mixed bg pantype mixer in the labratory conforming toASTM Standard
C192/C192M14. Firstthecoarse aggregate and some mixing water were added to the mixer, and
mixed for a few revolutions. Thethe cement, fine aggregate, and the rest of mixing water were
added to the mixer. All ingredients were mixed for 3 minutes, followed by a 3 minutes rest, and a

2 minutes final mixing.

Freshly mixed concrete walsencast into thdorm in one layerNext, theconcrete specimen was
consolidated by vibrating table for about 20 seconddter consolidation, a straightige was

used to screed the concrete specimen for three times. The motion of screeding was perpendicular
to the stress riser. In order to obtaisraooth surface, the concrete specimen fleeged by a

trowel.

After finishing the concrete, thepray paint was applieonto the finished concrete surface. The
concrete specimenasg therplaced in theenvironmeral chamberin order to capture the whole
surface area of the concrete specimba,damera was fixed a wood frame approximatedp cm
above the concrete surfadmages wee captured from then onwards atihuteintervals. Air
temperature, relative humidity, wind velocity, and c@ate tempexture were recordeglvery 30

minutes.
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According to ASTM Standard C15718B, the experiment is teinated at the time of final set
Generally, the time of final sé$ less than 6 houfer normal concrete, so it is not necessary to
determine the time dinal set(Aldalinsi et al., 2013)In the experimentthe image acquisition

was terminated at 6 hours aftee concrete specimen was placedheenvironmental chamber.

3.7 Cement paste testing procedure

3.7.1 Specimen geometry

Theplasticform adoptedrom Wanget al. (2001) had a surface area of 179x187, and a deth
of 6 mm. A piece ofandpaper was attached to the bottom of the &mimg doublesided tapeln
order to eliminatéhe effect of water absorption by sandpaper, a type of waterproof sandpaper was

selectedDifferent grits of sandpaper were used to investigate restraint.

3.7.2 Testing procedure

The cement paste used inghvork was made up @ementand water Cement and water were
mixedfor 30 secondby an electrical mixeconforming to ASTM Standar@30514. The cement

paste vasthencast into the form with the sandpaper attached tddt®m. A straightedge was

used to levethe surface of the cement paspecimenAfter finishing the ement paste specimen,

the spray paint was applieohto the cement paste surface. The cement paste specimen was then
placed in the environmental chambEne camera was fixeid a copy stand approximately cm

above the cement paste surfdogages were captureddin then onwardat 10minuteintervals

After the time to first tack, images were captured aiminute interval for 10 minutes Air

temperature, relative humidity, wind velocity, and cement paste temperature were reverged
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30 minutesThe duration of drying fothe cement paste specimenswset as 90 minas based on

the size othe cement paste specimen.

For the set of experiments teaduate the effect of air temperatume plastic shrinkage cracking
cement paste specimens withvic of 0.45were testedeparatelyn the environmentathamber
with three different air temperatureBifferent air temperatures were achieved by adjusting the

settings of tweelectricalfan heaters inside the environmental chamber.

For the set of experiments to evaluate the effect of wind veloaitylasticshrinkage cracking,
cement paste specimens with a w/c of 0.45 were testedratelyn the environmental chamber
with three different wd velocities. Dfferent wind velocities werechieved by running the

electrical fan on different speeds.

For the sebf experiments to evaluate the effect of w/@tastic shrinkage crackingement paste
specimens with w/c of 0.35, @A40.45, and 0.6 were testedseparatelyin the environmental

chamber witlthesame air temperature, relative humidity, and wind valoci

For the set of experiments to evaluate the effect of substraghnesson dastic shrinkage
cracking, ement paste specimens with a w/c of 0.45 were cast on duct tape (without sandpaper),
No. 180 sandpape(fine), and No.40 sandpaper (coarse), anested separatelyin the

environmental chamber withesame air temperature, relative humidity, and wind velocity.

3.8 Image analysis techniques

In this project, two image analysis techniquesrevused to evaluate the behawvidrplastic
shrinkage cracking in cemehased marials. DICis based on tracking speckle patterns before

and after a deformation. As discussed in the literature rethewpncrete or cement paste surface
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is considered as a texturelessicture; ther@re, a unique speckle pattdras to be applied onto

the corerete or cement paste surfattowever, the principal idea of the MATLAB script is to
extract the crack contours by replacing pixels depending on grayscale intensitgrayscale
image, the wdgest intensity is black, while th&rongest is whé. As discussed isection 2.6.2,

the minimum intensity value is located in the center of the crack. In order to eliminate the effect
of thespeckle pattern on the resultiscrack areacomputedn MATLA B, white spraypaint wa

selected in this project

For image analysis purpacsse Canon6s CR2 raw I mages were con
distortion of each image was corrected in an irradjéng program, such as Photoshop. All the

images of the cemépaste specimens wereopped to &ize of 3003x2336 pixelsnly including

the cement paste surfada the following sections, theethils onthe MATLAB saipt and the

software VIG2D are presented.

3.8.1 MATLAB script to determine crack area

The MATLAB script was written basgeon Qi et al. (2003) and Bdna and Gupta (2009). Figure

3.3shows an example dfi¢ image processingocedurausingMATLAB.
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a. Original Image b. Grayscale image

c. Binary Image d. Cleaned Image

Figure3.3. Image processingrocedurausingMATLAB: (a) original image, (b) grayscale

image, (c) binary image, (d) cleaned image.

First, the original image was converted to a gragsitaage, as shown in Figure 38 and (b).

Then, the grayscale image was converted to arypimaage, as shown ifigure 3.3(c). To

complete this step, a level value ranging between 0 and 1 should be specified in MATTN&AB.

pixels with the intensity values less than the levete replacedy the black pixel (value Qxand
all other pixelsvere replacety thewhite pixel (value 1) Thus, the crack waesxtractedas a black

contour in a white backgroundihe selection of the level value wdse pendent on
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judgement. In this project,lavel value of 0.30 was selectbdsed othe comparison betwedine
crack contoursn theoriginal image and thbinary images obtained usiwifferent level values
As shown in Figure 3.4hecrack contours displayed in thenary image obtained using the level
value of 0.8 were relatively clearwhile some crack contoussere eroded when ugrthe level
value of 0.25, anthe crack ontours were hard to distinguistom the background when using

the level values of 0.35 and 0.40.

Binary Image (level, 0.25) Binary Image (level, 0.30)

Binary Image (level, 0.35) Binary Image (level, 0.40)

Figure3.4. Binary images obtained ugithe level values of 0.25, 0.30, 0.35, and 0.40.
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In order to count the pixels inside the crgddack pixelqvalue O)and white pixelgvalue 1)were
reversedAs shown in Figure 3.8), other than the crack contsusome black points were also
extraded in the binary imagbecause othe surface voids that were formed dwithe drying

process showing similar grayscale intensitiethe cracks. Thus, thenary image was cleaned by

a MATLAB function which the objectdewer than 8 pixels (default wed) wereremoved, as

shown in Figure 3.8d). By doing so, the pixels inside the craclan be counted. Before starting

the experiment, a crack comparator was placed beside the cement paste specimen. A calibration
factor can be established by countingghesls in a known area in the crack comparator; therefore,

the crack area can be determin€de MATLAB script is presented in Appendix A.

As shown in Figure 3.@l), even thagh any connected points fewtan 8 pixels were removed,
there were still somésolatedpoints can be seen in the cleaned image. Thus, the crack area
computed in MATLAB als included the area of sont@rge air pockets as a result of surface
drying.Asthe crack contours wesxtractel based on grayscale intensitiasy changes in surface
color of the specimen orbaratory lighting conditions couldause the fluctuadins of the results

computed ilfMATLAB.

3.8.2 VIC-2D

VIC-2D is an easy to use image analysis software based on DIC. It esanma@plane strains

from 50 microstrain to 2000% strain of evelgtapoint within the measurement ar@dC-2D
Reference Manual, 2009)he images were first opened in the V20 software. The image taken

at the beginning of the experiment was sehaseference image. An area of interest (AOI) was

then selected on the reference image. The subset size controls the size of each data point that is

used to track the displacement between images. Each data point is separated from the next by the
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step siz€VIC-2D Reference Manual, 2009)he default subset size is 21, and the default step size

is 5. According to Sutton et al. (2009), to ensure accurate correlation resultsdata poirfsubset

size x subset size) shoutdntain at least three specklesdadhe step size should be roughly ¥4 of

the subset sizén this project, the subset size and the step size were set as 63 and 15, respectively.
Figure 3.5shows the partial enlargement viehaspeckled image with a griof 63x63 jxels. As

shown inFigure 3.5 each data poirdontainecdht least 3 specklek case that the wet surface and

the wind may break down the speckle pattern, incremental correlationhassn¢ which each

image wasorrelated to the previous image rather than the referengeima

Figure3.5. Partialenlargedview of aspeckled image with a griof 63x63 pixels.
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4 RESULTS AND DISCUSSION

4.1 Introduction

In this chapterthe results othewater evaporatiotest arepresentedirst. The water evaporation
rates of concrete calculated by mass loss and the water evaporation e(fogiation 2 are
compared. The effect dhe spray paint on the water evaporati@te of concrete igliscussed.
SecondtheDIC aralysisresultsand crack sess computedn MATLAB arepresentedA set of
image analysis resultdy both techniquess used to explain the process of plastic shrinkage
cracking. The effects of air temperature, wind veigan/c, and substrate roughness plastic
shrinkage crackin@re discussed. Finallya s¢ of DIC andysis results is used to discuds
reasons thaho crackng occurred in the concrete spmensprepared conforming t&ASTM

Standard C1579

4.2 Evaluation of the water evaporation equatio

In this section, the water evaporation ratéshe concrete specimgB25x215x60 mmjyvithout
spray paint were calculated by mass loss and the veaggsoration equation (Equatior), 2
respectivelyThe value calculated by mass losthis actual water eporation rat®f concrete for
each 3minutetime interval, while the valuealculated by the water evaporation equaitdrased

on simultaneous air and concrete temperatures, relative humidity, and wind vedooitgied
every 30 minutesThe resultsare presented in Figure 4.The details on the environmental
variables and thevater evaporation ratégr the concrete specimens with and without spray paint

are presemdin Appendix B(see Tables B.1 and B.2)
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Figure4.1l. Waterevaporation rates calculated by mass loss and the water evaporation equation

in the first 6 hours.

Bakhshi and Mobasher (2011) divided the early age drying of cemaset materials into two
stage(stage | and stage Il). In stageHecementbased materialsad a constant watevaporation
rate, while stage Nvas an decreasing water evaporation rate pefisghown in Figure 4.1he
water evaporation ratesalculated by both meths werealmog constant andimilar in the first
90 minutes after starting the experimanticating the cocrete specimen was in stagerying.
After that,the actualvater evaporation radroppedgradually indicating the cocrete specimen
entered stage Itirying period. Howeverthe water evaporation ratealculated by the water

evaporatiorequationincreasedignificantlyover time

The actual water evaporation radecreased over time becauke water contentn the concrete

surface reached a criticahlue (Bakhshi and Mobasher, 201F)gure 4.2 shows thair and
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concrete temperatwséhat were monitored during the experimefss shown in Figure 4.2he

concrete specimen began to increase in temperature due to the heated air approximately 90 minutes
after starting the experimemtccording tothe waterevaporation equatiofequation 2, concrete
temperature is positively correlated with tvater evaporationate therefore, a rise in concrete

temperature increaseéide valuesalculated by the water evaporatiequationafter 90 minutes.
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Figure4.2. Air and oncrete temperatures in the first 6 hours.

It is also worth mentioning thalhe concrete temperatutead ro apparent chrage in the first 0
minutes.In theexperiment, the measuremgwof concrete temperature weagenby adial pocket
thermometerlt is widely accepted that ater has higher specific heat capacity than concrete
thereforejt took time to heathe concretespecimenn the beginning of the experimethte to the
presence of wateAnotherreasonable explanation could be tlmperatureise caused by thbot

air and cement hydratiomas offseby the temperature drop causedshbyfacewater evaporation.
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As aresult a rise in concreteemperature not only causeavalid water evaporation rates
calculated by the water evaporation equation, but also indicated that there was less water to

evaporate from the concrete surface at this time.

4.3 Effect of spray paint onwater evaporation rate

The results othe waterevaporation rates dhe concrete specimens with and without spray paint

calculated by mass laszs a function of timeare presented in Figure 4.3
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Figure4.3. Water evaporation rates thfe concrete specimarwith andwithout spray paint in the

first 6 hours.

As shown in Figure 4.3he water evaporation rate thie concrete specimen with spray paint was
slightly lower than that afhe concrete specimen wibhit spray paint in the first 180 minutes after
starting the experimenAs discussed in section 2.4vhen the water evaporation rate of concrete

exceeds 1 kg/fh, plastic shrinkage cracking is likely to occ@ompared with the water
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evaporation rate ahe concrete specimen without spray paint that was higher than #/tkgm
the first 90 minutesghe decrease in the water evaporati@ateduring this timecould reduce the

likelihood of plastic shrinkage crackingtine concrete specimewith spray paint

After 180 minutesthe water evaporation rabé the concrete specimenith spray painbeganto
exceed the water evaporation rateheconcrete specimen without spray paintthe first 6 hours,
the percerages of total mass los®r the concrete specimens with and withsptaypaint were
2.96% an®.79% respectively The percentages of mass loss in the 1i8§ minutes to the total
mass Igs for the concrete specingewith and withoutspraypaint were 7171% and 82.05%,

respectiely.

Even thoughtie spray paint increased the total amouniafter evaporateffom the concrete
surface it somewhatdelayed the water evaporation in the first 180 minutes after starting the
experimentAccording to Slowik et al. (20Q8the risk of plastic shrinkage cracking reaches its
maximum when air stasto penetrate the ga between the solid particles near the top surface of
concrete.Thus, adelay inwater evaoration which may delay th#me of air penetratiocould

also reducehe likelihood of phstic shrinkage cracking thecorcrete specimen with spray paint.

4.4 Evaluation of the process of plastic shrinkage cracking

In this sectionthe image analysis resulty MATLAB and VIC-2D of thecement pste specimen
with a w/c of 0.9 are presented and discussadorder to investigatéhe process of plastic
shrinkage crackinglhe average air temperature, relative humidity, and weldcity during the

experiment were 42.5 °C, 14.9%, and 8VE, respectively.
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Figure 44 shows thecrack areaof the cement paste specimduaring the experimentin the
experimentthefirst crackoccurred a8 minutes after starting the experimétawever, ashown
in Figure 44, the values of crack aremmputed inMATLAB were not zero before the tinte
first crack indicatingthat some largair pockets were formeagpon dryingbefore the first crack
occurredAfter the time to first crack, the craekea increasesignificantlyin the next 12ninutes
growing from 20.59 mrA to 63.44mm. Then the crack areincreased slowly andventually
stabilized As discussed in section 3.8tlhereason thathe crack areacreasedt the termination

of the experimentould be the changes in surface color of the cement paste speporedrying
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Figure4.4. Crack areaf thecement paste specimen with thk 0.4 over time

In order to investigatthe process of plastic shrinkage crackiaggeries ofmage anajsis results
by VIC-2D is presented and discussed in the following paragraphen using DIC to evaluate

plastic shrinkage, plastic settlement can be considered -ad-plaine motionwhich may cause
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false correlationsHowever as discussed in the literature reviemlastic setement mainly
occurredbefore plastic shrinkage. In additiothe incremental correlation waiosenin this
project. Thus, the effect of plastic settlement on the correlatsuttses assumed negligiblethis

project

In the experimenthie direction of wind flow was parallel tthe longer side othe cement paste
specimen The orientationparallel to the wind direction wasdefined as »direction, and the
orientationperpendiculato the wind directionvasdefined as ydiredion. An arbitraryhorizontal

line wasdrawn alonghe centepof therectangular correlated imagésgures 4.5to0 4.12show the
original images, binary imagespntour maps of stragnin the x-direction (&), and figures
showingthe e of 101 datapointsonthe horizontaline at differentpointsin time throughout the
experimentlIn the figuresa positive valuandicates tensile strain, while negative valuelicates
compressive strai(VIC-2D Reference Manual, 20Q9)he size of the images w&003x2336
pixels. The scale of the images wh& 10 pixels/mm. For the contour maps, tbéor scale is the
same for all images with red indicating maximum tensile strain and purple indicating maximum

compressive strain.
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Figure4.5. Original imageg(a), binary image (b)contour map of & on the cement passeirface

(c), andex onthehorizontal line(d) at the beginning of the experiment
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Figure4.6. Original imagega), binary image (b)contour map of & on the cement passarface

(c), and ex onthe horizontal lingd) at 10 minutes after starting the experiment

As shown in Figure 4,5t the beginning of the experiment, no straithe x-direcion occurred,

and the g on the horizontal line were zerden minutes later, as shown in Figure 4t6e
compressive strains ithe x-directionaccumulated near the two shorter sides of the specimen,
indicating that the cement pagsieganto shrink from the edges of the fornm the meanwhile
some tensile strains the x-direction can be seen in the middle part of the specimen, indicating
that a tensile stress was developed duihéshrinkage differenceetween the surface and the

bottomof thecement paste specimen.
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Figure4.7. Originalimage (a)binary image (b)contour map of & on the cement passarface

(c), and ex onthe horizontal lingd) at 28 minutes after starting the experiment.

As shown in Figure 4.7, mommpressive strains in thedkrection accumulated near the two
shorter sides of the specimen as a result of further shrinkage. In the experiment, thddast sur
crack occurred a8 minutes after starting the experiment. The tensile strains indirection
accumulated in the area near the crack, making the crack distihetéoritour map. Accordingly,
apeakin e occurred on the horizontal linehichcorresponded to the crack location. This process
can be explained as a strain locali@atakirg place on the specimenrface due to the increasing

shrinkage difference between the surface and the bottom of the cement paste specimen.

67



exx [%:] - Lagrange
2.30

0.91

-0.47

-1.86

(@) ()

XX

. ! ‘ ‘ . 0.04
0 500 1000 1500 2000 2500 3000
Distance (pixels)

(b) (d)
Figure4.8. Original image (a), binary image (b), contour map,eb@a the cement paste surface

(c), and &x on the horizontal line (Bt 30 minutes after starting the experiment.

After the occurrence of the first crack, the tensile straittsar-direction continued to accumulate
in the area near the crack, and the peak valug@inethe horizontal lineontinued to increase.
On thelower left part of the cement paste specimen, the second surface crack oatBfed
minutes after starting the pariment, as shown in Figure 4/though the crack does not intersect
with the horizotal linealong the center of the imagee small amount of tensile strain canseen

due to its formation (at approximatel$0 pixels from the edge).
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Figure4.9. Original image (a), binary image (b), contour map,eb@a the cement paste surface

(c), and & on the horizontal line (Bt 32 minutes after starting the experiment.
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Figure4.10. Original image (a), binary image (b), contour map,ea the cement paste surface

(c), and & on the horizontal line (Bt 34 minutes after starting the experiment.
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Figure4.11. Original image (a), binary image (b), contour map,ea the cement paste surface

(c), and & on the horizontal line (cBt40 minutes after starting the experiment.
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Figure4.12. Original image (a), binary image (b), contour map,ea the cement paste surface

(c), and & on the horizontal line (Gt 90 minutes after startinpe experiment.

As shown in Figure4.9and 410, the thirdcrackandthe fourth crackcan be seeim the contour
maps aB2 and 34 minutes after starting the experiment, réispéc Accordingly,another two
peals inex occurredbn the horizorsdl line.As shown in Figure4.11 and 4.12more tensile strains

in the x-direction accumulated in the area near the thirdck and the fourth crack until the
termination of the experimenit can be noted that crack formation intersecting the horizontal

center Ine resulted in sharp peaks; whereas the crack at the lower left not intersecting the line

resulted in a more dispersed peak.
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At the terminationof the expement, four peals in ex occurredon the horizontal linewhich
corresponded to the firstack thesecond crackhethird crack andthe fourth crackFigure 4.13

shows the developmesf three pealex on the horizontal linever time The second small peak

is not shown.
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Figure4.13. Developmerg of three pealex on the horizontal linand crack areaver time

Thelocation of thefirst peak & corresponded to the first crackiter the first crak occurred at
28 minutesthefirst peake continued to increaseand reached itkighest pointat 30 minutes.

Then, theirst peakexw decreased slightjyandflatterned after40 minutes.

Thelocation of thehird peak g corresponded to the third cradkhen thdfirst peakex began to
decrease, thehird peakex started ¢ increaseThe location of théourth peak g corresponded to
the fourth crackThe fourthpeak e« then experienced a similar trenddhenthe third peakexx

began to decrease, tfmirth peakeu startel to increase
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Basal on thecontour mapsn Figures 4.5 to4.12 the compressivetsains inthe x-direction first
accumulatedn the areanearthe both shortersides of the specimemdicating that theement
pastebeganto shrinkfrom the edgespon drying A strain localizatiorthentook placedue to the
shrinkage difference between the surface and the bottom of the cement paste spelgiamen
resulted in the first craclifter that thetensile straiain thex-directioncontinued tcaccumulate
in the area nedhe crack; thereforehefirst crack beame widerand deepeAs shownin Figures
4.4 and4.13 the crack area increassmnificantly after the time to firstrack which correlated
well to the developments direepeak strainsWhen thefirst crackpenetratd to a certain depth,
the surface ofthe cement pastgpecimenwasthendivided intotwo independenpars. At this
point, the first crackcan be considered #se edge of eachnew part With continuous drying
eachpartthenrepeagdthe processof the first crack The tensile straing the x-directionin the
area near thérst crack werethen offset by the compressive straimghe x-directioncaused by
shrinkage.Thus a drop can bseen aftethe first and thirdpeakew reacled their highest points
When the cement paste reachedhankage limit,the curve of three peale on the horizontal

line flattened.

Theoretically the major principal strain represents the maximum normal straidaagpoint. As
the tensile straineccumulatedmainly in the area near theacks, the contour map ohajor
principal strais can be used to demonstrate the cracks that occurred ineddtioins,and the
degree of tensile strain accumulation can be used to iedicatcrack dimensionas shown in

Figure 4.14
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Figure4.14. Original image andantour map of major principal stramtthe termination of the

experiment.

4.5 Effect of air temperature on plastic shrinkage cracking

In this set of experimentshe cement pastgpecimenswith the samew/c of 0.45 werdested
separatelyn the environmental chambetith threedifferent air temperatuse Three different air
temperatures were selected based on different concrete construction conditions during summer
season. The room tempenagus the ideal air temperature for concrete construction; the medium
temperature is the air temperature when precaution plans should be planned in advance; and the
high temperature is intended to simulate the extreme high air temperature encountergdan su

The environmental variables are shown in Table Bhk details on the envinmnental variables

and thewater evaporation ratder all the cement paste specimens presemdin Appendix B

(see Tables B.3 to B.13)
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Table4.1. Average air temperature, relative humidity, and wind velocity during the experiments

for the @ment paste specimeeasposed tdhree different air temperatures

Experiment AlT RH Wind Velocity
. : Temperature
Designation °C) (%) (m/s)
RoomTemperature 23.7 29.0 10.3
Medium Temperature 32.7 21.3 10.1
High Temperature 42.6 11.8 9.8

As the moisture content in the air remains constte relative humidity changes as air
temperatures change. As shown in Table 4.1, increasirgrttemperature in the environmental
chamber decreasele relative humidity. A discussed in sechat.2, thespecimen can bieeated

by the hot aiduring the experiment. According to the waggaporation equation (Equatiolp 2

rise in air temperaturbowers the water evaporation raié concrete; however, the decrease in
relative humidity and increase in concrete temperature as a side effect of increasing air temperature
minimize the effect of air tempera&on the water evaporation ratieconcreteln this section, a
combined effect of air temperature, relative humidity, and cement paste temperature on plastic

shrinkage cracking is discussed.

As discussed in section 4.3, the spray paint applied onto the specimen surface may decrease the
likelihood of plastic shrinkage crackindn order to compare thenage analysis results between
cementpaste specimens, the influerufethe speckle patteron the water evaporation raté the

cement paste specimshould be consistentor each cement pastpecimen, the percentage of

the speckle pattern coverage at the baigop of the experiment was computedMATLAB. The

level value was selecteab 0.70. As shown in Figure 4,1t&e white points indicate the speckle

pattern, while the black color indicatéhe cement paste background.
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Binary Image (level, 0.70)

Figure4.15. Binary image of the speckle patterithe cement paste specimen exposed to the

high air temperaturat the beginning of the experiment.

The results of the spe&kicoverages of the cement paste specimens that were exposed to three
different air temperatureare presented in Table 4.Zhe average speckle coverage and the

standard deviation were 25.27% and 1.54%, respectively.

Table4.2. Speckle coverag®f the cement paste specimens exposed to three difarent

temperatures.
Experiment Speckle Coverage
Designation (%)

Room Temperature 23.82
Medium Temperature 26.89
High Temperature 25.11
Average 25.27
Standardeviation 1.54
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Figure 4.16shows the crack area of thecement paste specimens that were exposdtré
different air temperaturesver time As shown in Figure 4.18he crack areasf thecement paste
specimesexposed téthe roommedium, andhigh air temperaturgbegarto increasaignificantly
at62 minutes, 52 minutes, and Bilnutes after starg the experimentsespectivelywhich were
slightly earlierthan the time tahefirst visible crackof 63 minues, 52 minutes, and 40 minutes
As disaissed in sections 3.8ahd 4.4this is mainly attributetb some largair pockets that were

formed before the first crack

The crack aresthenincreased significantly in the following 11 or 12 minut8pecifically, he
crack area of the specimérat was exposed theroom temperaturscreasedrom 4.12 mm to
38.12 mm in 11 minutes;he crak area of the specimesxposed to the medium air temperature
increased from 3.78 mito 66.58 mmMin 12 minutes; ad the crak area of the specimaxposed

to the high air temperature increased frdf12 mnd to 106.80 mrin 12 minutes. After the
significantincrease, the crack area of each speciat@ost stabilizedintil the terminatiorof the

experiment.
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Figure4.16. Crack aresof the cement paste specimenxgposed to three differeatr

temperaturgover time.

Based orFigure 4.16 a rise in air temperature decreased the time to first crack, and indteased
totalcrack area on theement pastsurface at the terminatiat the experimen€igure4.17shows
the maximumand minimumstrains inthe x-direction (&x) on the cement paste specinsethat
wereexposedd three different aitemperaturgeover time.As mentoned in section 3.8, strains
werecalculated at everglatapoint location withinthe AOI by VIC-2D; thereforethe maximum
and minimum g represergdthe maximumexpansiorand compressiom the x-directionwithin

thedatapoints on the cement pasterface.
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Figure4.17. Maximum and minimum strains the x-direction of the cementgste specimens

exposed to three differeatr temperaturgover time.
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The minimum ex representshe maximum compressive straim the x-direction As shownin
Figure 4.17 all the maximum compressive stram the x-directionon three specimenkad a
similar significantincreasen the first 10 minutes after starting the experiméter that, all the
maximum compressive stranin the x-direcion increased slowly. At the terminatiaf the
experiments, the mamum compressive strasin the x-direction onthe cement pastpecimens
exposed tothe room, medium, andigh air temperatusewere 5.15%, 5.61%, and 4.70%,

respectively.

As the cemant paste specimensith thesame w/c have theame amount of water conterthe
maximum contraction capacifgpace)oetween two cement particles causedshyface drying
shouldbe the same As discussed in section 4.the temperature of the specimgas not easily
affected bylie hot airin the beginning of the experimeiaind the water evaporation equation was
only valid during thisperiod The water evaporation rates calculated by the water evaporation
equation(Equation 2 of thecement paste sprensexposed taheroom medium, andhigh air
temperature at time zerowere 1.72 kg/nt/h, 1.60 kg/n/h, and 1.89 kg/Ath, respectivelyin
addition, & discussed in section 4.the compressive strains ihe x-directionfirst accumulated

in the area near the edgelhe reason thata similar significant increaseof the maximum
compressive stmas inthe x-direction(minimum &x) could be that the water evaporation rates of
threecement pastspecimens wereelativelyhigh andsimilarin the first 10 minutes after starting
the experimentghusresulting ina similar large contraction between the cement particiethe

area near the edges

However, when air temperaturebeganto affect cement paste temperatueehigher water

evaporation rate wasxpected in the cement paste specimwéh a higher temperature, which
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increasedhetotalamount othecompressive stragin thex-directionon the cement passerrface,

thus increasing the crack area, as shown in Figu&
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Figure4.18. Contour maps ofygof the cement pastpecimens exposed ta) room
temperature, (b) medium air temperature, and (c) aigtemperaturatthe terminatiorof the
experiments.
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The maxmum ey represents the maximum tensile strain in thdirgction. As shown in Figure

4.17, the maximum tensile strains in thedixection on the cement paste specimens that were
exposed to the room, medium, and high air tempehateasignificantincrease ab3 minutes,

52 minutes, and 41 minutes after starting the experiments, respectively, which corresponded to the
time to first crack. At the termination of the experiments, the maximum tensile strains in the x
direction on the cement paste specimérat were exposed to the room, medium, and high air

temperaturewere 2.67%, 7.58%, and 5.00%, respectively.

When air temperature begém affect cement paste temperatadhigher water evaporation rate
wasexpected in the cement paste specimen with a higher temperature. The sutiecemient
paste specimen that was exposed to theehnigin temperature first dried out, which resulted in
earlier first crackHowever, a rise in cement paste temperatige iacreased the rate of cement
hydration, thus increasy the tensile strength afement paste to resi deformation, so the
maximum tensile and compressive strains in td@ectionon the cement paste specimen that was
exposedo the high air temperatei were lower than thosd# the specimen that was exposed to the
medium air temperature. Even thoutfie cement paste specimen exposed to the medium air
tempeature had the highest maximum tensile and compressive strains iadtrection the
overall shinkage vas less than that of tlepecimen exposed to the high smperature, thus

havingasmallercrack area.

4.6 Effect of wind velocity on plastic shrinkage cracking

The effect of wind velocityn plastic shrinkage cracking ssudied in this section. Teée cement
paste specimewith thesamew/c of 0.45 were tested in the environmental charobbrvarying

thewind velocity.Air temperature ancetative humidity varied slightlipetween experiment¥he
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average air temperature, relative humidity, anddwielocityduring the experimentse shown in

Table 4.3

Table4.3. Average air temperature, relative humidity, and wind velocity duhegxperiments

for the @ment paste specimeesposed tahree different wind velocities

Experiment Al RH Wind Velocity
. : Temperature
Designation °C) (%) (m/s)
Low Wind 39.7 13.1 4.8
MediumWind 41.1 11.8 7.6
High Wind 42.6 11.8 9.8

The results othe speckle coveraged the cement paste specimens that were exposed to three
different wind velocitiesire presented in Table 4.4. The average speckle coverage and the standard

deviation were 25.27% and 1.44%, respectively.

Table4.4. Speckle coveragef the cement paste specimens exposed to three different wind

velocities.
Experiment Speckle Coverage
Designation (%)

Low Wind 26.78
Medium Wind 23.92
High Wind 25.11
Average 25.27
Standard Deviation 1.44
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Figure 4.19shows thecrack areas of theement pastspecimens that were exposed to three
different wind velocitie®ver time The timeto first crak of three specimerexposed to thiow,
medium, anchigh wind velocitiesvereat 85 minutes, 45 minutes, and 40 minutes aftartiag

the experiments, respectiveliks shown in Figure 4.19the crack areas of the cemguaste
specimengxposed to the magn and high wind velocitiebeganto increase significantlgt 42
minutes and 37 minutes after starting the experiment, respectively, which were slightly earlier than
the time to first crackAs discussed in section 4this is mainly attributetb some largair pockets

that were formed before the first crack.
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Figure4.19. Crack aresof the cement passpecimens exposed to three different wind

velocitiesover time

The crack area of the cement paste specimen that was exposed to the medium wind velocity then

increagd from 10.77 mmto 56.74 mmin 13 minutes, and the crack area of the cement paste
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specimen that was exposed to the high wind velocity increased from 1521@m@6.80 mrhin
12 minutes. After the significant increases, the crack areas of the centersgesmens that were
exposed to the medium and high wind velocities almost stabilized until the termination of the

experiment.

Unlike the curves of the cement paste specimens that were exposed to the medium and high wind
velocities, the crack area ofetltement paste specimen exposed to the low wind velocity did not
have a significant increase after the time to first crack, and the crack area at the termination of the
experiment was only 13.46 mpindicating that the cement paste specimen exposed fowhe

wind velocity had relatively small and thin visible cracks, as shown in Fgaee

Cleaned Image (low V)

Figure4.20. Crack contours of the cement paste specimen exposed to the low wind velocity at

the termination of thexperiment.
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Based orFigure 4.19 a dropin wind velocity significantly delayedhe ime tofirst crack and
decreasedhe crack arear even prevented the crackimg the cement pastesurface at the

terminationof the experiment.

Figure 4.21 shows the maxum and minimum & of the cement paste specimens that were
exposed to three different wind velocities. As shown in Figure 4.21, all the maximum compressive
strains in the xdirection of three specimens increased significantly in the first 10 minutes afte
starting the experiment. According to the water evaporation equation (Equation 2), a rise in wind
velocity increases the water evaporation rate. The water evaporation rates calculated by the water
evaporation equation (Equation 2) of the cement pastansees that were exposed the low,
medium and high wind velocities at time zero were 1.03 kiy/m.51 kg/r¥h, and 1.89 kg/h,
respectively. Due to the relatively low water evaporation rate of the cement paste specimen that
was exposed to the low win@hocity, its maximum compressive strain in thdisection was the

lowest one among the cement paste specimens in the beginning of the experiments. The actual
water evaporation rate of the cement paste that was exposed to the low wind velo@tenieey

lower than the critical 1 kg/fth with the influence of the spray paint applied onto its surface,

whichresulted in small and thin cracks the cement paste surface.
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Figure4.21. Maximum and minimum strains the x-direction of thecement paste specinmgen

exposed to three wind velocitieger time
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As discussed in section 4.5, the cement paste specimens with the samae wimilamaximum
compressive strains on the specimen serfapon dryingAt the terminatiorof the experiment,
the maxmum compressive strasnn the x-direction of three specimens that wesgosed to the
low, medium and high wind velocitieaere4.02%, 4.04%, and 4.7Q%espectivelyHowever, a
rise in wind \elocity increased the total amouot water evaporated from the cement paste
specimen, which increased the total amoubaofpressive stragin thex-directionon the cement

pastesurfacethus increasing the ark area, as shown in Figure 4.22
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Figure4.22. Contour maps ofygof the cement passpecimens exposed to (a) low wind

velocity, (b) medium low velocity, ana) high wind velocity at the terminatiaf the

experiments.
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The maximunew can be used to inditathe cracking formatioon the cement passeirface. As
shown in Figure 4.21the maximum & on the cement pasgpecimens that were exposedhe
medium andhigh wind velocities increased significantht 44 minutes and 39 minutes after
starting the experiments, respectively, which corredpd to the time to first crackhe maximum
ex of the cement paste specimen that was exposed to the low windltyelid not have a

significantincreaseébecause athe smalland thincracks on the specimesurfae.

4.7 Effect of w/c on plastic shrinkage cracking

The cemenpastespecimens with w/c varying from 0.35 to 0.&ere testedseparatelyin the
environmental chamber. The results of the cracksasma DIC analysisare presented and
discussed in this sectiohhe average air temperature, relative humidity, and wind velocity during
the experiments wed#2.9°C, 14.7%, and 9.4 m/s, respectivele results of speckle coverages
are presented in Table 4.5. The aversigeckle coverage anke standard deviation were 19.03%

and 0.8%, respectively.

Table4.5. Speckle coveragef the cement paste specimewith different w/c.

Experiment Speckle Coverage
Designation (%)
w/c 0.35 19.16
w/c 0.40 20.20
w/c 0.45 18.20
w/c 0.50 18.56
Average 19.03
Standard Deviation 0.87
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Figure 423 showsthe crack areas of the cement pagtecimenswith different w/cthat were
exposed to ainiform drying environment over timéAs shown in Figure 4.23he time to first
crack of the cement paste specimens with w/c 0.39, 0.45, and 0@ wereat 25 minutes, 28
minutes, 36 minutes, and 40 minuad®r starting the experimentespectivelyAt the termination
of the experimets, the craclareas of the cement paste specimens with w/c 0.3, @45, and
0.50 were 53.16mrf) 86.28mm, 111.8mm, and 145.2 mR&) respectivelyThis is in agreement
with the previous rgearch that a rise in w/c delayte time to first crack and ineased the total

percenageof crack area (Almusallam et al., 1998).
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Figure4.23. Crack aresof thecement paste specimens with differet over time

Figure 4.24shows the maximum and minimunx en the cement paste specimens with different
w/c varying from 0.35 to 0% As shown inFigure 4.24 the time that the maximumxeof each

specimenbegan to increasesignificantly corresponded to the time to firstack A rise in wc
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increased the maximu tensile and compressigrairs in the x-direction on the cement paste
surface. At the terminationf the experimentdhe maximum tensile strains the xdirectionof
the cement paste specimens with w/c 0.35, 0.40, 0.45, and 0.50 were 2.70% 43688%8p,and
7.40% respectivelyandthe maximum compressive strain thex-directionwere 3.11%, 3.85%,

7.14%, and 7.87%espectively.
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with different w/cover time
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According to thewater evgoration equation (Equation),2the cement paste specimenih
different w/c that were exposed taaiform drying environment had treame water evaporation
rate in the beginmg of the experimend. However, a rise inw/c increasedthe maximum
contraction capacity(space) between the cement particles, thus increadimg maximum
compressive straion the cement paste surfaae drying occurredt is generally agreed théte
bleeding rate of cement paste is determibgadement contentand arise in w/cincreasedhe
bleeding rateThus, the surface ¢fiecement paste specimen with lower w/c first dried out, which
resulted inearlier first crack Even though the cemenagie specimen with lower w/c cracked
earlier, the total amourtf water evaporated from the specinvess less than thaf the cement
pastespecimerwith higher w/c.In addition thecement pastspecimerwith lower w/c hachigher
tersile strength to redisieformation which resulted ira smaler crack are@n the cement paste

surface.

4.8 Effect of substrateroughnesson plastic shrinkage cracking

In this set of experiments, the cement paste speciménthesamew/c of 0.45were cast on three
substrateondtionswith different roughnessiamely without sandpapé¥o. 180 sandpaper (fine),
and No. 40sandpapefcoarsg. The average diameters of No. 180 and No. 40 sandpaper grit
particles are 82 & m acankentpadtdpecamens warbdeeateseeditai vel y.
uniform drying environmentor 90 minutes. The average air temperature, relative humidity, and
wind velocity during the experiments wet2.0eC, 11.2%, and 9.8 m/sespectivelyThe results

of speckle coverages are pregehin Table 4.6. The average speckle coveragehandtandard

deviation were 22.41% and 2%3respectively.
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Table4.6. Speckle coverag®f the cement paste specimens cast on three different substrate

condtions.
Experiment Speckle Coverage
Designation (%)
Without Sandpaper 21.72
No. 40 Sandpaper 20.40
No. 180 Sandpaper 25.11
Average 22.41
Standard Deviation 2.43

Figure 4.25shows the ack areas of the cement paste specinsassorthreedifferentsubstrate
conditions oer time. As shown in Figure 4.2he time tdirst crack of the cement paste specimens
that were cast on duct tageithout sandpaper), Nd.80, and No. 40 sandpafpewere at 38
minutes, 40 mings, and 38 minutesespectively. iecrack areasf the cement passpecimens

at the termination of the experimemtsre 105.7 mrf) 135.6 mmi, and107.6 mn3, respectively.
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Figure4.25. Crack aresaof thecemer paste specimens cast thimeedifferent substrate

conditionsover time

Theoreticallythecement pste specimens with tkame w/c that were exposedataniformdrying
environment had theame water evaporation rate and same amount of water evaporated from the
cement pastepe@mens. According to Slowik et al. (2008), the risk of plastic shrinkage crgcki
reaches its maximum wheair starts to penetrate the gapstween the solid particles. Thus

different substrateoughnesslid not affect the time to first crack.

Asdiscussed in section 4.4, the cement paste spedegaro shrink from the edges upon drying.

A shrinkage difference then existed between the surface and the bottom of the cement paste
specimenwhich resulted in strain localization and cracking. Foicdraent paste cast on the duct

tape (without sandpaper), the stkage difference was only causedthg different evaporation

rates between the suriaand the bottom of the cement paste specifiea fine sandpaper that
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restrained the shrinkage at thétbm increased the shrinkage differentmis increasing the crack
area However, the coarse sandpajpeovided morerestraint higher into the specimelepth

which decreasetthe shrinkage differencéhus decreasing the crack area

Figure 4.26shows themaximum and minimumygon the cement paste specimens cast on three
different substrate condition8s shown in Figure 4.2t the termination of the experiments, the
cement paste specimen that was cast on No. 40 sandpaper bathllest maximum tensikend
compressive stragpn the cement paste surface, which were 2.87% and 3.41%, respectively. The
cement paste specimen that was cast on No. 180 sandpaper had the langasthnexsile and
compressive stramon the cement pasterface, which were 5006 and 4.70%, respectively. As
discussed earlier, the cement paste specimen thatasa®mc No. 180 sandpaper had a higher
shrinkage differere, which resulted in larg@naximum tensile and ogpressive strains as well as

a largercrack area. The cementgt@ specimen that was cast oa. M0 sandpaper had a lower
shrinkage differengevhich resulted in smallenaximumtensile and compressive straseswell

as a smalleecrack area.
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4.9 Evaluation of ASTM Standard C1579geometry

In order to analyze the reasons that no dragkccurredin the concete specimens praped
conforming tcASTM Standard C 157% set oimageanalysis resultey VIC-2D is presented and
discussedn this sectionA series of contour maps of straim the x-direction is presented in

Figures4.27t0 4.30
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Figure4.27. Conbur map of g on the concretsurfaceat the beginning of the experiment.
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Figure4.28. Conbur map of g on the concretsurfaceat 30 minutes after starting the

experiment.

As shown in Figure 4.27at the beginning of the experiment, no straithex-direction occurred.
At 30 minutes after starting the experiment, some tensile strathge ¥adirectionaccumulated in

the middle of the concrete specim@bove enter riser)as shown in Figure 4.28
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Figure4.29. Conbur map of g on the concretsurfaceat 90 minutes after starting the

experiment.
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Figure4.30. Conbur map of g on the concretsurfaceat 360 minutes after starting the

experiment.

Accordingto ASTM Standard C1579, a stress rjseith theheight of 63.5% of the form depth
wasplaced in the centaf the concete form The center riser was higimough to be considered

as an edge, areffectivelydivided the whole concrete specimen into two parts. As discussed in
section 4.4, theement paste begda shrink from the edges upon drying, and the compressive
strains inthe x-directionaccumulated in the area near the taitbrtersides of the specimen. As

to the concrete specimergah part of the specimen bedgarshrink from edges after starting the
experiment. However, the two partstbéconcrete specimen were still connectedh®y/doncrete
above the center riser, thus developingtensile strais in this area. Thisanalsoexplan some
tensile strains thadccumulated in the area near the two shorter sides of the form, as shown in
Figures 4.29 and 4.30 Whenthe concrete spenien was screeded by a straightedge, there was
some cement paste left on the foutesi of the form, which connectdte concrete specimen and

the sides of the form.
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As shown in Figure 4.30more compressive strainstimex-direction accumulated in the hgpart
of the specimen at the terminatiofithe experiment due tthefan heaters that were placed to the
left of the concrete specimewhich increased the concrete temperature in the left part of the

specimen to resist deformation.

According toDIC aralysisresults, the maximum tensiand compressive straim thex-direction
on the concretesurface were 1.69% and 1.79%, respectivaly shown in Figurd.31 Even
through the tensile straifdaccumulated in the middle of the concrete specimemthemum
tensik and compressive straim the x-direction onthe concrete specimen at the terminatén
the experiment wereuch lower comparedith the maximum tensile and compressive sgain

thex-direction on alcement paste specimens.
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Figure4.31. Maximum and minimum strains in thedirection of the concrete specimewver

time.
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The reason that no crank occurred on the concrete specimen could be the electrical fan that was
used in this experient. Asdiscussed in section 4.6, a diapvind velocitysignificantlydelayed

the time to first crack and decreased the totatk areaDue to the size of the concrete specimen
(560x35%100mm), the wind generated by the electrical fan cannot éalyer the whole surface
area of he concrete specimen. In additi@s discussed in section 4.3, theagpaintappliedonto

the concrete surfadeweredthewaterevaporation rate amelayed the water evaporation, which

could also reducthe likelihoodof plastic shrinkage cracking in this experiment.
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5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This projectappliedthe DIC techniqueto evaluate the behavioif plastic shrinkage cracking
cementbasednaterials DIC is based on tracking speckle pattebefore and after a deformation.
In this projecta white spray paint was selected to apply speckle pattermAs plastic shrinkage
cracking is highly dependéon the rapid surface dryinthe effect othespray paihon the water
evaporation ratef concrete was first evaluateandthe water evaporation rates calculated by mass
loss and the watesvaporation equation (Equatior) @ere compared. Based on the literature
review, plastic shrinkage cracking is influenced by concrete proportions and @ndseas wieas

its external environmerand restraint conditions. Thuair temperature, wind velocity, w/c, and
substrate roughnesgere chosen as independent variabl&beir effectson plasic shrinkage
cracking wereevaluded by crack areas computedMATLAB and DIC analysis resultBinally,

the geometry ilASTM Standard C157%as assessed by DIC analysis results. The conchision

are summarized in the following paragraphs:

1. The results calculated by tweater evaporatioequation(Equation 2 wereonly valid in
stage Idrying. The inaccurateesultsin stage lldrying were mainly caused by rise in

concrete temperature that wasreased by the hot air in the environmental chamber

2. The spray painlowered the water evaporatiorate which may reduce the likelihood of
plastic shrinkage crackingor all the cement paste specimehg, $peckle coverage was
approximatel\25%.However, the standard deviations are low, indicating relative changes
due to the variable measuredr temperture, wind velocity, w/cand substrate roughngss

are valid.

106



3. DIC canprovide aseries of strain maps tha¢lpedto understandche cracking process. The
accumulationsof tensile and compressiarairs can be used to illustrathe cracking
intensity andthe overall shrinkagerespectively. The evolutions of the maximtensile
and compessivestrairs can be used to indicate the time to first craokl the shrinkage
capacity respectivelyAs DIC cannot measure the crack dimensions, the crack area was
deteminedbased on the same imagesng MATLAB functions The significant increase

in crack area correspondedth® developments of sevepdak strais observed in DIC.

4. The process of plastic shrinkage cracking in the cement gasténeris well understood
by DIC analysigesults.First, the cement pastepecimerbeganto shrink from the edges
after starting the experimenfBue to the shrinkage difference between the surface and the
battom of the cement paste,s&rain localizatiortook placed, which resulteth the first
crack. After thatthe crack becamwider and deeper, thus dividing the cement paste
specimeninto two independerparts. Eacmew part therrepeagédthe process of the first

crack.

5. In this project, de to a dropn relative humidity as a result of increasing air temperature,
air temperature had a limited effect on the water evaporation rate in the beginning of the
experiments. However, when air temperategarto affect cement paste temperature, the
cement past specimen that was exposed to the air with a higher temperature had a higher
water evaporation ratéhus decreasing the time to first crack and increasing the total crack
area. Air temperature also affected the rate of cement hydration. The cement paste
specimen that was exposed to the air with a higher temperature developedédrigier

strength to resist cracking.
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6. Wind velocityis essential tahe formation ofplastic shrinkage cracking. A drap wind
velocity significantly delayed the time to firstack and decreased the crack area on the

cement paste.

7. A rise in w/c increasedhe water contenand shrinkage capacity of the cement paste

specimenthus causing a delay in the time to first cracll a larger crack area, respectively

8. The crack ares dependent on th&hrinkage difference between the surfaoe the bottom
of the specimenThe fine sandpapeestrained the shrikage at the bottorimcreasd the
shrinkage differencethus increasing the crack area; however, the coarse sandpaper
provided morerestraint higher into the specimeepth, which decreasdtie shrinkage
difference thus decreasing the crack ar€he substrate roughndsad alimited effect on

the time to first crack.

9. In ASTM Standard C157$|astic shrinkage cracking &xpected to occur above the center
riser. According to DIC analysisesults,the center riser in the form worked as an edge
which divided the concrete surfacédrtiwo parts. Each pasegarto shrink from the edges
upon drying. However, the two parts westill connected to each other; therefdres

tensile straingccumulated in this area.

5.2 Suggestions for future work

1. Inthe form that was adopted from Wang et al. (200lastic shrinkageracking occurred
in an irregularrandom pattern.According to setion 4.9, cracking can be induced at
predetemined locations by placindividers in the fornwith the height less than the form

depth.
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. When evaluatinghe effect of air temperature on piasshrinkage cracking, a drap
relative humidity as side effect of increasing air temperatmni@imizedthe effect ofair
temperature on the water evaporation rate; thergddremidity controlled enviramental

chamber should be used to elimintite effect of the extraneous variable.

. Due to the size afhe form that was adopted from Wang et al. (2001), plastic shrinkage
cracking was only evaluated the cement paste specimeirs this project However,
concrete materials are more complicated than cement pastesrHuxtéstigation should

be conductedrmplastic shrinkage cracking in mortar or concrete spe@men

. Accordingto Qi et & (2005), the crack arezbtained fromimage analysis were less than
the actual crack aredhus, acorrection factor can be establishie€tween the results

obtained fromimage analysis measurent andoptical measuremeir the future work

. Plasticsettlement can be considered as-@yplane motion, which may cause the false
correlationin 2D-DIC system A 3D-DIC system issuggestedo solve this problemin
addition,plastic settlement arglastic shrinkage can be evalediat the same time 3D-

DIC system

. When evaluating the effect of substrate roughness on plastikaipe cracking, crack
areas weranainly determined by the shrinkage difference between the suafad the
battom of the cement paste specim#rerefore, further investigation should be conducted

to evaluate the effect of the sample depth on plastic shrinkage cracking.

. Research should be performed to evaluateiskeof plastic shrinkage cracking in concrete

materialscontainingsupplementary cementitious materiatsngimage analysis methods.
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8.

In this projectthe spray paint that was applied on the concrete surface reduced and delayed
the water evaporation, wdih may reduce the likelihood of plastic shrinkage cracking. The
effects of different types of spray paint on the water evaporation rates of concrete should

be studied.

According to Slowik et al. (2008), the risk of plastic shrinkage d¢ngckeaches its
maximum when air starts to penetrate the gaps between the solid particles. When surface
water is dried out, concrete temperature can be easily affected by its external environment.
Thus, a relationship can be established between plastic shrinkage crac#ticgncrete

temperaturen the future work.
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APPENDIX A

TheMATLAB scriptdevelopedo determine the crack area is presentdflisisection

%% read image

| = imread('9 0.tif");

figure, imshow(l);

title(" a. Original Image');

%% convert RGB image to grayscale image
Igray = rgh2gray(l);

figure, imshow(Igray);

title(’ b. Grayscale image’);
%% convert grayscale image to binary image
level =0.3 0;

Ithres = im2bw(lgray, level);

figure, imshow(Ithres);

title(' c. Binary Image")

%% image morphological operation
Icomp = imcomplement(lthres);
Iclean = bwareaopen(lcomp, 8);
figure, imshow(Iclean);

title(' d. Cleaned Image’)

%% calculate crack area
CrackPixels = bwarea(Iclean);
CalibrationArea = 50; % mra
CalibrationPixels = 14613;

CrackArea = CrackPixels*Cal ibrationArea/CalibrationPixels; % mm
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APPENDIX B

The environmental variablesdithe wateevaporation rate®r each experimerarepresented in

this section.

Table B1. Air and concrete temperatures, relative humidity, wind velocity, the mass of concrete,

and thewaterevaporation rates calculated by mass loss and the water evaporation equation

during the eperiment for the concrete specimen without spray paint.

_ _ Concrete _ Mass of Evaporation| Evaporation
Time Air T RH wind V Rate by Rate by
(min) (°C) (O-I(-:) (%) (m/s) Co?gc;rete Mass Loss| Equation

(kg/m?é/h) (kg/m?/h)

0 34.8 25 354 9.8 7978.4 - 0.97

30 35.5 25 33.9 10.0 7940.5 1.08 1.01

60 35.8 25 34.0 9.6 7901.8 1.11 0.95

90 35.2 26 32.9 10.1 7866.1 1.02 1.22

120 37.6 27 284 10.1 7837.3 0.82 1.42

150 39.2 30 28.1 9.6 7813.3 0.69 1.74

180 36.7 32 28.9 10.2 7795.6 0.51 2.30

210 38.1 35 26.5 10.3 7782.9 0.36 2.92

240 39.4 37 255 9.7 7774.2 0.25 3.13

270 394 40 26.9 9.9 7767.9 0.18 3.75

300 36.1 42 30.9 10.0 7763.2 0.13 4.25

330 37.7 44 27.6 9.7 7759.2 0.11 4.65

360 38.1 45 26.3 9.8 7755.6 0.10 4.97
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Table B2. Air and concrete temperatures, relative humidity, wind velocity, the mass of concrete,

and thewaterevaporation rates calculated by mass loss and the water evaporation equation

during the experiment for the concrete specimen with spray paint.

_ _ Concrete _ Mass of Evaporation| Evaporation
Time | AirT RH wind V Rate by Rate by
(min) (°C) (°-E:) (%) (m/s) Co?gc)rete Mass Loss| Equation

(kg/m?é/h) (kg/m?/h)

0 33.1 24 35.1 10.2 7988.1 - 0.99

30 35.0 24 33.6 10.4 7952.2 1.03 0.95

60 34.8 25 33.3 10.3 7917.1 1.00 1.10

90 36.3 26 31.4 9.9 7885.7 0.90 1.19

120 36.5 27 30.1 9.8 7858.7 0.77 1.37

150 38.7 28 28.3 10.3 7836.2 0.64 1.54

180 37.5 29 27.5 104 7818.3 0.51 1.83
210 36.2 31 30.6 10.5 7802.7 0.45 2.13
240 36.8 33 30.2 9.9 7789.0 0.39 2.35
270 35.2 35 30.5 104 7777.1 0.34 2.93
300 38.2 37 25.8 10.3 7766.6 0.30 3.35
330 37.3 38 27.6 10.3 7758.1 0.24 3.53
360 38.1 39 27.5 104 7751.3 0.19 3.74
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Table B3. Environmental variableand the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste specimen expiosezbto

temperature.
Cement Evaporation
Time Air T Paste T RH Wind V Rate by
(min) (°C) °C) (%) (m/s) Equation
(kg/m?/h)
0 23.6 24.2 28.5 10.3 1.72
30 23.6 13.7 28.7 104 0.51
60 23.7 13.6 29.2 10.0 0.47
90 23.7 14.9 29.7 10.5 0.60

Table B4. Environmental variableand the water evaporation rates calculated by the water
evaporation equation during the experiment for the cement paste specimen exposed to the

mediumair temperature.

Cement Evaporation

Time Air T Paste T RH Wind V Rate by

(min) (°C) °C) (%) (m/s) Equation

(kg/mé/h)
0 33.2 24.5 21.0 10.2 1.60
30 33.3 15.3 20.7 10.2 0.51
60 32.5 154 21.9 10.0 0.50
90 31.8 19.1 21.7 9.9 0.91
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Table B5. Environmental variableand the water evaporation rates calculated by the water
evaporation equation during the experiment for the cement paste specimen cast on No. 180

sandpaper, and exposed to the laghemperature andigh wind velocity.

Cement Evaporation

Time Air T Pastel RH Wind V Rate by

(min) (°C) °C) (%) (m/s) Equation

(kg/m?/h)
0 43.2 26.2 10.9 9.6 1.89
30 41.4 21.1 12.7 9.8 1.20
60 42.5 27.5 11.9 9.8 2.08
90 43.2 30.4 11.5 10.0 2.59

Table B6. Environmental variableand the water evaporation rates calculated by the water
evaporation equation during the experiment for the cement paste specimen exposed to the low

wind velocity.

Cement Evaporation

Time Air T Paste T RH Wind V Rate by

(min) (°C) °C) (%) (m/s) Equation

(kg/mé/h)
0 39.9 26.5 12.6 4.6 1.03
30 39.3 17.9 13.1 4.8 0.48
60 39.9 18.1 12.1 4.9 0.51
90 39.6 18.7 14.4 4.7 0.47

123



Table B7. Environmental variables and the water evaporation rates calculated by the water
evaporatiorequation during the experiment for the cement paste specimen exposed to the

medium wind velocity.

Cement Evaporation
Time Air T Paste T RH wind V Rateby
(min) (°C) °C) (%) (m/s) Equation
(kg/m?/h)
0 40.3 25.9 12.2 7.6 1.51
30 40.7 21.3 11.9 7.6 1.03
60 42.6 25.1 11.3 7.6 1.41
90 40.7 30.3 11.6 7.6 2.06

Table B8. Environmental variables and the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste specimen with the w/c of 0.35.

Cement Evaporation
Time Air T Paste T RH Wind V Rate ly
(min) (°C) °C) (%) (m/s) Equation
(kg/mé/h)
0 44.3 23.9 14.3 9.1 1.28
30 43.6 22.5 14.2 9.4 1.17
60 44.3 29.3 13.2 9.0 2.06
90 42.7 32.8 15.4 9.8 2.74
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Table B9. Environmental variables and the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste specimen with the w/c of 0.40.

Cement Evaporation
Time Air T Paste T RH wind V Rateby
(min) (°C) °C) (%) (m/s) Equation
(kg/m?/h)
0 43.2 23.3 14.6 9.1 1.23
30 42.0 20.9 15.1 9.3 0.98
60 42.2 26.5 14.7 9.1 1.67
90 42.5 30.4 15.3 9.0 2.17

Table B10. Environmental variables and the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste specimen with the w/c of 0.45.

Cement Evaporation
Time Air T Paste T RH Wind V Rate ly
(min) (°C) °C) (%) (m/s) Equation
(kg/mé/h)
0 42.5 23.3 14.9 9.1 1.24
30 42.3 21.5 15.5 9.2 1.01
60 43.7 25.5 14.8 8.9 1.45
90 42.5 31.3 15.3 9.2 2.36
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Table B11. Environmental variables and the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste specimen with the w/c of 0.50.

Cement Evaporation
Time Air T Paste T RH wind V Rateby
(min) (°C) °C) (%) (m/s) Equation
(kg/m?/h)
0 43.0 23.6 15.3 9.1 1.23
30 42.5 22.6 14.5 9.2 1.18
60 42.2 25.0 13.7 9.6 1.59
90 43.7 30.3 15.2 9.5 2.23

Table B12 Environmental variables and the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste speaishenduct tape.

Cement Evaporation

Time Air T Paste T RH Wind V Rate by

(min) (°C) °C) (%) (m/s) Equation

(kg/mé/h)
0 40.2 25.9 11.9 9.8 1.90
30 40.9 21.1 12.9 9.6 1.18
60 39.1 27.6 11.9 9.7 2.16
90 40.7 29.8 11.5 9.9 2.53
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Table B13. Environmental variables and the water evaporation rates calculated by the water

evaporation equation during the experiment for the cement paste specimen cast on No. 40

sandpaper.
Cement Evaporation
Time Air T Paste T RH Wind V Rate by
(min) (°C) °C) (%) (m/s) Equation
(kg/m?/h)
0 40.4 25.1 11.7 9.8 1.80
30 42.1 21.1 10.9 9.9 1.29
60 43.3 26.0 11.0 9.8 1.89
90 42.0 31.3 11.3 9.5 2.66
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