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ABSTRACT

The processyate, and quality of cement hydration (a complex physibalmical process)
affect the propertiedevelopmenbf concretesuch asts compressive strength, penetrability,
and setting Among all, settingtime is one of the importanpropertiesfor the concrete
industry, as itis the factor in determining the consolidation, finishing, and curing toha
concrete pourinadequate determinationf concrete setting timevill result in improper
finishing, formation of cold joints between layers of camte, and curing time delay.
Thereforeshort and longterm performancef concrete, concrete durabiljitgndits life span
will be affected Concrete setting timgroceed$rom aninitial stage énd of concrete pouring
and consolidationto afinal stage (end of finishingrocessand beginning of curing) witthe
hydration of cement particles in the matrix of concrétee accurateletermination of the
setting timein concrete projects hadwaysbeen a questiorSetting timeis measured in
laboratoy setups by the traditional method of the Vicat neddiestandardized in ASTM
C191) However,the field condition of a concrete pour is different from a lalupetsothe
importance ofeplacing a latbased setting time test with a field applicable rodtisout of

guestion.

This research projestudies the feasibility of usingpractical and nowlestructive technique

to detectthe actual concrete setting time and its development in a reasonable amount of time.
In thisresearchthe electrical propagsand internal temperatucé cementingbasednixtures
aremonitored over théirst 24 hoursof hydration.The dectrical propertie®f concreteand
cementbased materialend corresponding internal temperatame influenced by many
factorsaffected bycementydration, similar to the setting timehe maingoalof this research
project is to establish a predictingethod forthe fresh cementpaste setting time by
monitoring eithethe electrical propertias theinternal temperaturef the mixtureTo isolate

the effect of thespecimengeometry, electrical resistivity has been chosen as the electrical
propertiesd represent at bywaovel resistivitbtmetersedup u d y .
However, to develop a timgaving and accurate method, microstructure factors affecting the
electricalresistivity developmentf fresh cement pasteeed to bestudied. These factors are

(1) the ionic concentration and ionic variation in the pore sol(trothe liquid phase of the



cement paste microstructurapd (2) the hydration products formatiamdcrystallization (or
the physical characteristics of the cement paste microstruclime® formation of hydration
products and crysta#iation are exotrmic, the changes in the internal temperature of the

materials are also monitored.

Finally, reliable predicting indicatorselectrical resistivity and internal temperature values,
which are influenced byot only the fresh stageonic concentration, buglso by the
development and changes in the physsbalracteristicef microstructureareproposed to the
industry.

Keywords: Electrical resistivity and conductivity setting time, Vicat needle cement
hydration,fresh concrete resistivityneter,pore solution, microstructurgnic concentration,

porosity,Limestone cementement pasteXRD, ICP, TGA, internal temperature
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1. INTRODUCTION

Concrete is a complex compositeterialmade of cementing (result of cement hydration
with water and admixtures) and aggregate phagese micro and macro structure properties
change over timélheprocessrate, and quality of cement hydrati@s acomplex physical
chemical procesgffectthe mechanical properties (e.gompressive strengththe physical
properties (e.gpenetrability) the electrical properties (e.g., electrical conductiviydthe
chemical propertiese(g., alkalinity of pae solution)of concrete. These properties are
importantfor concrete constructioas concrete performance and letgym durability are

influencedby them

Among all properties of concrete, setting is one of the most important offesdoncrete
constrution industry.The setting time is the only reliable indicator for determining finishing
and curing timeMany surface problems (e.g., scaling, spalling, cracking, and delamination)
in pouredconcrete elements are relatedrtadcurateletermination of the finishingnd curing

time. These problems may result in later age durability problems in the concreensle
Improper finishing of an already set concré@ee to longer determination of setting time)
will result information ofpermanent concrete surface problef&iso, concrete curinfywhich

starts after finishing is completed)ll start later resultirg in aless durable concregairface

Hence, the importance determiningthe actual setting time of concrete is out of question
especiallyin severe climatesvhereunpredictableextreme cold oheataffects the concrete
setting time drasticalllin Canad a 6 s ctloelpdcialvwiecattiens ,ccommended by
the Canadian Standard AssociationCSA A23.1:14 with regardto delivery, pouring,
placing, finishing and curing of concrete mixtures in freezing tempesatmecextremely
important to follow All the mentioned construction operatiodspend on the setting time
(initial or final) of the concretewhich is affected by the cold/hot temperatuoe job sites.
However monitoring the setting time of concrete by the only available standard testing
methodfor cement pasteASTM C191) isneitheradoptableto concrete (as it is only for
cement pasteshor completelyapplicable tactualconstruction conditionsStandard ASTM
C191 focuses othedetermination of a cement paste setting temeilar to the paste used in

the concrete. Howeveactual conditions aoncrete elememnay face inconstruction €.g,



temperature, wind velocity, forms temperature, humjditre not consideredonstruction
conditions have significant effects on cembwydration and therefore concrete setting time.
In addition, althoughhe cement paste setting time is responsible for concrete setting time
theaggregate temperature, moisture condition, and absorption can infthersetting time

of the pate phaseaswell. None of these are considered when ASTM C191 is employed to
study the setting time of a cement paSteerefore, i can be said that there is ngpractical
methodfor field measurement dhe initial or final setting timgof concrete soproposing a

test method which cameasure the setting time of concretestte (where job site conditions

govern can benefit the concreiredustry.

This research project focusesapractical and nowlestructive technique to detect the actual
concretesetting time and its development in a reasonable amount of Tinre technique
measures changes in anotbhbangingproperty of theconcreteover the timeconcrete sets

The development of this property needs to be influenced by the same factors affecting
setting time, which is the formation of new cementing materials hydratiotucts This
property igheelectricalresistivity (representative of electrigabpertie¥ of cement products

which isindependent from specimen geometry and proléth a method studied in this
research progranthe electrical resistivityof concretecan be monitored over time -@ite if

the electrical electrodes, which are connected to a data logger and an electrical source, are
placed in the fresh concrete afpauringinto the formworkElectrical chargesansferwithin

the concrete matrix from a source of energy to the other (electrical poles). However, they tend
to pass through mediums with less electrical resistance. Since fresh concrete is a combination
of water containing cement paste and solid aggregate phase (blgbtrcalresistance),
electrical charges theoretically pass through therkesistantement paste phase. Therefore,

it can be said that the electrical properties ofidratingcement pagrepresenthe electrical

propertiesdevelopmenof fresh concrete

Since the factors influencirteelectrical properties of cement paste are similénedactors
influencing other propertiesof the cement matrix of the concrgie may be theoretically
concluded that the electrical resistivity can be used as an indicator forcethent paste

propertieqe.g.,setting time in this projektTherefore, theelectrical resistivity measurement



techniquas studied in thigesearchor estimaing the setting timef cementbased materials.

If it is proved that electrical resistivity development of concrete (cement paste of the concrete)
can be used as an indicator of concrete setting time (cqrasta setting time), this method
can be used to estimate the setting timsignby considering the construction conditions.

During the setting time of cement padteo states ceexist thesolid phas€hydratedcement

paste) andheliquid phasgpore solution which is going to be used by-hydratedcement
paticles as they hydrade Hence, the electrical resistivity of the paste is influenced by the
electrical resistivityof both statesThereforein this work,the electrical properties bbth the

solid andiquid phass are studied. However, there are challenges to measure and monitor the
resistivity of both states separatelffhese challengeare discussed anovercomein this
research projecUltimately, the main challenge of this researchjpcb is to calibrate the
setting time and electrical conductivity with the influencing microstructokdand liquid)

properties.

1.1.Objective and Scope

An initial objective of this research plan te modify the standard test available for
determining the setting time oEment paste of concrefehe ®tting time determinatiotest
(represented in ASTM C19is a laboratory test whiathoes notonsider job site conditions.
Also, ASTM C191relies onthe operatovisual measuremergccuray, so the test results
reported arsometimes not precis€he main objective of this research program is to present
and offer aradvancednd accurate technology for measuring the setting time of corncrete
site by considering the site and construction conditidihsstechniqudocuses omonitoring
the changes in electrical propertasd internal temperatud the mixture over the first 24
hours, thdraditionaltimeframe forformwork removalThe potential of using thehangsin
the electricalresistivity (independent from electrodes size and geometry of spegjiarah
temperaturef the cementpaste over the first 24 hours as indicating factor determining

the setting time of the concratethemain objective of this research project

In addition to the main objective of the project, a new construction time frame is going to be
proposed to the concrete industry (besides the initial and final setting). This time limit is the

time when the sheastrength of the cemetiased materials starts developing to the level



where workability of the mixture is reduced beyond the construction level. In this part of the
project,theyield strengths considered as a factor representing workability (withouinigav

segregation and delamination in the paste) of fresh concrete mixtures.

1.2.Research Significance

Technically, banges irelectrical propertiesof fresh concretarenot only nfluencedby the
electrical properties othe solid part of the paste matrix (hydrating cement), but also
influenced by the electrical properties of the pore solutiffilling the pore network
However, it has beestatedthat when the electrical current passes through a composite
medium, electros choose to travel through the path with the least electrical resist@yce.
applying this fundamental physics concept to concrete (a matrix of solid aggregategemd
containingcement paste), it can be assumed thatelectrical current passthrough the
cementpastemedium, if the concrete is placed into an electrical circuit. In other words, the
electrical properties of the fresh cement phase of concesteheoreticallyepresent the
electrical properties of thedsh concret

On the other hand, due the exothermic reaction of cement particles durihg hydration
processtheinternal temperature of a mixture increases while hydration products are formed.
Cement hydration is responsible tbe development ophysical, mechanical, and electrical
properties of concrete. Hence, changes in internal temperature can theoretically be related to

the development of concrete properties

In this research project, tidevelopment of the physical properties (from tionentil the first

24 hours)of cement pastess monitored, while the development in the microstructure
(hydration crystal formation and changes in pore solution and pore network) is studied at the
same timeThen, the setting time of the cemegatsteis related tothe changes in electrical
resistivity developmentind internal temperatud the fresh cement paste over the first 24
hours.Subsequentlythese relationshiparecalibrated with the changes in microstructure of

the cement paste, flioeyrelate only tahe cement hydration.



1.3.0utline of the Thesis

This doctorate researcthesisfirst reviews theliterature which containsbrief information
abouttheelectrical resistivity of concrete at early and lateisageludinginfluencingfactors.
In the second padf the literature reviewthe standard testing method for cement paste setting

time determination is discussed in defaillowed by influencing parameters.

The test fan and methodologgrediscussed in detaith Chapter 3In thischapterpther tests
and their standard methods are discusasdwell. The test results which studyhe
macrostructure and microstructuypeopertes of hydrating cement pastare presented in
Chapter 4 Chapter 5 presents thanalyss anddiscussionof the test resultsFinally, a
summaryand concluding remarks are provided in Chapté&xéa informatioris provided in

the Appendiesof the thesis after the list of references.



2. LITERATURE REVIEW

2.1.Introduction

Concrete gradually sets and hardens withmfirst few hoursfrom mixing (from the time
cement particles come in contact with wat&gttings the first and one of the most important
properties of concrete developed over the first few hours of hydration. The time of concrete
surfaceinitial/final finishing, sealing, curing, and architectural works dependent on
concretesetting timeSome otthe durability and structural defects are the results of incorrect

determination of thiphysicalpropety (examples shown iRigure2-1).

Figure 2-1: Incorrect concretesetting determination results in permanent cracking(left) and improper
surfacefinishing (right)

However, the only standard testing methoddetermining the setting time and consistency
of hydraulic cements is the laboratory Vicat needle test (ASTM @a81C187respectively.



2.2. Cement Paste Setting Time Test (ASTM C191)

The termfisetting refers to the solidification of the plastic cement paste due to ettringite
(hydrous calcium aluminum sapliate mineral with formula CRAIRSO9r(OH)g 26HFO)
formation in cement hydration. The setting time of 650g of cement paste can be determined
by means of a Vicat needle (test apparatusSigire 2-2) measurement as described in the
standard ASTM C191This test is conducteat room temperature 2223°C) and relative
humidity @round 4550%).
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Figure 2-2: Cement paste setting time tesapparatus (ASTM C191)

In the Vicat needle test, the resistance of the standard cement paste to the penetration of the
standard needle, under a totaassof 300 g, is measured.The diameter of the needle is
1.00+£0.05mm. The initial setting time is detemmed when the Vicat needle penetratesizb

into thecement pastsample. However, it is not always possible to record right at the time
when the standard needle penetratem@binto the cement paste specimen. Hence, in case

the 25mm record is missed, an interpolation is requivslindicated in ASTM C191, the

Vicat time of setting can be calculated also as (to the neanaistute):



[ (G0 (c-29 |+E [2-1]

where:
E= time oflast penetration greater than 25mmr(imutes,
H= time of the first penetration less than 25mmn{inutey,
C= penetration reading at time E, and
D= penetration reading at time H.

The initial settingime is the beginning of the cement solidification. At this time, the cement
paste becomes unworkable, so concrete placeamhtonsolidationbecome difficult to
perform (Mehta and Monteiro, 200%)nal finishing must be started at the initial settinggt

after placement, consolidation and initial finishing are completed.

The final setting time is the time for the first needle penetration measurement that does not
mark the specimen surface with a complete circular impression to the nearest 5 mhisites.

is thetime for completion of the cement paste solidification. Cement curing can start at this
stage, since the absorbed moisture cannot contribute to the mix Wésigrto-Cementing
Material (W/CM) ratio.

The initial and final setting time of Paatidd cement paste are also used for the purpose of
material Quality Control (QCAccording to ASTM C15&nd CSA A3000the initial setting

time for standard hydraulic Portland cement requires to be not less than 45 minutes and the
final setting time requé& to be not more than 375 minutes.

In addition, similar equipment (with different needle as showkigure 2-3) is used for

measuring theonsistency of the cement mixtuesdescribed in ASTM C187.
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Figure 2-3: Vicat consistency apparatus (ASTM C187)

ASTM C187 method is used to study the effect of water or chemical admixtures on the

consistency of a cement paste.

Both ASTM C187 and ASTM Cl19have several limitationsthey do not consider
environmental and construction conditions, aggregate effectsadditives influence to the
parameterdn addition, theiresults are inflected byement paste preparation datoratory
condition. Also, human error is common as all measurements are redordied visual
reading of the operatof.herefore, replacing them with an-situ measurement method is

beneficial.

2.3. Electrical Resistivity ( } )

Electrical resistance or resistivity is anotpeoperty of cemerbased materials, like cement
paste or concrete, which is developed over tifie measurement of the concrete electrical
resistivity is popular and widely used primarily because of the easy and fast usage (Coyle et
al., 2019).The electrical resistivity of cemebtsed materials is usually used in quality
control. Electrical resistiity can also be used to evaluate a concrete structure health and
durability by detecting chloride penetration and crack formafidns property has been

studied for nearly a century (Spragg et al., 20E®ctrical resistivity measurement technique

doem 6t have the | imitations of the Rapid Chl

(



widely used for permeability and also durability assessment of concrete structures. RCPT
measures the charge passed in as saturated sample over tlma whnstant vaéhge is
applied.However, it has a few shortcomings related to its relatively long sample preparation
time (vacuum saturation methodds destructive naturéconcrete cores must be taken from

the structure)and sample heatinduring 6 hoursof the testwhich influences the results
(Julio-Betancourt and Hooton, 2004).

In general, the ability of any materiaeMment paste in this projédd withstand the transfer
of the electrical ions (subjected to an electrical field) is called electrical resistanmcehRs.
This is thesimplest electrical measurement that can be made on a cementitious n&iteral
theapplied electricaturrent(l) and potential difference applied tacamentitiousspecimen
is sufficiently small, a linear relationship exists betw#ervoltage(V) and currentffom
Oh mo s, V4RB. Whis electrical property is dependent on the size, slaaokeeven length
of the specimerand electrical probedHowever,the electricd resistivity (}) of a material,
which isindependent of the volume and shape ofdammpleand probescan be calculated

from theelectrical resistance as:

= RLL*, } KR [2-2]

whereRi s t he el ect rAisthad p & ceism esdeitianearen @RaY)is the
s p e c i lemgtim(@ng andK (geometry correction factol§ a geometrical factor (depand
on specimen size, shg@ad the resistivigmeter electrical probes distancé)s a geometry
independent material property that describes the electrical resistance of cdrusstactor

can be determined numerically or experimentally (Spragg &l3).

The di mension of resistivity is resi®tance
kY . c To measure the electricaisistivity, a concrete specimen, or a part of a specimen, is
placed in betweetwo electrical electrodes connected to an electrical source. Due to the
potential difference created by the source in betwbkemlectrodesglectrical current pass
betweenthe electrods throughthe cementitiousmaterial medium. Electrical current
electrons pass through the pore solution occupied the pore structure of cement paste (as
electrical current has the tendency to pass through low resistance medibhenggctrical

10



resistivity of concrete is a measurement of its ability to resist electron trambfsrelectrical
property of concrete has become an indicatoagsessinthe physical properties of the pore
structure and microstructure and the chemistrthepore solution fomore than forty years
(Monfore, 1968). This physical parameterhich can be measured simpiy,different for
every material and can be found from electromagnetism tdfesoncreteit is difficult to

find a unique number dkeelectrical resistivityof each concreteomponents different

If electrical circuit is completed (regardless of the electrical current path), electrical resistivity
of the medium can be calculated. Theresaeeral electrical resistivity measurement setups

for determining this electrical property in concrete technology.

2.3.1. Electrical Resistivity Measurement Configurations

Three common electrical resistivitgeter setups for measuring electrical resistiof
concrete (or cement paste) have been studied in previous projects. In all configurations, at
least two metal electrodes are needed to set up an electric circuit. These electrodes are
connected to a source of electrical power and a voltmeter. Whit&rieal current passes
through the sample, a drop in the voltage is measured by the voltmeter and therefore the

electrical resistivity value is calculated by the meter.

2.3.1.1.Consensor Measurement Technique

In this method, a cement sample is modelled as a combination of a resistor and a capacitor.
As a result, a change in the dielectric properties of the cement paste, which is related to the
hydration process of the cement, is measured. The dielectric pespérthe matrixare the
electrical permittivity (dielectric constant) and conductivity. The electrical permittivity (i.e.,
capacitor) represents the electrical polarization of a material, whereas the electrical
conductivity (i.e., resistor) representethmount of electrical current passing through the

sample. This structure is schematically showRigure2-4.

11



Conductivity | Permittivity
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Figure 2-4: Dielectric properties of concrete represented as resistor and capacitor

In this resistivity setup, the geometry correction factor (K) is A/L, where A is the specimen
crosssection area (mfpand L isthe length of the specimen (mm).

It is statedthat the changes in the density of the hydration products from low values to higher
ones results in chamy in the permittivityof concretewith the degree of hydration. The
measured permittivity using the Gsensor system could be strongly influenced by the
electrodespecimen interface effect at low frequencies., less than 10MHz (Xiao et .al

2008). In this setup, electrodes can be directly in contact with the cement (or concrete in the
hardened stage)espc i mendés f aces by using a conducti ve
as possible) or be embedded in the sample right after casting the mixture. The embedded
electrodes resistivity setup is the test setup used for fresh cement paste resistivity
measwement in this research project. The most important consequence of embedded
electrodes in cement samples is the electrodes effects (similar to polarization). It has been
concluded from previous researches that a frequency between 5 kHz and 15 kHz (dependin
on sample resistance) was normally sufficient to reduce the elegodaiezationeffects
(McCarter and Puyrigaud, 1995).

12



The polarization potential, which depends on the ions present and the materials of the
electrodesis aresult fromthereactiondaking place at the electrodes. During the polarization
reactiors, thin films of oxygen, hydrogen, or other gaaesformedon the electrodesurface.

This formationresulsin a lower electricalpotential creation (Monfore, 1968). This stage is
cal le¢dciirol ysi seledrolysia occurringgr duilding & layer of polarized

material in the areaurrounding the electrodds patterned as (Hansson et 4b83):
2H,0 + 2eY Hz + 20H
40HY ©F2H0 +4e
For electrodes containingpn elements,
3Fe+4HOY $Og+ 8H + 8e
2Fe +3HO Y (s €6H + 6e

Polarization phenomena occur at the electioagte interface, with the reaction initiating an
excess of electrical field opposing the applied field from the resistivitier. In other words,

if the conductor is an electrolyte (e.g., cement paste) treagawf the direct current will

cause polarization and the establishment of a potential at the electrodes that opposes the
applied potential (Monfore, 1968). As a result, the measured concrete resistivity is
overestimated by 560% by the DC method (rathtran the AC method) due to the electrode

polarization potential or back emf at the electrode surfaceBi@bl et al, unpublished).

In this case, the polarization potential reduces gast current through the specimen as
formulated in Equatio2-3:
E.-E

= = [2-3]

where Ea is the applied potential (V) ark) is the polarization potential (or back emf) (V).

This polarization effect can be avoided at a frequency of 10 kHz or higher, as it was interpreted
this to mean that the capacitive reactance of concrete is much larger than its electrical

13



resistivity (Neville, 1995). Polarization effects can be avoideddiyg cyclic DC resistivity

metersor AC current{Monfore, 1968).

In AC resistivitymeters, the electrode/concrete interface polarization and capacitive effects
(formation of a thin gas film between the electrodes and the electrolyte) anbswoved

resulting in real (and lower than a DC instrument) resistivity values [hi#b et al,
unpublished). However, the dipoles of ions in the pore solution of concrete subject to AC
current can direct the electrical current. Therefore, the AC current can lyethfp measure

the electrical resistance (R) of concrete, but thenesistive opposition reactance (X) to the

AC current should be considered. The joint opposition of reactance (X) and resistance (R) to
the applied current represents the impedanceltd3.complex number can be represented as

the vector sum of resistance on the real axis and reactance on the negative imaginary axis, as

shown inFigure2-5.

-im{Z) 4

1

Nv

R Re{

Figure 2-5: Impedance as a vector sum of resistance and reactance

The impedance is represented by its magnitude |Z| and phase angle &. Both of them vary with
the frequency of the applied current (Layssi et al., 2015). Therglibtbese factors should

be taken in consideration if AC current is employed for electrical resistivity measurement.

14



Besides the polarization effect, the physical contact between the resistetity embedded
electrodes and the cement paste plays an imgamée in determining the accuracy of the

resistivity measurement.

Another factor that needs to be considered in embedded resisti@igys is the possibility of
corrosion in the electrodes. As cement hydration proceeds, autogenous and thermal shrinkage
occur leading to some separation in the electpmate boundary. This separation can cause
corrosion in the electrodes, siainlesssteel electrodes are suggested. The electrical
resistivity of stainlesssteel electrodes is near zero, but in case of agsistance in the
electrode (or on the electrodesrfaceas a connection between electrode and specimen), the

concrete resistance calculation is modified as (McCarter, &049):

Rpaste= R measured Relectrode [2-4]

where,Reiecrodd S t he el ectri cal resistance of the
the use of a higifrequency instrument is necessary, so the potential interface region resistance

i s fcihroa ui therefotenotacandidereth measurement (McCarter et,&009).

Hence DC measurements are more appropriate thanifAe current or potential reqed

to overcome polarizatiorare subtracted from the total value of current or potential,
respectively (Monfore, 1968). This potential drop due to polarization effects is the intercept
on the voltage axis of the linear portion of theiWs. kurve (Hamsson et al 1983). If a sine

wave current source is used, impedance is likely to be measured between the voltage probes
(electrode/cement interface problems) rather than a resistance, and this may vary with
frequency, so the results are doubtful (Ewir89d). In practice, this method is expected to

be less accurate and poorly reproducible because the electrode size has an important effect on
the measured values (Polder, 200)erefore the size of thenterface area between the
electrodes and the cemeaaste should be minimized.

In case AC measurement is used to avoid the electrolysis effects, the Alternating Current
Impedance Spectroscopy (ACIS) measurement system is the most representative. This
method was first suggested by McCarter eirall990 fa studying hardened cement paste
over a frequency range of 10 MHz to 15 MHz. As observed in the NyquistHudotré 2-6),
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two arcs existed in the @ical response, the first one in the high frequency region (cement

paste) and the other one in the relatively low frequency region (stainless steel electrodes).
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Figure 2-6: Nyquist plot: Schematic diagram of the complex impedance response for hydrating cement

between a pair of electrodes (McCarter el al, 1990)

The high frequency arc represents the bulk cement paste impedance lrehadithe low
frequency region results from the electradenent interface effects (rightind side of the

plot). This method has three circuit elements in series

a) electrodes effects are represented by a parallel combination of resistor and capacitor

(frequencydependant), Rand Gi, respectively.

b) element R represents the bulk ionic resistance of the cement paste, which is

independent from the applied frequency of the electrical field.

c) element Rrepresents the resistance of the matrix, which is dependent to the applied

frequeng of the electrical field.
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It was found that the radii of the complex arcs increased as the cement hydration proceeded
(McCarter el al., 1990). However, changes in the microstructure during the cement hydration
process resulted in the delayed appearahtiee highfrequency arc. This method was used

later on for porosity studies of microstructures. It was found that a large high frequency
indicated a dense transition area and a highly discontinuous pore structure (Xiao et al., 2008).
Torrents et al(1998) pointed out that the most reliable parameter was the bulk resistivity of
the material obtained from ACIS, which was found at the intersection of the two arcs where
the imaginary component was practically zero (Xiao et al., 2008).

As finally suggestedat frequencies higher than 10 kHz, electrode effects can be considered
eliminated, but the impedance still displays frequency dependence (McCarter et al., 1990).
Electrode configurations, tesell geometry, calibration procedure, and operating voltage ar
the other factors influencing the ACIS test results.

2.3.1.2.Surface Resistivity (4probe resistivity)

This method is the most widely used technique to measure surface electrical resistivity for
hardened concrete. The method was originally developafdnner (1916) for soil (earth)
resistivity measurements. In this method, two outer probes apply-faidquency alternating
current (to eliminate capacitive effects) to the sample, while the instrument measures the
voltage drop between its two inner prebas shown irFigure 2-7. All electrodesare ina

straight line and equally spaced.
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CONCRETE

Equipotential lines Current flow lines

Figure 2-7: Schematic representation of fourelectrode resistivity testthe Wenner method (Polder,
2001)

In this resistivity setup, the geometry correction factor (K) has been numerically determined

as (Spragg et al., 2013):

K= ) 3 [2-5]

where,d is the thickness of the specimen (min)s the specimen length (mm) aads the

probe spacing (mm).

The probe spacing can be adjusted betwe#@@mm. The spacing between the probes can

be influenced by several factors such as the thickness of theetmelement, the location of

the probe array from the edges of the concrete specimen, and the thickness of the concrete
cover (rebar depth). The surface electrical resistivity for a -g#inite homogenous is

calculated by using Equati@ae6:

[2-6]

_QJl =
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where a is the probe spacing (mmnis the electrical current (mA) between 0.01 tokHz,
andV is the voltage drop (V).

The fourpoint method is nowlestructivefimesaving simple, and adjustable for concrete site
projects. This test is used to compare surface treatments and corregtanoe analysis of
covercrete. However, some source of errors can influence the test results: (1) concrete
geometry and edge effects, (2) surface contact, (3) surfaceamoogeneity, (4) reinforcing

steel bars, (5) environmental conditions, and (6) tagescontent of concrete.

2.3.1.3.Non-contact Resistivity M easurementT echnique

Polarization and gas release problems can be prevented by using AC current in resistivity
meters, but cracking, resistance, and separation between the electrodes and thpastenen
can still affect the resistivity test results. These problems have been solved recently by a
method recommended by Li et 2003), since there are no electrodes in the test setup (shown
in Figure2-8).

Transformer core

Cement Paste Specimen cast in mould
(as the secondary of the transformer)

Toroidal volatage measurement V

Figure 2-8: Non-contact electrical resistivity test setup (reproduced from Xiao et al2008)

In this test setup, the cementitious material is cast in a ring sample and a fixed frequency of
1000 Hz is applied to it. The resulting vala¢he pure electrical resistivity, which is attributed
to the ion migration in the pore solution (Xiao et aD08). The advantage of this method is
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the possibility of building nowlestructively a quantitative relationship between resistivity and

the hydration process of cemehased materials.
2.3.1.4.Embedded electrode Measurement Technique

In this setup, electrodes are embedded in the concrete at the time of pouring and measurement
starts as soon as they are connected to the source of electrical energy. The setup is
schematically shown irrigure 2-9 . The device then measures the matrix resistance to

electrical charges passage.
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Figure 2-9: Embedded electrodes resistivity setupSpragg et al., 2013)

In this setup, the development of electrical resistivity is measured over the course of

cementing materials hydration, so the method can be used in all stages of cement hydration in
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concrete. As measured experimentally by Spragh,¢ha geometry correction factor (K) for

this resistivity setup is 0.2.

2.3.2. Electrical Resistivity of Concrete Over Time

It has beerreportedin various literatureshat the electricalresistivity of concretechangs

over timein a very broad range: in hardened concrete, froitqQ ¢ m f edried ov e n
concretestolessthan®®. ¢cm f or saturated concretes (Lop
fresh concrete (before final setting stage), frohgl0 ¢ m gfoc MmO by t hieal end of
setting (Xiao et a) 2008), as compared Higure2-10.

17
10 ; Quartz
10"

|
Aggregate
10" | Concrete (oven dry)
Granite

10°
10° Deionized water

71 Concrete (saturated)

| Tap water

10 4 Cement paste (saturated)

1| Pore solution in cement paste

Electricsl resistivity (£2.m)

10° | Copper

Figure 2-10: Electrical resistivity variety of materials (Xiao et al, 2008)

It can be observed that the electrical resistivity of cemesfitasggd materials (e.g., cement

paste) changes with time over the course of hydration.

Also, the influencing factors otmeelectrical conductivity at early and later ages are different
from each other. Based on previous studies electrical resistivity development of fresh
cement paste with the hydration period dynamically records ion dissdlan, while the

period of decreasing porosity the dominant factdor later ageresistivity (Gu et al, 1993
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in Xiaoshend and Lianzhen, 201#).other wordstheelectrical resistivity of concrete tite

fresh andhe hardenedtage must be studiedpseately.

2.3.2.1.Electrical resistivity of the hardenedconcrete

The dectrical resistivity is mainly used in studying and evaluating concrdateedtardened

stage.The application of this electrical properhyeasuremerih the concrete industry is for:

1) Durability assessmengince the major types of fluid transportation through concrete
(permeability and diffusion) are analogous to the ftwva current under a potential
difference (hence, electrical resistance), electrical properties of concrete can serve as
a simple and effective assessing indicator of fluid transport processesoand
durability (McCarter et al 2009).

2) Corrosion resistanceDuring rebar corrosion in concrete (one of thain causes for
reinforcal concrete deteriorationan electrical circuit is formed ahematically
shown inFigure 2-11; the corrosion current passesraligh the concrete fromthe
cathode tahe anode. Therefordhe resistance of concrete to corrosion is related to
concrete electrical resistandacreasing the electrical resistivity of concrea® break

thecorrosionelectrical circuitand it can protect the reinforcing bars.

L 270,y )
co, Cl 2 H0 A
Lglr"_m]:j{?" Fe — Fe® + 2 30° + 10 + 2 — 201
oduct _ .__L 2_“ ~i
/Anode // //Cathode/
Reinforcing Steel

Fe?' + 20H — Fe (OH) - _.LJLHI :
7 e Concrete

Figure 2-11: Schematic view of reinforcing bar corrosion inconcrete(Zhao et al., 2011)

Steel corrosiorrateis inversely proportional over a wide electrical resistivity range, so an

important application for the electrical resistivity values is to indicate the corrosion rate of
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steel bars in concret&here is nba general agreement about the resistivity level above which
corrosion risks will be negligible, but a relation between resistivity and rate of steel corrosion

has been presented to indusisytabulated ifable2-1.

Table 2-1: Electrical resistivity values for rebar corrosion rate (Millard and Gowers, 1991)

Electrical Resistivity Corrosion Rate Risk
( Kam) Level
> 20 Low
10- 20 Moderate
5-10 High
<5 Very High

In general, a loveoncrete electricaksistivity is reléed to a high risk ofebarcorrosion.

As notedin previousstudies the electrical resistivity ofhe hardenedoncrete is dependent

on the degree of pore saturation (humidity), pore structure continuity, ionic concentration in
thepore solution, and to a lesser extent, on the degree of paste hydration (Lopez and Gonzalez,
1993).This electrical propertgan be measured nalestructively using electrodes placed on

a concretesurface(or on the side o hardened:oncreteunit or specimenor by embedded
electrodeswhich are placed ithe fresh mixture just after castinghis requires at least two
electrodes, one of which may be a reinforcingibarase of irsitu measurementé voltage

is applied between the electrodes and the resultimgriuis measurear vice versaFrom
Ohmés | aw, the r at cuoentadsultsinhé résstgnee of tloeonerdétee c t r i ¢
sample (R=V/I). The resistivity is obtained by multiplying the measured resistance by a
conversion fadr, called the cell constant). For a given cell arrangement, the cell constant

can be obtained froraithertheoretical considerations or calibration using standard concrete
samples or electrolytes of known resistivity (Polder, 2000). In order to have the cell gonstant

m, different cellarrangements must be studied.

2.3.2.2.Electrical resistivity of fresh concrete

In hardenedconcrete the physicalcharacteristicof the concrete matrix in addition tthe

moisture contenaire the main factors fapparentresistivity changesHowever, in fresh
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concretethe cement matrix hastill not beerfully formed, sahe physicalcharacteristics of
thematrix arenot a dominant factoi his is the reasotiat in opposetb hardened concrete,

the electrical resistivity of fresh concretesht been studied enough.

To understand the electrical propertiesacfemenbasedmixture atthe fresh stagehe all

mixture componentseed tabe studied separately

1- The @ment matrixwhich contains urhydrated (or partially hydted) cement
particles andheliquid phasewhich is the solution containing chemical ions fribra

cement particleand admixtures
2- Thesolid phase frontoarseaggregatedjne aggregatg and fillers

Previous research has shown that the type of aggrégatk filler) does not have any
significanteffect on the resistivity ofhe mixtures (fresh)or the pore fluid (McCarter and
Puyrigaud, 1995)The reason behind this finding tisat the resistance of tls®lid phase is
severalordersof magnitudehigherthanthat inthe freshcementpaste phaserherefore, the
aggregate phadghe phase makes concrete and paste differemggarded as electrically
inert. Hence, theelectrical resistivity of concrete am@ment pasteés the same athe fresh
stage(initial 2 to 3 hours from the mixing)n fresh stage,lectrical currerdg always pass
through the medium withigher conductivityseeFigure2-12), soin cement paste itself, the

conductive patfior an electrical currens the liquid phase in between cement particles

Conductive path

lon movement
more difficult with time

Figure 2-12: Electrically conductive path in cement paste structures (Wei and Xiao, 2014)
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Therefore, to study concrete electrical resistivity at fresh stage, solid phase effects can be

neglected, and only cement paste electrical bebnavhust be studied.

As cementing matrix hydratesptonly the ionic concentratiorut also the size of the
conductive patltelectrolyte)is changed. Atheresult, therendof electrical resistivity of the
conductive path (responsible for theement paste conductivity) shows different

characteristics

According to previous researches, changdkeelectrical resistivity value (and trend) tbie
cement pastean bedividedinto four major phases with three boundagints P, P, and B

(Wel and Xiao, 20143s illustrated irfFigure2-13 for four types of cement mixes.
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Figure 2-13: Typical electrical resistivity development (a) and rate oklectrical resistivity development
(b) of 100% Portland cement paste (FAQ), 20% fly ash replacement (FA20), 30% fly ash replacement
(FA30), and 40% fly ash replacement (FA40) over 24h (W/CM=0.40)

Phase I(dissolutionand precipitation):As soon as cemeng materialpure Portland cement
or a percentage replacement with supplemem@nyentitiousnaterials, SCMsis in contact
with water a reduction irthe bulk electrical resistivity iobserved This reductionwhich
happes in Phase | after mixingvith water indicates thalissolutionof ions(e.g.,Na", K*,
Ca'*, OH, SQ?) from the cement (Wei and Xiao, 201#) this stagetheun-hydrateccement
particlescontribute to the electricagsistance ithecement pastén phase I, a slight increase

in resistivity values at the beginning represents the formed hydration prdducts as
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ettringiteobservedrom the XRD pattern inFigure2-14) blocking the ions conductive paths

after supersaturation of the solution.

%.: o 3 Al
AN st semrinnind WWWM_

0.73h

s 10

15 20 25
2-Theta, CuKa

Figure 2-14: C3A rapid reaction and ettringite formation from XRD pattern (Xiao et al ., 2008)

After this stagethe electrical resistivity of the fresh cement paste depends on nottenly

volume of water in the mix, but also the contation of ionic species within the aqueous

phase.

Phase Il (induction andsetting: When SQ* (dissolved from gypsuniy sufficient in the

hydration system solutigettringite forms and remains stable. Therefot®:athe electrical

resistivity ofthe cement paste starts to increabbis point is the bginning of the induction

period and close tthe initial setting of the pasteThe setting of cement at this stacs
dominated by €S hydration and &-H formation (Xiao et a 2008). CS-H formation leads

to significant increase in thadectrical resistivitydue to percolationfahe matrix within the

microstructure.

Phase llI (acceleration) After SO is consumed and no mareacts withCsA and gypsum

the ettringite(AFt) is converted into monosulphate angAB 0. As aresult,alumina, ferric

oxide, trisulphate is partly transformed to alumina, ferric oxide, meniphate (AFm) as

shown inFigure2-15.
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Figure 2-15: XRD pattern of point P2 close to final setting (Xiao et a] 2008)

This completeghe cementsettingphasgfinal setting is somewhera betweerP, andPs but

more likelyclose to B).

2-Theta, CuKa

Figure 2-16: XRD pattern of ettringite transfer to mono-sulphate at point B (Xiao et al., 2008)

By comparingFigure2-15 andFigure2-16, it is observedhat the intensity of the ettringite
(AFt) peaks de@ass as a result of the transformation to monosulphate (ABMse to the
end of this stage, the formation of theéScH which was permeable and porousiist (causing
the diffusion @ ions in the pore solution) @bservedBentz et al 2016).

PhaselV (decelerationand hardening: In this phase, the hydration mechanism changes
from the phasé&oundary reaction to diffusion-controlledprocess (Xiao et al., 2008 Wei

and Xiao, 2014)At this stage, a rapid increase in resistivity (followed by aicgdn in the
rate of increase in resistivity) @bservedver the setting period.
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Figure 2-17: XRD pattern of hydrated cement paste and hydration products at Phase IV

A secondreaction of GA is observedn this stage. The hydrated AFt as long rods can be
observed in the paste (astedin Figure2-17) resulting from the seconk& hydration.After

24 h, the components in anhydrous cement are largely consumétkedndiration products
(C-S-H, CH, AFt, and AFm) are formed in therdenedcement pasteln this stage the

porosity of GS-H reduces as more-&H is producd (due to cement hydration) and
penetration of ions

In summary, the main four stages in cement hydration which afftticalresistivity values
aresummarizedn Table2-2.
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Table 2-2: The stages of cement hydration process (Xiao et.a2008)

_ Cement
Hydration . _ . .
St Hydration Chemical Phenomena Chemical Reaction
age
Result
Stiffeningand Initial and rapid GA CaA+3(#3H2) + 2 6 H!'Bfls:
I Dynamic reaction
Balance CH nucleation Ca&'+OHY Ca o OH
_ Chemical reaction contrg .
1 Setting CsS+1 1 H %BH{G 3CH
of Cgs
CS+ 11 HSHY+3CH
CsS hydration 2GS+ 9 5Hi+CE
[l Hardening | phase transfer from AFtt| Ce! 3sHa2Y Ca! 3H12+ 2CaSQ
AFmM Cs! 33H32+ 2GA + 4 H \
3G 3H12
_ Second GA reaction and| 3 * 3(#3H2) +2 6 H ¥%!GeHaz
Y. Hardening and herhvdrat
Deceleration otherhycration CsS+ 1 1 HySMs+ GCH
components 2GS + 9 EBH¥+Ca

It can be said that thHeesh stagelectrical resistivity relates to the mtransferthrough the

pastelonic concentration (from the chemical phase of cement hydration) and transferability

(from the physical phase of cement hydration) can be factotisf@nalysis of thRydration

process.

Cement hydratiorhas beenrtraditionally studied using the caloratric method. In this

method, the hydration stagaeidentified bymeasuring the amount béatreleasedand the

mechanism bhydrationis explained based dmeatevolution However, concrete develops in
semtadiabatic, rather than pseuthothermal coditions, so this method does not properly
represent the cement hydration process. Also, the liberated heat content is neither simply

proportional to the degree of hydration nor to the cement physical structure development

(Gartner et aJ 2002).
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In this research program, the potentials of suggesting the use of electrical resistivity as a
reliable indicator for cement hydration and also other properties development related to the

hydration process (i.e., setting) is studied.

As explained before, theost dominant factmnelectrical properties changes in cementitious
mixtures inthe fresh stages the ions in th@queous phasdhis ionic content (for a given
water content and cemémy type) alters by changinthe cement content or the type of
cemeititious materials in the migre In addition, the usage of chemical admixtures can affect
theionic content and concentration in thgueous phase of a fresh cement pddterefore,

to consider the ions effect dhe electrical properties cd cementitias mixture atthe fresh
stage it is recommended that the formation factor, ((ich is a function othe saturated
specimen resistivityis considered instead tfe cementspecimen electrical resistivity only
(McCarter and Puyrigaud, 1995).

O — . (2.7

where} o is the resistivity of the saturated cement péstenposite systen) sis the resistivity

of saturating watefconductive component) is the fraction of volume of water contained
within the paste (i.eporositybecause the specimen is saturgtadd exponent depends on
the degree of cementation of the pasthich is normally between 2 to 3 for saturated stones
(McCarter and Puyrigad, 1995) Increagg n indicates that the rock (cement paste here) has

more cementontent andhereforea more constricted capillary pore network.

When it comes to concrete rather tl@mmentpaste, the formation equation becomes more

complicated as more variables are involved.

Fresh @ement pastes modelled as a-2omponent system containing nonconductive particles
(cement grains) dispersed in an ionically conducting liquid phithes freewater content is
denotedby! , the fractional crossectional area available for electrical conduction across the

model is numerically equal ta Therefore, it can bderived from Egation2-8 that

/N VA [2-8]
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whereRci s t he el ect ofcementpastgp.sis thetwater electriqalaepistivity

( q ), Ais the crossection area (R) andL is the length of the specimen crossed by electrons

(m)

On the other handopr a unit cube of cement mortar,

Y R =r¢ [2-9]

wherej cis the electrical resistivity of cement padtactorn is only applicableafter setting
of thecement paste wheahe capillary pore network is assuoh& be interconnected, s

value inthefresh concrete iassumed.. Therefore Equation2-3 is modified as

,.C — r;;alter [2'10]
It can be said thatis equal tahe Free Water (FWbdf the paste divided by 1000 (FW/1000)

because of the water densitfyfree water is in kg/th Hence,

fp _ g1 _100C
T

F :%(eql)\'/ cementpastg: F =

S

where,} pand} ware the resistivity afhecement paste arttleinterstitial water, respectively,

at the time of testing.

Thereforetheelectrical resistivity of interstitial water should be measured at thethiab¢he
cement paste resistivity is measured. In this case, the interstitial fluid has to be extoacted fr
the same sample immediately aftee electrical resistivitymeasurementThere are many
methods recommended for extracting this fl(sdch as centrifuging or pressurizingut
amongall of them,the vacuum filtration technique is the most practical antesavingone.

In this methoda stainlesssteelvacuum probe, connected to a puwith a pressure capacity

of 2 x 10° mbar, is placed o the cement paste sampteextract the fluid. The filtratio
system contained within the overall design prevents cement particles from contaminating the

extracted wateid shaking table can be used to ease penetration gatweimprobe into the
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sample After extracting the fluid,tg resistivity and temperatusge measured by the same

resistivity-meterinstrument

It was discussed before that the electrical resistivity of the fluid phase has the controlling
effect on the bulk resistivity of th&esh cement pasteOn the other handhe solution
resistvity is not a dominant factatalaterstage A two-component model proposed by Wei

et al. (2005has shown thahe bulk resistivity of cement paste is mainhflienced by the
paste porosityat later agesThe electricalresistivity is modded with the folloving
logarithmic equation at this stag&/éi et al., 2005)

ro® =K |n(tl) [2-12]

where, K is the rate of cement hydration, which is directly related to rate of decrease in paste

porosity, t is the time of measuremeautd to is the reference time (S)

Equation2-12 can predict the resistivity development during the deceleration and steady state
period (phase IMn Figure 2-13). However, it isstatedin the liteature that the electrical
resistivity of the paste d@hefresh stage (phases I, Il, and IllIkigure2-13) is related to the

electrical properties dhepore solution.

In summarythe electricalresistivity of fresh cement paste mainly influenced byheionic
characteristicsf thepore solubn (concentration and type of ign#/hereas the resistivity of
hardened cement paste dependshephysicalcharacteristicef the pore network Those
are the primary influencing factors, while secondary facgush as aggregate sizan affect

electrical resistivity measurements as well.

2.3.3. Primary Influencing Factors on Electrical Resistivity

Electrical resistance (or resistivity) is the ability of concrete to prevent electron movement
through its matrix. Electron movement happ when electrons from one pole or electrode
(connected to the source of energy) are taken by ions (in the pore structure) and transferred to
the other pole to complete the electrical circuit. Therefore, an electrical circuit can be created

in this compose material, which can be linked to the circulation of fluids through the pore
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network. Generally, the current flows through the pore liquid in the cement paste, and

aggregates can be considered inert (Ferreira and Jalali, 2010).

Concrete is a compositeaterial whose components can be described as: (a) a solid phase
purely resistive (aggregates), (b) a solid phase which participates in the conduction through
its porous structure (cement matrix) and is the source of ions found in the third phase, (c) the
liquid phase, i.e., interstitial solutioriTherefore three electrical paths through the
cementitious material are possible, as schematishlbyvn inFigure2-18: (a) through both
aggregate and cement paste, (b) through the particles (aggregate in concretgdvaiaal

cement particles in paste), (c) through the cement paste only.

Figure 2-18: Possibleelectrical paths between electrodes in concrete (McCarter and Puyriguard,
1995)

Theoretically, the properties of the paste network and aggregates can affect the electrical
resistivity values of concrete. However, it has been shown that the paste canpusstia

larger effect than aggregate choice with respect to resistivity of hardened coegpetsally

in concretes with less than 28 days of @geCarter and Puyrigaud, 1999)he effect of the

paste composition is observed in the properties of the petwork, which is the path of
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electrons movement. Therefore, the factors affecting the pore network are the most

influencing factors on electrical resistivity values.

2.3.3.1.Pore Network

The ionic content in pore solution, and physical characteristics of the pore network (i.e.,
connectivity) are impodnt factors in the ability of electrons movement within the matrix, and
therefore, electrical resistivity development. In other words, to completely understand the
electrical resistivity development of a cement matrix, it must be measured in conjunction to
the study of physical/chemical properties development of the pore netwbetdened stage,

pore network physical characteristics can be studied by Scanning Electron Microscopy
(SEM), X-ray Diffraction (XRD), and Mercury intrusion porosimetry (MIP) vehih fresh

stage, there is not a solid network to be studied. In fresh stage (main focus of this research
program)the characteristics of the mediamreevaluated by the cementing material hydration

(by XRD, hydration products formations). Also, since thedium contains ions, the ionic

concentration and characteristics are important factors.

It has been found from a review of the literature that the ionic concentration, whittisr

of water content, cementitious materials type, content,iamsl type at various stages of
cement hydration fsaa significant influence on the electrical resistivity of the fresh cement
pastein the earlystages Therefore, the test variables should focus on those factors affecting
the type and concentration of ®within the liquid phase. Since drinkable tap water is used
for mixing pastes, the only remaining factors that may affect ionic properties of the pore liquid

are the type of cementitious materials and their quantityclaechicaladmixtures.

Chemical admitures are used in small dosages, so it is expected not to see their influences
on the ionic concentration in the liquid phase as it is swamped out by ions already present
from cementitious materials. However, a high dosage of chesmaal have some infence

in changng thenumberof cations in the concrete pore soluti8eanning Electric Microscopy
(SEM) results by Xiao et al. (2008) have indicated that at high dosages of superplasticizers,
the early cement hydration process of cement paste is infldierioethis case, the
microstructure of the cement paste developed at much slower rate than in a control paste

without chemical admixtures.
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Cementing materials is a combination of ordinary Portland cement (OPC) (with standard
chemical composition) and addim of Supplementary Cementitious Materials (SCMs).
Theoretically, replacing OPC with any kind of SCM, for durability and economical purposes,
would result in higher resistivity value in the fresh paste, since SCMs are unreactive during
very earlystages bhydration and act as electrical inert fillers. After their hydration, the
cement matrix and the concentration and mobility of the ions in the pore solution is affected
by the SCMs pozzolanic properties. In comparing OPC to any supplementary cementitious
material, replacing OPC may affect the fresh cement paste resistivity if the ionic concentration
in the fluid phase is changed. In most cases, SCMs create a finer pore size distribution and
lower ionic concentration and therefore higher electrical registralues are measured than

in normal OPC (Xiao et al2008).The type of Portland cement used in a mixture is important

in resistivity studies at the fresh stage, because the ionic properties in the pore fluid are
affected. Also, GA content, which hasome effect on the setting time, is another important
factor; it has beenbservedhat suphateresistant Portland cement (with lowegACcontent)
showed higher electrical resistivity at the fresh stage, as the ionic concentration within the
water phasesireduced (McCarter and Puyrigaud, 1995). Also, alkali content will change the
resistivity of cement paste at both the fresh and the hardened stages (Monford;iha8y).
electrical esistivity at different ages shows a decrease in value, iE¢h@ent content is
decreased or W/CM ratio is increased (Xiao t2408). W/CM ratio not only influences the

total porosity of the cement pagbeit alscaffectsthe ionic concentration in the pore solution

2.3.4. Secondary Influencing Factors on Electcal resistivity

The measured electrical resistivigf hardened concretes affected by the pore size
distribution, pore system connectivity, pore fluid electrical properties (i.e., conductivity),
degree of saturation of the concrete, and concrete tetapeta addition, concretelectrode
interface conditions, electrical frequency and electrodes configuration can affect the measured

resistivity values.

2.3.4.1.Concretetemperature

As described in the studies published in the literature, the cement paste (or concrete)

temperature at the time of testing is an important factor on resistivity value changes regardless
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of the resistivity test setup. This factor is more influencing irfirtisdt stage resistivity studies,
as the internal temperature can influence the ionic movement through the liquid medium.
Therefore, possible changes in the cement paste temperature should be considered during the

measurement of the electrical resistivity.

The electrical current flown the concrete (at fresh or hardened stages3rried by thaons
(Na', K* Ca*, SQ%, and OH) in the pore solutionLiu and PresueMonreno, 2014)
Temperature is one of the factors that can affect the mobility of ions whegore solution
Therefore, temperatufgas a significant effect atme concrete electrical resistivity (Polder,
2001).As reported by Layssi et dR015) a temperaturancreaseof 1.8°F (1°C) can result in

about3% decreasén the electrical resistivity of concrete.

Hence theeffect of concrete temperatwskould beconsideredvhen the electrical properties
of concrete are studied. In that regard, the linear relationsippcalple to electrolytic
solutions can describe the effect of temperature on concrete resistivity, as stiuation
2-13:

(p ” ” | q}"Y’ ” 8 ” | "Y "Y 8 + ” ” 8p | "Y "Y [2_13]

w h e r (&°C)is thethermalcoefficient ofresistivity of fresh cement pasteifferent from

that inthe hardenedement paste)T is the temperature (°CJyet is the datum/reference
temperature (2023°C),andj i s t he el ect r i cTolfind putthd tlsetmalv i t y
coefficient of resistivity,the pore fluid should be extracted frothe fresh cement paste
mixtureover a wide range of temperatsfe.g, 10°C to 50°C) for liquid electrical resistivity
measirementBy having the electrical resistivity value at room temperafuee) @nd using
Equation2-1 3 , parameter U for fresfMsreperte@éintte past e
l'iteratur e, the value of U is bestinmemam 0. 022
PresuelMonreno, 2014).

It was found, however, th&quation2-13is only applicable to an interval of £5%m the
datum/reference temperature (Chrisp et al., 2001). Also, Equafi8moes not consider the
effect of temperature change in taivation energyin physical termsthe activation energy

'O quantifies the amount of thermal energy required to prermahole of ions itheconcrete
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pore solution (e.g., NaK* Ca*, SQ?%, and OH) from equilibrium state to activated state, so
they can carry a current flow under an electrical figldan be said that the activation energy

of conductionO , is a ftted parameter describing how sensitive an electrical measurement is
to temperature, so a higher activation energy value corresponds to a higher senstheity of
electrical resistivity measurement to temperature (Coyle et al., 2019).

The Arrheniusequaton has been popularly used to describe the relationship between the
electrical resistivity and temperature by considering the effetiheohctivation energyf
conduction as expressedn Equation2-14. This equation is used to correelectrical
resistivity for temperature effects using an activation energy of conduction:

T Mok - — [2-14)

where” i s the electrical resi st i'visthgregstyitym) at
at testing t Ristpeamvarsalugasecontant wiigh,is 8.314 3d| Tis the
testing temperature (K)Y is thereference temperatuyrandO is the activation energy of

conduction (kJ/mol)

It has been shown in previous researches that the charige eletrical resistivity with
temperature agrees well with the Arrhenius exponential curve titedemperature othe
concrete is above 0eC EQuatom2l4 cas benemgayed ol . , 2

normalizethe electrical resistivity values of concreteimtemperaturea b ove 0e C.

To normalize the measured electrical resistivity values, the temperature of the concrete must
be measured simultaneously. Then, the activation energy of the concrete must be calculated.
By using the relationship described in Btjan 2-14, the normalized electrical resistivity

values (independent from the effect of concrete temperature) acatcodated

The activation energwyf conduction O, for a concrete mixture can be determined by
multiplying the slope otheconducti vity (1/qgq.cm) versus 10
constant (Tomlinson et al., 201’ However, during the eargtages of hydration, the curve

changes, as the conductivity changes. The reason of the changes is the leakage of ions in the
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pore solutbn when cement particles become in contact with the water. By absorption of ions
in the hydration product, the conductivity may be changed. Therefore, the sldpe of
conductivity (1/ q. cm) ver sus 100 BthgesTaf 2 7 3)
hydraion. This isthereason behind wide range o&ctivation energy values reportedtine

literature, as summarized frable2-3.

Table 2-3: Reported values of activation energy in various cemertiased materials (Coyle et al., 2019)

Reference =a Cen?entlng Condition W/C Ratio
(kJ/mol) | Material Type
McCarter et al(1993) 17.7 Paste Saturated 0.40:0.80
Elkey and Sellevold
(1995) 14.0 Concrete Saturated 0.400.60
McCarter(1995) 19.4 Mortar Saturated 0.40
Chrisp et al(2001) 25.7 Concrete Saturated 0.400.44
Julio-Bentancourt and
Hooton(2004) 19.7 Concrete Saturated 0.250.79
Sant,Rajabipour, and
Weiss(2008) 25.627.6 Paste Sealed 0.30

Castro et al(2010) 9.7i10.2 | Pore solution Extracted from 0.360.50
sealed paste
23.4 Concrete Sealed 0.42

Spragg et al(2013
pragg et al ) 8.2 Pore solution | EXtracted from 0.42
sealed paste

According toTable2-3, thevalues ofO for pore solutions rang@ 2-10.2kJ/mol, while the
corresponding rangef ‘O for concrete is 14:25.7 kJ/mol. Therefore, it is important to

choose the appropriat@ .

As reported by Coyle et al. (2019hetO of pore solutions remains relatively constant (an
average value of 13t9.5 kJ/mol) for typical pore solutions amsslightly lower than théO
of saturated specimens (an average value of 15.8 kJ\Muailg it is better to directly measure

the’ O of a concrete mixture, this is not always feasible or practical. In saggscfor pore
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solutions, a value of 13.9 kJ/mol can be used, and for saturated concretes, a value of 15.8
kJ/mol can be used (Coyle et al., 2019).

2.3.4.2.Degree of saturation

Since electrical charges are pasdirgn one electrode to the other through the pore system
(in the pore solution), the degree of saturation can affect the measured electrical resistivity.
To compare the electrical resistivity valuesimentingbased specimersiould be at the same
degree okaturation. In hardened concrete studies, concrete samplesialiyensured to be

at the Saturated Surface Dry (SSD) condition. In fresh concrete studies, the degree of

saturation is not a factor #seforming pore system is in 100% moisture content.

It is notedthattheconcrete moisture content (the degree of saturatitirepbres) may exhibit
conductive or insulating characteristitishas been shown that the moisture content affects
the activation energy of conductidd,, by changing theonnectivity of the fluiefilled pores,

and therefore the ionic mobility in the pore sys{&@uoyle et al., 2019).

2.3.4.3.Frequency of the waves

As Layssi et al. (2015) explainediet general representation of the impedance spectrum
consists of two aras high (attributed to the microstructure of concrete) and low (influenced
by conditions at the electrog®ncrete interface) frequency rangas shown schematically

in Figure2-19.

-Im{Z}
High frequency range Low frequency range
Bulk cement paste effect = Concrete-electrode
interface effect
@
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m
o]
m
qQ
v

Minimum phase
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./
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Figure 2-19: Schematic representation of the AC Impedance response of concretefroduced from
Layssi et al., 2015)

Determining the optimum frequency depends on many factors suble @sistivity-meter
configuration andthe specimen moisture conditionf has beenobservedthat higher
resistivity values are measured when lower signal frequencies are used (9% increase in

resistivity aghefrequencydropped tdl,000 Hz to 40 Hz)as shown ifrigure2-20.
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Figure 2-20: Signal frequency effect on the measured bulk electrical resistivity valueseproduced from
Layssi et al., 2015)

It can be said that in the uniaxi@sistivity measurement technique (bulk resistivity), lower
frequency generally results in overestimated resistivity measurentrésto electrode

concrete contact interface as illustrateérigure2-19.

24. Gaps in the State of the Art

The standard methods described in Sectiéghf@: determining the setting timare not

applicable to concrete projects sites. Algw test method desbed in ASTM C91 is a
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laboratorybased method, sdhe environmental conditions of a concrete site (e.g.,

temperature) are not considered.
Therefore, to determine the actual setting tima obncretemixture poured in a structural

form, a practicamethod, whiclcan be applied onite, is required.
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3. TEST PLAN AnD METHODOLOGY

3.1. Introduction
Three main goals are defined for this research pragect

I.  Proposing a new, time saving, and more accurate technique for obtaining the
setting time of cement paste from changeséatrical properties durintpe fresh

stage

II.  Identifying the hydration stages (and therefore setting behaviour}vetid of
bulk dectrical resistivity measurementand corresponding microstructure

investigationand

[ll.  Studyingthe transition stage from liquid to solid during the cement hydration by
electrical resistivity measurementby considering the changes the pore

network andpore solution.

To fulfill the goals of the projecthe mix designsvhich represent the most common mixtures

in the concrete industrarefirst selected. The next part of the chapter focuses on the tests
conducted in this research project at both nstratureand macrostructure levein
hydrating cement pastes.

3.2. Mix Design Selection

As it wasconcluded in Section 22.2, the solid phase does not haaeignificant effect on
theelectricalresistivityof a concrete mixture #tefresh stage. In other wasdhesolid phase
can be removeftfom the matrix and a similar cement paste electresktivitycan represent
that in similar concreteThis is the reason behirgtudying varioussement pastes irhis

research program.

The electrical properties of a cement paate significantly influenced by the Watéo-
Cementitious (W/CM) ratio and cemdwpe, as described Bection 23.3.1 TheW/CM ratio
not only influences the total porosity of the cemeastp but also affects the ionic

concentration in the pore solutiolm this research project, three commMiCM ratios of
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0.37 (oftenused inhigh performance mix designs such as bridge girders and cy\&a8
(commonly used imuilding structures and 0.43 (widely used jrojectswith lessconcrete

durability and strength requirements suclslass-on-grade) are chosen

In todayd €oncreteconstructionindustry, the us of blendedPortlandcemens has been

widely increased. Efficient use of an optimal blended cement offers economic and technical
benefits to a concrete infrastructure. However, the performance of blended cements should be
investigatedas discussed in SectiorB3&.1 One of the most ingytant concerns about the
blended cements is tinesetting time. For this reason, two types of blended cenaat
studied in thisresearchproject generaluse cement blended with silica fume (labelled as
GUDbLSF) and general use cement contaitimgstore (labelled as GUL in this projectin

addition to general use (GU) and high early (HE) cements.

Thecement paste mixturesudied inthis project are presentedTiable3-1.

Table 3-1: Cement paste mixtures properties

Portland Cement W/CM ratio
Supplementary
Type* - . 0.43
Cementitious Material 0.37 0.40
(from Lafarge . : : (Non-
Cement (% replacement) (HPC) | (Structural)
ement) structural)
General Use .
<%)5 Limestone V V V
(GU-Type 10)
Limestone Cement
12-15 V V V
(GUL)
Silica Fume Blended
55-7.5 V V V
(GUbSF)
High Earl
g y V \V V
(HE-Type 30)

All cements weralonated byLafarge Canada (Ottawa Plant) and keptapped barrels to

limit the possible changes ithe composition due t@arly hydration with air moisture and
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carbonation. Thehemicaland mineralogical composition tfe cements, detained by the
X-Ray Fluorescence (XRF) technig(secording to the method described in CSA A309H3)
the supplier, are presentedTiable3-2.

Table 3-2: Chemical andmineral composition of cements

Potential Mineral

Oxide Composition (%) N
Cement Composition (%)*
Type _ Na,O**
SiO, | Al;O3 | FeO3 | CaO | MgO | SOs (eq) CsS | C.S | CA | CAAF
€q
GU
194 | 5.0 32 | 619 23 | 39 0.60 55| 14 | 8 10
(reference)
GUL 186 | 4.8 30 | 603 22 | 3.8 0.61 56 | 11 | 8 9
GUbSF 25 4.3 29 | 571 26 | 3.7 0.86
HE 19.7| 4.8 22 | 618 27 | 4.2 0.86 54 | 16 | 9 7

*The values werehecked with the Bogue equations in addition
** Na20(eq %) = NaO (%) + 0.658.K0O (%)

All cement pastemixtureswere preparedn four stepsaccording to the standard method
described in ASTM C305:

Step 1)Pouringwater and cement (start the time watghfdr 30s absorption,
Step 2Mixing at sbw speed (140+Eev/min.) for 30s,

Step 3Restingfor 15s (while scraping theedgesof the mixer bow), and
Step 4)Final mixing at mediunmspeed 285+10rev/min.) for 60s.

After mixing is overgxperimental measuremert®e startedlo prevent any selfiesiccation
due to the losof moisture from diffusion to the surface, the specimens remain cappead
the first 24 hours of hydration. Moisture loss casult inair voidsformation in the mixtures

which affects the electrical resistivity readings.

However, for somexperimentswhich will be described, the hydratipnocessneeds to be

stopped at certain timegdydration stoppage will be domy using isopropanol ebhol at the
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designatedimes and thesemthydrated specimenare then dried and kept in a vacuum
chamber until theexperimental measuremetine. The first stoppagés scheduledat the
initial 2 hours of hydrationTwo hours after mixing is selected based on the preliminary
studies and testesults of the projectwhich will be described in Section 25). The other
stoppage times are the critical points from the setting point of view (initial and final setting
times). Finally, 24hour stoppage point is selected as thest common time foconcrete

formsremovaland initial concrete properti@seasuremernh industrialprojects

To achieve theescribedbjectivestwo categories of testing are performed in thisaese

project:
1- Macrostructurdevel studiesand

2- Microstructurelevel studies

3.3. Macrostructure Level Studies

At this level of testingthephysicaland electrical properties ebchmixture are studied and
analyed as summarized belowhe testsperformed at this stage have three different

purposes:

a) Determination of theonsistency and stiffenirtgne of the specimens to establish the

time framefor othertesting

b) Quality Control (QC) of the materials and specimens.,(vane shear and

temperaturg and

c) Macrostructure propertieanalysis (i.e., electrical resistivity, setting time, and

compressive strength

3.3.1. Consistency

Consistency is defined as ttetativeflowability of a freshcementitiousbased mixtureBased

on consistency, a mixture can defined as dry, plastic, fluid, or wet.
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Two types of consistency were measured in this research project: initial consistency (flow
test) and construction consistency (penetration t€st)sistencywasdetermined toalidate

the mixing procedure, mix desigrggjality, and properties of the mixture components.

3.3.1.1.Initial Consistency

Initial consistency is an important factor in determining the quality of the mix design, mixing
procedure, andnixture materialsThe minislump cone (shown ifigure 3-1), technique
similar to ASTM WK27311is a reliable test faleterminingheinitial consistencyf cement
pastemixtures.The minislump coneused for this testias designednd built at the University

of Ottawa.

19mm

57 mm

38 mm

Figure 3-1: Mini -slump cone initial consistency (slump) test method

The test is conductest 10 minutes fronthe mixing time by pouring fresh cement paste into
the acrylic minislump cone followed by spatula tapping compaction (laterally and vertically)
as described in ASTM WK2731Rapid cone lifting tensurehe cone clear of the flowing
paste (without imparting an upwardomentum to the paste) results in spread of the paste.
The average of twperpendiculadiameters ofthe paste spread (Cand D) is the initial

consistency of the mixture.
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3.3.1.2.Construction Consistency

Consistency of the mixes at the time pduring is a valuable factor in determining the
workability and quality of mixes. Construction consistency of the fresh cement pagieesnix

is studied in this research projectl@tminutes, 6@ninutes,and 120 minutes from mixing (2
hours is the latestllowable placement and consolidation time for a fresh concrete load
accordingto CSA A23.1, ConcreteMaterials andVethods ofConcreteConstruction/Test
Methods andtandardPractices fortConcretd. ASTM C187 provides a standard test method
for determining the consistency of cement paste mixes at initialsstaglethe apparatus is

shown inFigure3-2.

Removable needle, o
1 mm by 50 mm, l
concealed in end

of shaft

-

Entire 50-mm
length graduated
by millimeters

Figure 3-2: Construction consistency apparatugASTM C187, 2011)

The apparatus used for the construction consistency measurement is that used for the Vicat
test (similar to the one used for setting time, but with a different needl® ofm), as
illustrated The consistency is the average of three measuremehtsrofl penetration in the

samplewithin 30s.
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3.3.2. Setting Time

After mixing water with cement powdeihere are two significant stages in the process of
setting of the cement paste: initial setting time and final setting time. These are the indicating
stages of concrete setting, workability, and finishability, in concrete construction. Initial and
final setting times of cement paste are determined by the test method described in ASTM
C191(Standard Test Method for Time of Setting of Hydraulic Cement by Vicat Needle)

Figure 3-3: ASTM C191 testapparatus

The initial setting time is the time taken by the cement paste to stiffen enough so that the
needle of the Vicat's apparatus (showikigure 3-3) penetrates by-3 mm from the bottom

of the mould. The initil setting time is an indication of the critical stage after which cement
paste fresh propertiesuch as workability are not available Therefore,in concrete
constructionnot onlycemering mixturesconsolidatingbut alsatheinitial surface finishing

must becompleted beforeeaching thenitial settingtime. Final settinghappensvhen the
apparatus needle-hm diameter) does not form any visible indentation on the test specimen
surface. In practice, afinal finishing shoull be completedgbrior to the final setting time.

Surface curing can start after the final setting time.
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3.3.3. Rheology Vane Shear

A cement paste stargsiffening (losing consistency@venbefore the initial setting time. This

can beobservedy visually inspecting a cement pastéxture, but ASTM C191is not able

to determine thstiffening time;it shows 40 mm needle penetration at anyetinior to the

initial setting. The beginning ofttestiffeningprocess is important, as this is the timesbid
phasein the cement paste matrix starts forming and the quantity of the pore solution starts
reducing.In concreteconstructionthe beginning of thestiffeningtime is the point when the
mixture startdeveloping shear strength, &other mixing, pouring, or consolidating is not
recommendedOtherwise,a significant plastic deformation or yielding occurs due to an
applied shear stresghus this crucial timeneedsto be determined in thistudyalong with

the concurrenmicrostructure propertiesf the paste

Since there is @ standard test to measure shifeningstart point, the developmeotyield
stress inthe fresh cement paste mixtyes aheologcal factor, was used as an indication for
the increase imiscosity.

Besidesstiffening, the workability of concrete and cement pastes can be studied by focusing
on the rheologal properties of the paste. A modified test procedure described in ASTM
D4648(Standardrest Methods for Laboratory Miniature Vane Shear Test for Saturated Fine
Grained Clay Solil) isisedhereto determine the developmentyéld stresof the cement
paste mixesThe apparatu®f the tests which is called Vane Shear Test is shovigiare

3-4.
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Figure 3-4: (a) Vane shear test machine (left)(b) 1:1 blade fniddle), and (c) uniform shear stress
distribution on the Vane shear blads (right)

A @50x100mm cement paste cyliar is cast for each mix desigescribedn Table3-1, at
different testing timedor the rheology studiesBy placing the kade in the sgcimen
(penetration depth is &Um), a constant torquehich isrotatel at a constant rate of &@nin

to 907min., is applied by the machine ®stiff shé&t and a calibrated torque spring-his
rotational rate is chosen to avoid any drainage of moisturetfrespecimen®r anyfurther
consolidation in the mixtur&Vhen the test is conductgtie top of the spring unit is rotated

at a constant rotation rate, while the bottom of the spring remains stationary or nearly
stationary until enough energy (torque) is built up in the spingr tothe failure of the
spring (when it reaches its maxam capacity), the bottom of the spriagd thevane begin

to rotate slowlyBy the time the torque applied by the spring overcomeyitie stresof

the cemenpastethe vane blade rotates rapidly to bring the pastiedtotal failure.

As described inASTM D4648, the calibrated torque spring produces failure that varies
somewhere between purely stressitrolled and straksontrolled conditionsBased on the

rotati onal a ra, lwhere g iisftHe dimalerotatie@nal énglegp is the initial
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rotational anglg the shear strength)(is calculatedAssuming the distribution of the shear
strength is uniform across the ends of faged cylinder andalong the shear bladaq
schematically showmiFigure 3-4), the Vane blade constakt in m3, can be calculated as

follows:

p — YOt Qoi [3-1]

where,D is the measured diameter of the vémen) andH is the measured height of the vane

(mm).
Themaximummeasured torqud’) can be calculated from:

T= Kspring( £PR) [3-2]

where gais the final rotational anglep is the initial rotational angl@ndKspring is the spring
constantwhich isthe inverse of the slope dfe calibration curvg°/N.m). The calibration
curves are usually providdyy theVane shear equipmentanufacturer

Finally, the undrainedshear strengtif() in Pasca, the point where a significant plastic

deformation or yielding occurs due to an applied shear sisesdculated from:

z - [3-3

where K is the Vane constant i obtainedrom Equation3-1, andT is the measured torque
(N.m).
3.3.4. Temperature

An ordinary Portland cemen(OPC) starts reacting with water immediately after the first

contact. There are two types of reactiobservedetween OPC and water

1- Through-solution hydration: Dissolution of cement componenigo their ions as
explained inChapter0O, Phase | of hydration followed by the formation of the

hydration products in the solution, and finally, precipitation of the hydraies
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described irChapter2, Phases | and II. The througblution hydration is responsible

for early-stageproperty development of the cement matrix.

2- Solid-state hydration: Hydration at the surface of the anhydrous cement components
which dominates the later stage hydration beyond Phase Il of hydration as described
in ChapterO (Phase lll, and V)

In general,cement hydrations an exothermal process. The generated heat resulss in
increase in the temperature of gementitiousmixture. It is observed that determining the
heat of hydration by calorimetry is not always accurate, especially in mixtures with slow
pozzolanic reactiofLangan B. W. and Weng K., 2002herefore, the effect of the generated
heat, in he form of change in the internal temperature of the mixtures, is monitored in this
research projecChange in the temperaturetbe fresh cement paste over the first 24 hours

is an important factor in determining the cementitious materials hydratiose#tndy time of

the mixture. Also, it was observed in Section32.1 that cementinbased material

temperature has significant effect thie electrical properties of the matrix.

To study the thermal propertied all mixtures at different time intervals, allw materials
(water and cement powder) are kepid monitorecat room temperaturé22-23°C) for 24
hours prior to mixing Therefore, the initial temperature of #tle mixtures is 22-23°C.
Otherwise, measured values must be calibrated with the reference tempergti22°C),
as described in Equati@l3.

During thecementhydration, the internal temperature of the testing specimen is monitored

by an embedded t her mi st ohecement pastedemperatare isr a c y
monitored over the processtofdrationas a quality contraheasurementn case unexpected
chargesin thetemperature of the cement paateobservedthetestis redoneand the reason

is investigated In addition, the specimen temperature is useddonalizethe measured

electrical resistivity by employing the Arrhenius relationship (Equéiad).
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3.3.5. Fresh Stage Electrical Resistivity

The electrical resistivitpf fresh cement paste reflects cement hydration information from the
ion concentration and microstructure (porosity during the deceleration period). Therefore, this
property can be used for quality controlnoiixtures of OPQr other cementitious matersal
However, in this research prograthe electrical resistivity measuremeaot fresh cement

based matrixes is going to lenalysedfor replacing a mechanical test, setting time
determination. In other words, the main goal of this research programéatoaéhe standard

test method for determining the setting time of hydraulic cement pastes (ASTM C191) with

the measurement of electrical resistivity changes.

In this research projedhebulk resistivity of fresh cement paste is measured at various ages.
The test setup is similar to tleenbeddeaneasurement technique setlgscribedn Section

2.3.1.4. In this test setup, a cement paste sample is modelled as a combination of a resistor
and acapacitor which is placed in between two stainlsssel electrodes connected to the
source of electrical energgchematically shown ifigure 3-5). The device then measures

the matrix resistance to electrical charges passage. This method can be used in all stages of
cement hydration. Electrical resistivity development during the fresh stagmr@nt paste

(from the time cement particles are in contact with water unit final setting time) is an important

factor in studyingearly-stagechanges in the paste.
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Figure 3-5: Embedded electrodeslectrical resistivity setup in fresh concrete (photo courtesy of Giatec
Scientific Inc., 2015)

In this projecttest setup, electrodes are in contact wlithcement paste and tledectrical
resiganceof thepaste in betweetheelectrodes is measurdd.thistest setup, two steebds
(50-mm apart) are placed in a @2@D0mm cylinder, at the timéhe cement paste is cast.

Thein-place resistivity electrodes are showrkFigure3-6.
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Figure 3-6: Electrodes setup for fresh cement paste electrical resistivitpeasurement (photo courtesy of
Giatec Scientific Inc., 2015)

The steelelectrodes are connected to a source of electrical paweavoid polarization

effects described in Sectior323, asmall alternatingsinusoidalcurrent atLlO kHz is applied

through the cement pasteEhevoltage drop between the two ends of the cement gten
measuredThe impedanceZf can then be calculated in q f
applied currenvalues Based on the value of the impedartbe currehscale may vary from

10e A tnvA. The impedance can be read aoellphone application called SmartBéx

which is connected to the meter via Bluetooth.

Finally, the electrical resistancedalimpedance) is converted to electrical resistiwthich

is independent fronthe sample geometrical properties. Electrical resistjyity is obtained

by multiplying the measured resistanRg by ageometricatonversion factor, caltethe cell

56



constantK. The cellconstant is a factor dfieprobe distance and the geometry of the cement

bodyin betweerthe electrodeslf the cell constanis known
" oY [3-4]

where} . is the electrical restivity of the cement paste&kdq.cm), and R is the electrical
resistance (q).

As mentioned in Sectiok3.1, for a given cell arrangement, the cell constant can be obtained
either from theoretical considerations or from calibration using standard concrete samples or
electrolyteof known resistivity. In order to have the cell constant, different cell arragggsm

must be studied.

However, the folbwing mathematical approach is uded determining the cell constant in

this research project, based on the resistivity setup schematically modéllgdres-7.

Figure 3-7: Fresh cement resistivity electrodes setuphoto courtesy of the Giatec Scientific Inc., 2015)

The electricaturrent densityj, is obtained from the currenf,as:

j =lim [3-5]

i
A- OZ

whereais the crossection of the patthe electricaturrent goesthrough.n t hi s cas e,

law becomes:
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G YQT- 60 T -t o " i0QQ1 Qidpd W Q  [3-6]

It can be assumedbat the current fluy, at distance goes througialf of acylindricalsurface
[2 (rh/2] around the electrode:

Q aeé Q 4 Q4 [3-7]

wherer is the distancbetweertheelectrode (mm), andh is the height otheelectrodgmm),

asshown inFigure 3-6.

Substituting EquatioB3-6 into Equatiorn3-7 results in
N — -+ Q1 Qw QO @— do"Qét—” [3-8]
IntegratingEquation3-8 gives:

0l L —" Qi+ @ —ad +C [3-9]

whereC is a constant of integratiokquation3-9 gives the potential around a single current
electrode.The potential difference between electrodes can be simplifigghaspacing

between electrodes is Bm as shown ifrigure3-6):
Www —aél [3-10]
Therefore,

YUQ T & [3-11]

The resistivity} in-between the electrodes, as calculated from Equ&tibhand along the

electrodes heighis graphically represented kFigure3-8.
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Figure 3-8: Bulk electrical resistivity distribution trend between embedded electrodes

Thegeometricatonverson factor,K, can be mathematically calculatedm:
o — [3-12]

This mathematical conveon factorshould becalibrated with an experimental resuity

comparing the electrical resistivity arekistance of a known solution

In this research project, atpreliminary stagethe electrical resistivity setup constant factor
is calibrated byanexperimental methodvhich will be described in Section22). Then, the
electricalresistivity of cement pastes with various mix designs are monitored by the,device

over the first 24 hours of hydration.

3.3.6. Compressive Strengtl{24 hours)

Concrete forms are traditionallemoved after 24 hours from casting. At this stage,
compressie strength is one of the factors determining the development of physical properties
and therefore hydratiotf. concrete has nachievedhe certain strength, which is called the
stripping strength, demoulding of the concrete element is not acceptedforbgestrength

plays an important role athe first 24 hours of hydrationln this research projecthree
@50x100 mm cement paste cylinders were cast and tested-day compressive strength

(and fracture analysigiccording to ASTM C1Q0%s illustrated ifFigure3-9.
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Figure 3-9: Compressivestrength test sample and setufleft) and fracture pattern (right)

The @mpressive strength is determined as the averaglered specimensat the time of

testing.

Considering the fact that different cement types are used in this research projeemntdiffer
strength values are expecté&kment mixtures containing limestone as the replacement to
aggregate (and also cement) or silica fumeelsdaiown higher compressive strengtrearly
ages compadto normal cement concrete and mortar mixtures (Bentz,2@6). InHigh
Early HE) mixtures, tle finer cement particles resuita significant higher rate of hydration
(higher surface arean addition to higher €S and therefordnigher earlyage (until day 7)
compressive strength (Nevil2008.

3.4. Microstructure Level Studies

The fresh cement pastructureis a combination of the solighase(partially formedpore
structureor unhydrated cementing particleand the liquidohasgpore solution). It has been
statedin the literature that some sciensstlaimed that the electrical conductivity of the

cement paste imainly influenced by the electrical properties of the pore solufiam and

60



Shi, 2012) This argument is based orethoncept that the electrons are transfeinealgh

the pore solution (by the pore solutions ions) from one electrode to thelothgrer words

the main factor affecting the electrical properties of the cement paste is the electrical
properties of thpore solutionBased on this argumenlephysical characteristics of the pore
structure inthe fresh stage do not have significant effeoh the electrical conductivity
development of the pasté this argument is valicthe electrical resistivity camot be related

to properties influenced by the physical structure (sagting time) and thieypothesi®of this
research project is questionabl® study this argument, bothe pore solution anthe pore

structure properties (electrical, physical, and chemarai$tudied, separately.

The microstructuref thecement pastds studied inthis work atvarious stages of hydration

2 hours(as it is the maximum allowable time for placing, @atting, and finishing a cement

base mixture, according to CSA A23.andit also corresponds tbe starting time of cement
stiffening, as described in Section24), initial setting, final settingand 24 hourgas the
common time for form removal argtrength measurement in concrete industhy)each

stageit is assumed that the electrical resistance measured by the resistivity meter (which will
be converted to resistivity by the method described in SeE&8BH) is a factor otheelectrical
resistance of theore structurdiquid phaseof pore solution andolid phas@f semthydrated

cement. These two states are parallel to each other to form the resistance of the cement paste.

Thereforetheelectrical properties of each state ameasured and studiggskparately

3.4.1. Pore Solution Analysis

Hydration of cement is a dissolutiqmecipitation process. Thereformalyzing the cement
pore solutions from quantitative and qualitative pooftview leads to information about the
associated nature of hydrated solid phases and therefore develgpmalpdnd mechanical
properties of the paste (e.g., settinbhe poresolution is extracted frorthe cement paste
mixtures by @herdirect vacuum sucticfiltration (Figure3-10) or centrifuge(Figure3-12).

Both technologies are used in this research project upon need.
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Figure 3-10: Extraction of pore solution from cement paste under direct vacuum suction

Using the direct vacuum method, the cemmadte mixtures are placedder a pressure of
negative20mmHg until the pore solutionis completely extracted,and the cement paste
becomes dryln low waterto-cemenitious ratios or rich cemenpaste mixturesthe direct
vacuum suctiomethodis notefficient, sothe centrifugetechniqueas employedo extract the

pore solutionfrom the paste mixturesn this research prograrthe Legend T+Centrifuge
produced by the Thermo Fisher Scientific Co. with a maximum speed of 10,000rpm is

employed(Figure3-11).
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Figure 3-11: Legend T+ centrifuge for pore solution extraction from cement paste

In the centrifuge, the specimens must be placed in opposite to keap¢hme, balanced, so
for every cement paste samples, twandtad tubes of samples are prepared, as shown in
Figure3-12.
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Figure 3-12 Centrifuge technology for pore solution extraction from low W/CM mixtures
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In using the latter extraction technique, partha extracted solution sometimes stays in the
centrifuge tube as a gas. To maximize the centrifuged solutions, it is necessary to cool the
tubedownto convert the gasto liquid.

The extracted pore solution is kept in sealed plastic tubes until fartlagrsis, as shown in
Figure3-13. Within the Xday from extractionthe extracted soluti@aretested for density,
electrical properties, pH, and ionic concentration

Figure 3-13: Pore solution kept in plastic tubs until testing time

To study and compare the chemical composition and electrical properties of the extracted
solutions, all the measurements must be done at reomperature; the&omposition is
restricted to cement pastes without any chemical admixture, ternary blendse Atk

ratio needs to be less than 1.0 (Vollpracht et al., 2016). All the conditions recommended in
the literature are met in this research project.
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3.4.1.1.Pore solution chemicalcompositionand pH

The pH of an aqueous solution is the measure of hasvcaar basic it is. The pH of an
aqueous solution can be determinedhiBasuringhe concentration of hydronium ion in the
solution. The term pH refers to tlipotential ofHydrogen iom, and it is calculated as the

negative of the logarithm of the concentratiompdironium

In this research projedhepH is first measured by the pideter after the solutios extracted
from the cement pastas showmn Figure3-14.

Figure 3-14: pH determination of extracted pore solution

To measure Oklwhich isanimportantindicatorto analye the alkalinity of a pore solution,
titration according to ASTM D4662 is used. Howevkeliterature has shown that hydroxide
concentrations can be estimated from the pH value of the pore solution (Vollpracht et al.,
2016), as:

pH= (log [°"]) + 14.0 [3-13]
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where,[OH] is the hydroxide concentration in mol/l (determined via titrationhkipore
solution extracted from a sefhydrated cement pastthe hydroxidesions arepresent as

dissolved complexes such as NaOH, KOH, and CaOH.

In addition to pH determinationpalyzing the ionsleached in the pore solutigelemental
characterization)s importantfor gaining insight intdhe reactivity and hydration process of
the cement. One of the most versatile methods of inorganic (cement hydration products)

liquids analysis is the Inductively Coupled Plasma (ICP) mass spectrometry.

The ICP was developed f@ptical EmissionSpectronetry (OES) by Fassel et ah 1965at

lowa State University and by Greenfield et al. at Albright & Wilson, Ltd. inUné@ed
Kingdom, in the mid1960s (Hou and Jones, 2000CP with OES is based upon the
spontaneous emission of photons from ions that baen excited by plasmad it has a very

wide range of application in industry. Liquid and gas samples may be injected directly into
the ICP, while solid samples require extraction or acid digestion so that the amaé/tes
present in a solution (Hou ddones, 2000) his technique is used in a wide range of fields,
including purity analysis of environmental water and composition analysis of solutions and

materials such as ceramics, and plastics (Morishige and Kimura, 2008).

The industrial applications and type of sample for the @HES analysis are summarized in
Table3-3.
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Table 3-3: Survey of elemental application areas of ICP/OES (Boss ariitedeen 1997

Industrial Categories

Examples of samples

Agricultural and Bod

Animal tissues, beverages, feeds, fertilizers, garlic,
nutrients pesticides, plant materials, rice flour, soils,
vegetables, wheat flour

Biological and dnical

Brain tissue, blood, bone, bovine liver, feces, fishes, m
powder, orchard leaves, pharmaceuticals, pollen, seru
urine

Geological

Coal, minerals, fossil$ossil fuel, ore, rocks, sediments,
soils, water

Environmental andlVater

Brines, coal fly ash, drinking water, dust, mineral wate
municipal wastewater, plating bath, sewage sludge, sl
seawater, soil

Alloys, aluminum, higkpurity metals, iron, precious metal

Metals :
solders, steel, tin
Adhesives, amino acids, antifreeze, combustion materi
: cosmetics, cotton cellulose, dried wood, dyes, elastom
Organic

epoxy, lubricant, organometallic, organophosphates, o
organic solvent, polyers, sugars

Other materials

Acids, carbon, catalytic materials, electronics, fiber, filn
packaging materials, paints and coatings, phosphate
semiconductors, superconducting materials

The wide application of I€Plasmais due to itsmpressivecharacteristics as an analytical

atomic emission source&eomparedto the other emission sources suchDasect Qurrent

Plasma (DCP)LaserInduced Rasma (LIP), and electrical discharge.

In this research projeche ICROES is a quantitative rtteod for determining trace elements

(i.e., ions leached in this project) in liquid (i.e., extracted pore solution in this project) samples.

Therefore, the pore solutioas aninorganic materialis testedfor ionic concentration (A,
Ca*K*, Mg?*, Na', and $) by ICP mass spectrometywith anOESwith the Charge Coupled

Device (CCD) detecto(Figure 3-15). The concentration (and therefore effectiveness on

cement properties) of other elements such as iron idaerfug/L), so they are not analgd

in this test.
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Agifent Vista ICP-OES (CCD Detector)

Figure 3-15: ICP-OES machinewith CCD detector

The schematic o& typical ICROES equipment is shown fRigure 3-16. The instrument

contains two main parts:
Past I) Inductively Coupled Plasma (ICP)
Part Il) Optical spectrometer

The instrument contains sample introduction section, a source for plasma, a detector, a

spectrometer, and a data processing system.
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Figure 3-16: Schematic of an ICROES equipmentwith axial or radial view (modified from Morishige

When the ICPOES is turned on, an intense electromagnetic field idexterithin the coil by
the highpower Radio Frequency (RF) signal flowing in the coil (as explained by Lenz's law
in physics).The coil surrounds quartz glass torch which is a combination of three concentric

and Kimura, 2008)

(outer, intermediate, and inn@lasstubes shown inFigure3-17.
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Figure 3-17: ICP-OES sample torchcontaining three concentric quartz glass tubes

In this method plasmévery intense, teardrop shape, brilliant white, and super high in
temperature)s generated inside the torch by making a contact between the sugghed

gas with the electromagnetic field createdallyighfrequency electric current applied to the
work coil at the tip of the torch tube. In this proceduneatgon gas is ionized in the intense
high frequencyscillatedelectromagnetic field (created by the RF cdihe power of the RF

is 700W to 1500W and an AC current oscillates inside the coil at a rate corresponding to the
frequency of the RF generator (&r 40MHz). The highpower RF adds energy via a
procedure called Riduced collision. This is method is called the inductive coupling and
the plasma created is called the InductB@upled Plasma (ICPA stable, high temperature
plasma is then generates e result of the inelastic collisions created between the neutral
argon atoms and the charged partididsang and Hieftje, 1989As explained by Hou and
Joneq2000) to prevent the walls of the tube from megj theargonin the outer glass tube
flows (10 15L/min.) into the torch. It susias the hightemperatur@lasma angbositions the
plasma relative to the outer walls and the induction @bié intermediate glass tube injects
argon atarate of Q1.5L/min. to lift the plasma.
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In this project a semihydrated cement pore solution is spraylegl a peristaltic pump, o
the torchwith a high-temperature plasm&he plasma igenerated by subjectirgggon gas
(Ar plasma) to a high frequency field (by the excitation coil). This is caledRlame
Technique with a flame temperaturetie range from 6000 to 1000K at its core (Hou and
Jones, 2000)The temperature gradient at different heights above the loasl ssibwn in

Figure3-18.

Heightt = [ \ """ """ Tail plume
TK)  (om)
gggg g ------------ Normal analytical zone
7000 1 ... 1o 1 Initial radiation zone
10000 o ... . I/ Preheating zone
Induction
RF coil I region

Sample aerosol

Figure 3-18 Schematic diagram of an ICP assembly and temperatures above the loading coil (Hou and
Jones, 2000)

It is observedhat thein the plasma, thhighest temperature is at the Induction Region (IR)
characterized by a bright continuum emissPlasma (i.e., typically argelbased) operates at
much higher temperatures than flames and graphite furnaces, the efficiency for the
atomizdion (conversion of atoms to ions) aexlcitation process, thus IGPES haimproved

detection limits, high precision and an extended linear response(f2ageso et al 2017).
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Inside the glass torch, the solution is prayed into an analyigtallizer, where it is changed

into mist The procedure of the conversion of the liquid sample into an aerosol and then
transported to the plasma is done with a nebulizer. Three types of pneumatic nebulizers are
commonly employed in ICP/OES: the concentrabulizer, theerossflownebulizer, and the

Babington nebulizer, as shownkigure3-19.

O
Sample : -'-'!-:::::: Sample
(a)
Sample
film \
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o) e
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—
(b) Ar (c) Ar

Figure 3-19: Schematic diagrams of three types of pneumatic nebulizer: (a) the concentric nebuliz€b)
the crossflownebulizer, and (c) the Babington nebulizer (Hou and Jones, 2000)

The difference between the nebulizexg their graying capacity, reduction in the problem
of clogging, and the rate of spayirtgowever, for small quantity of samplesfor samples

with possiblefused silicathe other types are recommended.

The mist sample is carried amtroduced directly inside theente plasma flaméy theargon
gas flow through the IRThe solution is carried and sprayed with the irangon (at the rate
of 0.51.5L/min.). The mist solution collides with the charged ions in the Ar plasiriad,

vaporized, and thenenergized through collisional excitation at high temperatiitee
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vaporized solutioms broken down into charged ions (ionization process). As a result, the pore
solution is ionized due to radiatiggiven off at the characteristic waeelgths of the ionized
elements. In other words, when plasma energy is given to the sprayed solution sample, the
component elements (atoms) of the solution are exdXee to the excitement amdlaxation

to the ground stajeadiationis created(emissionof a photon) anthe radiatiortransfer into

the second part of the IGPES (the optical spectrometefhe process is schematically

shown inFigure3-20.
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(ion) o
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desolvation T
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Figure 3-20: ICP discharge functionality of the introduced solutions droplet Charles and Kenneth,
2009

When the excited atoms returnddow energy position, emission rays (spectrum rays) are
released and transferred to the Part Il of -[QPS. Depending on the position where the
emission radiation is collected, collimated, filtered and detetitede arégwo types of view
(transfer of emission raysom Part | to Part )t radial view(lateral 90° view of the plasma)
and axial view(top view of the plasma plumeAs reported in the literature, the radial view
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is less affected by coexisting elemeitist it has lower sensitivity, where#éise axial view is
affected from coexisting elements in the solutiout it provides greater detection sensitivity
(Morishige and Kimura, 2008)This may be attributed to the longer viewing path available
down the axis of the plasma in the axial view (Hou and Jones, ZD@®)optical emission
spectrometry part of IGBES consists of a light source yratlens or a concave mirrty

collect emittel photonsa spectrophotometer, a detector and a data processing unit.

Vista-PRO provid The p d VistaChip
the productivity of provides anti-blooming
simultaneous ICP-OES.  protection on every
All wavelengths are pixel. A 1 megahertz
captured In one pixel processing speed
reading without time ensures signal
consuming scanning. processing Is 80 times
faster than competitive
Instruments.

Computer controlled
mirrors enable the

G2 plasma viewing position

- to be optimized.
~ 3—

The CaF; prism
cross-disperser
provides excellent
UV performance.

The fast operational
speed of the VistaChip
reduces running
expenses, by saving

on maintenance and
argon costs, as well as
providing more
accurate sample
analyses each day.

The Vista-PRO echelle
polychromator is
thermostatted to
provide excellent
long-term stabllity and
reduce start-up time.

The computer optimized
echelle optical design
uses fewer components,
ensuring high light
throughput and better
signal-to-nolse,

detection limits and

spectral resolution.

Figure 3-21: Structure and functionality of the optical spectrometer part in SimultaneousICP-OES
(Manual of Varian Vista-PRO CCD Simultaneous ICROES, Varian Inc.)
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In the optical spectrometgrart the emission intensityof the light (indicative of the
concentration of the element within the sampte)separated into different wavelengths
(colours) Since every element hasumique wavelength(presented irAppendix G), the
wavelengthanalysis of theaxial or radialview of the photons emission spectra fratime
excitement/relaxation othe ions is used to qualitatively and quantitatively determine the
elements in the solutiomhewavelengthis used to identify the elements from which they are
originated & linear correspondence between the signal and the analyte concentration of the
resulting signals

The main challenge with IGBES is to calibrate the instrument to utilize the 4GS to the
concentration of the coexisting elements in the solutidm.this research, Zour pore
solutions are tested for ionic analysis with the HGES, sothe contents in the sample are
known and the purity of them is low. Therefore, the calibration soligiadjusted to be the
same in order to minimize the influence of coexisting elementhemeasuremest Since
ICP-OES is used in this project for quaative analysis, a calibration solution adjusted to a
known concentration of the pore solution element is prepared. The difference between the
intensity of emissions of the pore solution sample with the calibration solution is the source

of element detenination in the sample.

At the end, it is important to mention that the samples are diluted to 1:10 and theedcidif
immediately to a pH of about 1, before placthgmin the instrument.

Not only the type of ions, but also the total ions in the pore solution are important parameters
in studying the electrical conductivity of a cement paste mixtBnece electrons travel
through a liqguid medium of ions (pore network in cement paste nrigobste), more ions
resultin easier electron movement from one electrode to the other, and therefore higher

electrical conductivity.
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3.4.1.2.Pore Solution Density

The density othe poresolutionis an indicator for solids thesolution. Therefore, the density

of pore solutions extracted frofme variousement pastmixturesis measured and compared.

It is expected to have all extracted pore solutions with similar demnsiherefore, th test

results are used to validate tsemples before starting advance testing on themddition,

the total molecular mass of the ions in the pore solution should be less than the unit mass of
the solution. This is the second validation test ferrttsults obtaineloly the method described

in Section 3.1.

3.4.1.3.Pore Solution Electrical Properties

The electricalresistivity ©r inverse ofconductivity) of a cement paste mixtucan be
influenced by the electrical properties of the solid structure (physieahcteristicof the
microstructure) and the electrical properties of the pore solution filling the pore network.
Therefore, the electrical conductivity of the extracted pore soisitis measured in this
research prograno analye the electrical behaviour of the cement paste.especial
conductivitymeter called ECTestr 11+ (maximum measurement range of 20.0mS/cm with
+1% accuracy and resolution of 0.01mS/cm) was usesindll quantity of the pore solution

is placed on the sensor of the instrum@hbwn inFigure3-22) and thevValox® housing and

stainlesssteelelectodes offer accurateonductancealue of the solution.

Figure 3-22 Cup-style sensor version of the solution conductivityneter

76



The description of the conductivityeter is presented ifable3-4.

Table 3-4: Description of the pore solution conductivitymeter

Description Range
Conductivity 0 to 2000pS0 to 20.00mS
Range
Temperature 0 to 50°C
_ Conductivity 10uS 0.10mS
Resolution
Temperature +0.1°C
Conductivity +1% full scale
Accuracy
Temperature +0.5°C

Temperature Compensation Automatic, 0 to 50°C2% per °C

Calibration One or two points

Four 1.5Valkaline batteries (included

Power approximately 150 hours of continuot

use

Detailed information about the instrument is presented in Appendix F.

3.4.2. Hydration Products Analysis

As described beforghe electrical resistance of tHeuid phase(pore solution) andolid
phase(hydrated cement pasteanmake the electrical resistance of the whole cement.paste
To studythe electricapropertiesof cementitious materiakt earlyages ¢r desirechydration
degree a hours, initial setting, final setting and at 24 hours in this research program), the
hydration of the cement needs to be stoppedachieve it, the capillary water in the fresh
cement paste sample®eds tobe removed which resultsin a weak and senfiydrated
microstructure. Extractinghe pore solution from the fresh cement pasiderthe direct
vacuumsuction (as described in Section43l) is not a reliablenethodfor this purpose,
because theapillary and in layer water canno¢ extracted witlthe directsuction They are
many methodge.g., heat dryingfo stop the hydration, but most of them damage the
microstructurgTaylor and Tuner, 1987The only method with no negative influencetbe

microstructureof a hydrated cement pastewsater replacement witan inert solventlt has
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beenobservedhatisopropanol alcohol (or dimethyl CarbinolzHO or PrOH) chosen as
the inert solvent toaplace waters the most effective solutiofWang et al., 2016)n this
research project,gptially dried binder pastesire mixed with isopropanol alcoh@nd the
mixture is kept undetOvol. % of agueous solution of isopropanot 24 hourgas shownn
Figure3-23).

Figure 3-23: Cement paste mixing with isopropanol to stop the hydratiorprocess

It is an acceptablassumption that by prasitig water replacement witthis alcohol, the
cement hydration process is completely stop(édng et al., 2016After 24 hoursalcohol
is extracted from the mixture by vacuum suctidhe vacuumedementsamplewhich is a
partially hydrated cement powdds placedunder vacuunmwith the indicating desiccant
Drierite salt, impregnated with cobalt chlorjdetil thetest timeof the semihydrated cement
pastegas illustrated irfFigure3-24.
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Figure 3-24: Drying partially hydrated cement powders with the Descant salt in vacuumed chambers

The Drierited ®riginal colarr is light blue which changes to pink (or other eco&) upon
absorption of moisture (or other gasds$)the colar of the salt changge at the time the
chamber is open, it is assum#tht the cement powder contained some moisture, so its
hydration had not been stopped. In this case, the sangikregardd, and allthe process is

repeated to get serhiydrated cement powder samples.

However, preliminary testing showed that measuring electrical resistivity of semi
hydrated dried powders at different times was scattered and not reliablethiHalectical
resistivity measurement of seimydrated cement powders is replaced with studying the
hydration products development at different times of testing. For this purpose, powders
obtained are tested for microstructure properties (TGA and XR®predict he expected

results of microstructure assessment, cement hydration is needed to be considered. All four

main cement minerals (tabulatedTiable 3-2) react at different rates and therefore different
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times of hydration. As a result, different solid phases are formed. The b&hafveach of
these minerals (§S, GS, GA, and GAF) has been studied by synthesizing and hydrating
them in their pure forprunder controlled condition€rystal shapes of4S and GS are shown

in Figure3-25.

Figure 3-25: Polished thin-section examination showg\lite (CsS) as light, angular crystals the darker,
rounded crystals areBelite (C.S)Magnification 400X (Kosmatka et al., 2011)

Alite (Tricalcium silicatephase CaSiOs, or GS)is the most important cement rolping
mineral in earlyage property development of Portland cements. This mineral is the majority

in Portland cement. The reaction of Alite is summarized as
CS + watSHr+rm&H C

where, GS-H or CSHis the gel phascalciumsilicate hydrate or Tobermorite (main product
of Portland cement hydratipand CH is thecalcium hydroxide (or Portlanditein mineral
name) Ca(OH», which is the bproduct & cement hydratior{(shown in Environmental
ScanningElectron Microscopeimage inFigure 3-26). C-S-H is the most abundant reaction
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product of Portland cement hydration-SH is responsible for hydrated cement properties
because it forms continuous layers binding together the driggn@ent particles and hydrated
particles like glue (Neville, 2008). This is the main difference betweeis-8 and other
hydration products. Other hydration products are discrete crystals with no connection to the
solid phases, so they cannot contribuwtartechanical and physical properties of hydrated
cementCH has little contribution to strength and it much more soluble th&HJNevile,

2008).

Figure 3-26: ESEM figure of C-S-H and awell-developedPortlandite crystal growing on the clinker
grains (Artioli and Bullard, 2013)

Belite (Dicalcium silicate phaseC&SiOs or C:S) is also responsible for strength and other
properties development of Portland cement. However, the rate of reaction is slower than Alite,
so laterage properties armainly affected by Belite hydration. The reaction of Belite is

summarized as

C.S + watetY &-H + nCH
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Belite hydration produced similar hydration product as Alite reaction, but with less CH
(Mehta and Monteiro, 2006).

The reaction of the other two mineséCelite orTricalcium aluminateCsA and Tetracalcium
Aluminoferrite- C4AF) happes after suphate ions are present in the pore solut@yA is the
most reactive mineral of all the four main miner&8slubility of Celite (C3A) is even higher

than that in @S under the following sequence:
CsA + wa tAeH + wéterC

where, CA-H is called hydrogarnet or calcium aluminate hydrate. Duesfohydration, heat

is generatedand cement paste is set rapidly which is called the flash setting (Neville, 2008).
To prevent flash setting, gypsum (CaStH.0 or C3H) is added to Portland cemein.
addition to gypsum, other ghates are added tohe cement clinker in small quantity (e.g.,
sulphateof sodium, potassium and calciurdyhen gypsum is addeslylphateis leached into

the pore solution (as gypsum is highly soluble) anéh @actionwith water contacting

sulphate and its reaction is not resultediiflash setting anymore:
CsA + 3C3H2 + 26HY  £A3H32

where, CsA33Hz2 is the mineral form of ettringiteEttringite forms prismatic needles, as

shown inFigure3-27.
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Figure 3-27: Cluster of large ettringite rod-like crystalsin hydrated cement paste Kosmatka et al.,
201

After reduction of sydhate ions in the pore solution, ettringite becomes less stable and it
converts to a different solid phase with lesgpbkale which iscalled monosulfoaluminate

(C4A3H12), within the first couple of days of hydration (Neville, 2008) as patterned below:
2CA + CeA3Hzz+ 4 H M3H3: C

The formation of mineral ettringite and conversion to monosulfoaluminate are both
exothermic, so the iatnal temperature of tlteementbasednixtures is increasedf. addition
sulphate becomgavailable, monosulphate will be converted to ettringite agadanelectron
microscopicphobs of ettringite formed from €A reaction withgypsum and €A crystals are

shown inFigure3-28.

83



(a) scale bar 20 um
14 days

X

- S
Pltlringit{‘ .

(d) scale bar 10 um (e) scale bar 1 um

Figure 3-28 SEM pictures of ettringite formation from a cubic CsA + gypsum + HO mixture, at 7 and
14 days W/CM = 0.6 (Kirchheim et al., 2009)

Tetracalcium AluminoferriteC4AF or ferrite phase reacts slower thagACbut in a similar
way (Mehta and Monteiro, 2006ln other words, GAF reacts with water and gypsum as

patterned below:
CsAF + 3C3Hz2+ 1 2 KX or E)3«Hy + (F or A)H,

where, (A or F) indicates the substitution of aluminum with variable s of ironcerersa.
Because of the described substation, the final productrikfehase hydration is not either
pureettringite orpure monosulfoaluminate In a Portland cement paste where thA @nd

C4AF are mixed together, it can be safely assumed that the final products of their hydration
contain both aluminum and iron. Theree, the final their final hydration products are called
AFt (alumina, ferric oxide, trsulphate) and AFm (alumina, ferric oxide, moesolphate) in
cement chemistry. Ettringindmonosulphatare the most common and important member

of the ARt and AFmgroup respectively.
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3.4.2.1. Hydration Products Quantity

Calcium Hydroxide (CH)s one of the major hydrated products that comprise over 20% of
the hydration products in a fully cured cement pa¥téqa et al.2007). Since the presence

of CH is predominantly in the form of wedlefined crystals, the estimation of CH content can

be used as an indicator for not only the Portland cement hydration characteristics, but also the
degree of hydratiorin addition to CH, Calcim Silicate Hydrate (€5-H or CHS is theother

end product of the reaction Alite andBelite with water which is responsible for many of

the hydrated cement properties.

Among various techniqueshe combination ofThermoeGravimetric Analysis (TGA)and
Derivatives Thermasravimetric Analysis (DTA) arewidely employedto determinethe
characteristicof a material, rate of degradation, absorbed moisture contaheahaterial,

the amount of inorganic and organic componenth@ématerial or the kinetics of a reaction
based onthe weight changesDTA locates the thermal ranges corresponding to the
decomposition of different phases in a hydrated paste. TGA measures the weight loss of the
pastes due to decomposition of phases, simultaneoBglyhe help of TGA results, the CH

content can be estimated from the weight loss.

In this reseech program TGA/DTA is used tadeterminghe characteristicef cement paste
mixturesandthe amount of inorganic and organic componenthé@mat different phases of
the hydration (2 hours, initial setting, final setting, and 24 houfgy. this purpose, the
Universal V4.5A TA Instrument@he automated Q506& model)is employed as shown in

Figure3-29.
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Figure 3-29: TGA universal V4.5A TA Instruments automated Q500GIR

Detail information of the TGA instrument is provided in the appeBdix

After placing a small portion afnhydrated or hydrated cementan aluminum openement
pane(all available pans for TA Q500 are shown inFigure 3-30), it is placed in the

instrumen25-sample consul
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Figure 3-30: TGA Q5000-IR sample pans photo Courtesy of TA Instrument, Machine Manual)

Thepanselectedy the instrumentontainingthesamplais placed in the furnace for testing.
Duringthe test, changes in the weight of the sample is maehsigehown irFigure3-31. As
indicated in the manual, the furnace that offers the widest range of linear (0.1 to 500°C/min
and ballistic $2000°C/min) heating rates from ambient to 1200°C.

Figure 3-31 Sample placement in TGA photo Courtesy of TA Instrument, Machine Manual)
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The autosampler design provides smooth loading and unloading sdutif@e pan without

disturbing the balance.

The atmosphere is nitrog€to purge the linesfaxygen and stabilize the apparatirsjhis
project with a heating ramp of 10°C/mifrom room temperaturé22-23°C) to a maximum
temperature c£000°C All this is done bythe quantitative measurementstb&émass changes

in thecement powdefin a ceramic crucibledssociated with thermal degradation

For the analysisTGA and DTA ofthe cement powder are divided infour endothermic

effects

) Room temperature T 100°C: Removal of any possibl&ee water or isopropanol

alcohol.

iy 100/ 350°C: In this stage, the water in the hydration products starts being removed.
De-hydration of GSiH (a gradual decrease in mass loss over a wide range of
temperatures, but with no sharp peak) can be studied. Howettengite AFt,
C3A.3CaSQ.32H0, (the main peak in this stage)moncesulphate, AFm,
C3A.CaSQ.12H,0, and calcium aluminate hydrat€CAH, can be detected in this
stage. Al types of wateiincluding irter-layerand capillary porewaterareremoved
at thisstagewhichis shown by small peakslowever, in someasesit is difficult to
distinguish the dehydration of-&H and AFm by monitoring the weight loss, as

significant peaks are not detected (limitationshefTGA technique).

[II) 3501 500°C: Quantity of the Portlandite Ca(OH», content is obtained and

Dihydroxylation(decompositionjs observedfollowing the chemical reaction below:

Ca(OHyY Ca 0,0+ H

IV) Above 500 600°C:De-carbonatiorof calcium carbonate(alcite, CaCQ) is detected
at this stageln case of carbot@n during sample manipulation, some peéks
Calciteat about 708800°C areobserved

CaCQY CaO >+ CO
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It can be concluded thlte reason behind the mass loss is different in each temperature range;
for example, the loss of water is the reason behind the mass loss of Portlandite decomposition,
while for Calcite, it is a loss of GQVillain et al., 2007).

Figure3-32illustrates the fouendothermic stages of TGA result analysis and dehydration of

cement hydration products at weight loss peaks.
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Figure 3-32 Schematic view of TGA method results and analysis (for cement pasa€opted from poster
by Dilnesag)

At the end of the projecthe TGA raw dataarenormalized to residual weight of uhydrated
cemens at 1000°C. Thigprocedureeturns boththe physically andchemically boundvater

of the hydrated samples and allows correction for carbonates either already present-in the un
hydrated cement or coming from carbonation during manipulgatthoughsamples are
vacuumed sealed from carbonatiohso, the percentage of cement hydration indicators (e.qg.
Ca(OH), CaCQ) and total weight loss idetermined.
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Mass loss of CH can be calculated from the TGA/DTA results by uki@gormula in
Equation3-14 (Nuruddeen, 2014).

n [3-14]

where,CH is the CalciunHydroxide (% mass), Wois the mass loss at 480°C, and¥\is

the mass loss at 120°C.

3.4.2.2.Hydration Products Crystal Formation

The quality of cement hydhtion, whichcan be studied by anaing the hydration phase
mineralogy, is used as an indicator for development of cement electrical resiskvigy

Diffraction (XRD) of a powderis a rapid analytical techniguerimarily used for phase
identification of a crystalline material. In physjcX-rays (electromagnetic waves similar to

light but with much shortewavelengta r o u n d-20® A)=are Gvoi@ed by obstacles when

the obstacles have a sizatltompares to the wavelengtihen the Xray wave(generated

by a cathode ray tub&gllsonac r yst al , the incident rays emi:
Because of the interaction between the rays and crystals atomic planes, constructive
interference and diffracted ray beams will be reflected. Tlaeacteristic of the diffracted-X

ray beams received by the XRD machaaam providea uni que Afingerprint
present in the samplin a periodic display of atoms (i.e., crystal) with various parallel planes

at a di st anc e alyfshokindnigufed33), tisecdn&roctve interference of

the waves occurs i f {(2tdsed =noan,d iwhieornes fionfo Birsa gag
are satisfied (Jumatand Manea?2011).
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Figure 3-33: X-ray diffraction for a structure with plane atomic structure (modified from image at

https://fys.kuleuven.be/iks/nvsf/images/xrd figure 1.ipY

Angleidoi s t he Braggbés diffraction

angl e.

Each

Finally, the diffraction imagewhich depends on the crystals structure in the matesial

achieved. For XRD analysis, a diffractometer is used in a Baggtano arrangeemt. In

this arrangementthe specimen (cement powder in this project) is rotated by the diffraction
angl donvhfi Ife t he det ect ord dasshovinufigore3eB4. b y
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https://fys.kuleuven.be/iks/nvsf/images/xrd_figure_1.jpg
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Figure 3-34: Layout of an X-ray diffractometer (modified from Jumate and Manea, 2011)

The diffractograms(the result of the XRD test) which depends on the material strucsure
formed from a succession of diffraction peak¥he yaxis is the diffracted Xadiation
intensity, measureith pulses/secondnd the xaxisis theanglefi2 d 6 , fidl is¢he Bragg
angle, measured in degreésom the peaks and XRD peak analysmst onlythe crystalline
structure can be determined, but alse qualitative and quantitativ@haseanalysis can be

done.

Hydrated cement pastaseformed of a mixture of many crystalline phases which are defined
by a certain system basemh their atomic structure (e.g., cubic, hexagonal, trigonal,
tetragonal, monoclinic, and etc.), a certain elementary cell geometry (e.g., simple, centred
base, et}, and by the parameters of the elementatly The explaineghysics phenomenon

is used to anae the crystalsn the hydrated cement pasftethar atomic planeqi.e.,
obstaclespare at comparable sizgth the X-rays wavelength.

The powder method ofRD is adopted in the present study with atomic planes size of the

formed crystals comparable with therXy wavelength.
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XRD Machine and Analyging Software:All samples were tested atom temperaturé22-
23°C) on Rigaku Ultima IV powdediffractometer (Scintag XDS 20003hown inFigure
3-35, in Bragg-Brentano geometrwith an X-ray source of Cu Krradiation & 1:5418}).

Figure 3-35; Rigaku Ultima IV powder diffractometer

First, the samples semihydrated cement powderate placed irthe stainlesssteelsample
holder(shown inFigure3-36).
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Figure 3-36: XRD sample holder

Cement powder sample @nsolidated and compacted by vertical pressure, as shown in
Figure3-37. Before applying vertical pressure, sample surface is covered@O¥100mm

weighing paper.

Figure 3-37: Process of sampl@reparation for XRD test

94



Then, thepreparedsample is placed in the machine for testing as showigure 3-38.

Figure 3-38 Cement sample placement in XRD machine

The pectraareobtairedi N t he range 4e< 2d <stepwidilsandsi ng a
5°/min. scan speed for all specimerdl samples were anabgd with a basic configuration

(d: 2d c o nThe identifications penfgrmed by calculatintheB r a gregafionship

using XpertScor€ softwareand making use of the powder diffraction file database. All

phases arglentified,and their amount is measured.

In general, solids have three types of atomic positioning as schematically shévwgura
3-39.

7 T
‘:"s:’:%.*

00 . O . ...
Single crystal Polycrystal Amorphous solid
Peniodic across the Peniodic across Not penodic.
whole volume. each grain.

Figure 3-39: Schematic of a single crystalpolycrystalline and amorphous atomic positions (Sharpley I.,
2015)
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As reported in literatures crystalline material will show sharp peaks represenfrgys

diffracted from the lattice planes, whereas an amorphous (ejH @ this project) material

exhibits a broad peak due to it not possessing-tange order (Sharpley I., 2015). In this
cag,GSH i s i dentified indirectly, by the pres
intensity(Sharpley 1., 2015).

After collecting the data from §XRD machinedata needs todranalyzed. Analysis can be

done bytwo independent methodshe Referencelntensity Ratio(RIR) method andhe
Rietveld methodThe RIR methodis employedin this research project fayuantitative
analysisof cement pwderdiffraction results.This methods based on scaling (comparing)

the diffraction data with diffraction oftandard reference materials. this method, it is
assumed that the factors shown on a quantitative analysis by cement powder diffraction are
ratio to a constant, except concentration. Hence, measurement of ratios and peak areas will
result in concentratn determination. The ratio is measured by Intensity Analyte divided by

Intensity Corundum (I/Ic Thereare two methods to determine I/Ic:

1- Experimental: I/Ic can be determinday adding a known weight fraction of corundum

to a pure specimen of tlamalyte of interest.

2- Chemical Based Calculation:If the atomic parameters of analyte is availalie
can be calculated. It is important to mention that inrtieghodthe atomic parameters

of corundumareavailable.

In this project, the Powder Diffraction File (PDF) database afyX powder diffraction
patterns maintained by the International Center for Diffraction Data (ICDD) is used to
determine I/lc. This database has been prepared by the excremental apgrbachthe
vendor program interface to PDF to automatically measure l/lc and peak area from the

guantitative analysis by cement powder diffraction patterns.

As indicated in the literature,-Ky diffractometry is not a reliable technique for quantitative
analsis (Ukrainczyk 2006), but it can help identifying a large variety of crystalline phases

formation. Also, in case there are more than one kind of amorphous such as unhydrated
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Calcium Silicate Hydrate (&-H) or unhydrated Blast Furnace Slag (BFS), XBahnot
distinguish them (Hoshino et.aR006).This is the reason XRD is used in conjunction with

TGA in thisresearctprogram.

From XRD results, the presence of ettringfertlanditeCa(OH), calcite CaC@ Quarz
SiO,, and Calcium Carbonate HydraZaCG- XH20 canalsobe identified
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4. EXPERIMENTAL RESULTS

4.1. Introduction

This chapter presents the results obtained from the experimental pségichout in Chapter
3. The experimental results are categorized under macrostructure properties and

microstructure test results.

4 2. Macrostructure Level Test Results
4.2.1. Consistency

Mixture consistency is not only important faorkability determination of the mixture, but

also for estimating the setting time. Two types of consistency are measured in this research
program theinitial consistencyat the time of mixing (similar to the time a concrete truck is
loaded at aeadymix plant), andthe constructionconsistency aftean hour (similar to the

time concrete is pourazh a projecand constructioomperations aretarted).

4.2.1.1.Initial Consistency

As describedn Chapter 3the test is conducted after tnutes from mixing by pouring fresh
cement paste into the acrylic mislump cone The average of the two perpendicular
diameters of the paste spread is the initial consistency of the misusbown irFigure4-1,

for the four mix designs at the three W/CM ratios.
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Figure 4-1: Mini slump cone (initial consistency) test result trend of cemerpaste mixture

As the W/CM ratio increased, the consistency of the cement paste mixicressed from
plastic to fluid.Thischangewhich is represented by increase in the flmas more significant
in GU and GUL mixtures comped to HE and GUbSHnixtures. The consistency ofdih
High Early (HE) and blended with silica fume (GUbSH)xesshowed similatrendto the
addition of water. In these mixturabge addition of watedoes noincrease the consistency
for W/CM lower than 0.40. An increase donsistency is observed fo//CM ratios greater
than 0.40

In HE and GUbSF cements, it has been noted that the addition of water in the range of W/CM
below 0.4 (range typically used for high performance concrete mixtures) does not result in
consistency evelopment. This can be explained by the high reactivity of finer particles in

those cement types.
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4.2.1.2.Construction Consistency

Besides initial consistency, the construction consistency of the mixtures is measured to
validate the mix design and mixing procedure. Construction consistency is measured at 60
minutesand 1® minutesfrom the mixing time according to the method described inMST

C187. The consistency values are the average of three measurements of the probe in the

cement paste, as shownRigure4-2.

Figure 4-2: Construction consistency measurement of cement mixturd&.STM C187)

The changes in the construction consistency of mixtures during the first 60 mirenéesot
significant, but it wasobservedthat the initiation of the construction consistency in the
mixtures started around @D minutes of hydration as shownTiable4-1. Lower consistency

values represemtdrier cement paste mixture.
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Table 4-1: Construction consistency of the mixtures in the first hour & hydration (ASTM C187)

. . Construction Consistency
Mix Design :
mm) Construction
Cement Initial Consistency'
W/CM (after At 1 hour Development(min.)
Type o
mixing)

0.37 40.0 38.0 60

GU 0.40 40.0 40.0 70

0.43 40.0 40.0 90

0.37 40.0 40.0 80

GUL 0.40 40.0 40.0 100

0.43 40.0 40.0 125

0.37 40.0 40.0 65

GUDbSF 0.40 40.0 40.0 85

0.43 40.0 40.0 120

0.37 40.0 15.5 45

HE 0.40 40.0 34.5 55

0.43 40.0 38.0 60

It is observedhat the consistency started devéhgaround 1 hour of hydrationrém 1 hour

of hydration to 2 hours, changes in the construction consistency were observed. Hence, the
construction consistencat 120 minutesvasanalyed as a quality control indicator of the
mixture Figure4-3illustrates the construction consistency of two mix desi¢@&) and HE)

at 120 minutes.
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Figure 4-3: Construction consistency ofcement paste mixturesat 120 minutes

By comparingthetrends of theconstruction consistenayith W/CM in Figure4-3 to those

of the initial consisteey in Figure4-1, it is notedthat the construction consistency of the HE
mixture with a W/CM=0.43 didhot follow the expectedrend This was an indicator that
mixture HE 0.43wvas invalidandthatanother bich of the same mixtuneeeded to benixed

and testedrigure4-4(a) illustrateghe results of the construction consistency at 120 minutes

for all the mixtures and W/CM ratidsvith new HE 0.43nixture).
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paste mixtures
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According toFigure4-4 (a), it is observed thathe consistency dflE cement pastes (Type
30) did not changsignificantly as the W/CM ratio increasatter an hour, whil¢he W/CM
ratio hada significant effect orthe construction consistency of Gldment paste (Type 10).
The consistencgf GUbSF and GUL mixtures did noicreasesignificantlywhen the W/CM
ratio was increased from 0.40@ 0.43.However, these resultse due to thémitation of the
instrument use for measurement, sintdege maximum penetration depth of tloel is 40 mm.
A visual observation revealethat extra water ieed increasethe consistency of the

mixtures.

In all mixtures,the constructionconsistency oGU was moresensitiveto extra water after 2
hours, while HE showethe least sensitivityo addition of water. Similar behaviour was
observedn Figure4-1 (a), where GUhad the highest ratef increase in initial consistency
compaedto theother mixtures.

Contraryto theinitial consistencytest resultgpresentedn Section 4.2.1.,1the construction
consistency oGUbSFand HE mixturebecame wetteirom a W/QM ratio of 0.37 to 0.40
After two hours, extra water increadbe consistency of GUbSF mixturesnsiderably (from

5 to 30 mm)while it had low effect orthe HE mixturesconsistencylt shows thathe HE
mixtures are capable to react with rextvater during the early times of hydration, while
GUDbSF and GUL mixtures react with water beyond 2 holinerefore, adding a certain
amount of water does not result in similar consistency increase in all mixtinesigher
reactivity of HE mixturesan bedue tothe finer cement particle size (physicathich is
independent from the length of hydration, but in GUbSF and @ixtures the contribution

of additives to the reaction (which is chemicalpliservedeyond 2 hours.

As expected, GU cementgith additives replacement (GUL and GUbSF) showesdter
constructiorconsistency compadto GU cementas the total amount of GU cement powder
in those mixtures is lower and additives do not participaeaity hydration before 2 hours.
Therefore, extra water remains in the mixture matrix and resulishigher construction

consistency.
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Based on the results illustratedRigure4-1 andFigure4-4, cement types GU andUk are
considereds normal setting cements, while E&ment iconsideredsafastsetting cement

for the purpose of this research

4.2.2. Fresh Stage Electrical Resistivity

The dectrical resistanceof fresh cement pastegasmeasured from timé (immediately after
mixing) until 24 hourswhich isusually the period correspondingtte traditional formwork
removal practsed inthe concrete construction industiijhe techniques used to monitor the
changes in the electrical properties of the cement pasiteg hydrationhave beemlescribed

in Section3.3.5.The resistivitymetermeasures the changes in the electrical resistance of the
mixtures every 5 minuted.he measureddectrical resistance, which @dependent orthe
specimen geometry, probe size, shape, and probe spauidgbe conerted to electrical
resistivity, an intrinsicmaterial property. There are two metholds this conversion:

application ofa conversiorgeometridactor and usage of a known conductive solution
) ConversionFactor:

From experimental results repatte theliterature, the geometry correction factor
(K) for embedded electrodes resistivitieter is 0.2 m, as discussed in Section
2.3.1.4. The numerical model derived in SectioB.%. shows that K can be
calculated fronEquation 41:

L 25 [4-1]
where is the distance between the electrodestasdhe height ofheembedded
probes. According to the resistivity setup described in Sect®s, 3= 5cm and
h=11cm, therefore K= 0.21m.

1)) Conductive Solution: For this purposesodiumchloridewasused as the standard
conductive solution. As reported by the suppl{Bicca Chemical Co,)the
conductivity standard of the solution at room temperatl2&€@C) is 20mS/cm.
Therefore, the resistivity oféh s ol ut i o n The slectiical@eSistasce ofm.

the standard known solution was measure8gas at 2 4tAeGestisatlp fog
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thefresh cemenpaste resistance measuremastshown irFigure4-5. It follows
then that the geometricorrection factor for the electrode setup usesl K
0.05%10/30.17m

Figure 4-5: Measurement of theelectrical properties of the standard conductivity solution

The geometry correction factor determined by the numerical and experimental sxatbod
both approximately equal to 0.2m. In this research progrdimnesistance values measured
by the resistivig meter were convertdd electrical resistivitypy multiplying in the geometry
correction factor determined by the conductive solution methigdire 4-6 to Figure4-17
illustrate the electrical restivity evolution along time for all thecement passover the first

24 hours of hydration.
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Figure 4-6: Electrical resistivity development of GU 0.37 mixtures over the first 24 hours of hydration
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Figure 4-7: Electrical resistivity development of GU0.40 mixtures over the first 24 hours of hydration
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Figure 4-8: Electrical resistivity development of GU 0.43 mixtures over the first 24 hours of hydration
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Figure 4-9: Electrical resistivity development of GUbSF 0.37 mixtures over the first 24 hours of

hydration
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Figure 4-10: Electrical resistivity development of GUbSF 0.40 mixtures over the firstlay of hydration
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Figure 4-11: Electrical resistivity development of GUbSF 0.43 mixtures over the firstlay of hydration
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Figure 4-12: Electrical resistivity development of GUL 0.37 mixtures over the firstday of hydration
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Figure 4-13: Electrical resistivity development of GUL 0.40 mixtures over the firstday of hydration
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Figure 4-14: Electrical resistivity development of GUL 0.43 mixtures over the firstday of hydration
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Figure 4-15: Electrical resistivity development of HE 0.37 mixtures over the firsday of hydration
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Figure 4-16: Electrical resistivity development of HE 0.40 mixtures over the firsday of hydration
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Figure 4-17: Electrical resistivity development of HE 0.43 mixtures over the firsday of hydration
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From the figures, ils notedthat the electrical resistivity of cement pastes develops iover t

At the beginning of cement hydration, a reductiorthe electrical reistivity is observed
which translates into dancrease intheconductivity of the cement paste mixture. As explained

in the literature, his reduction, which happens in Phase | after mixing with water, indicates
the dissolution of ions (NaK*, Ca*, OH, SQ?%) from the cement into the pore solution
(Wei and Xiao, 2014)In this stage, the unydrated cement particles contribute to the
electrical resistance in the cement paste. This reduction continues untinéhéhait the
leached ions stakontributing into the formation of some cement hydration crystals. The
green diamond on the graphighlights the critical tuning point at which the electrical
resistivity measured by the instrument described in Secti®b Shows a change in trend.
Theoreticdl, this is the point where ion concentration content (ions leached from cement into
the pore solution) starts reducing. This will be further corroborated by experimental data from

the microstructure analysggesentedn Chapter 5.

4.2.2.1.Cementtype effect onelectrical properties development

The effect of cement type on the development of electrical properties of the cement paste can
be observed ifrigure4-18, Figure4-19, andFigure4-20, whichshowthe timeevolution of
theelectrical resstivity of four cement paste mixtures W/CM ratios of 0.37, 0.40, and 0.43,

respectively.
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Figure 4-18 Cementtype effect on the first 24h electrical resistivity of paste with W/CM= 0.37
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Figure 4-19: Cementtype effect on the first 24h electrical resistivity of paste with W/CM= 0.40
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Figure 4-20: Cementtype effect on the first 24h electrical resistivity of paste with W/CM= 0.43

In all cemenpastemixtures, theHE cement paste showdake highestesistivity development
over the first 24 hours of hydration. HE cema@uickly reactswith water over the course of
hydration and as a result of that, cement hydration products start forming fast, whicls result
in earlierstiffening and earlier higheresistivity. Theoretically,the presence of silica fume
particles in the fresh paste matgkould resulin higher electrical resistance than similar
mixtures without it, becausglica fume does not contribute into the secondary hydration in
the earlystages of hydration (Neville, 2008However, it isstatedthat as the mixtures become
hydrated, the effect of silidame particles in blocking the path of electrical chargekess
significant In higher stages of hydration, the formation of hydrationyetsdhas more effect
on theelectrical resistivity development thalme presence of physical particles in the pore
solution or pore structure. ABe W/CM ratio increaseshe unit concentration of silica fume

in the pore solutionis reduced andherefore the presence of silica fume in the form of
physical particles sless effecton theresistivity development. ifilar behaviourcan be
notedwhenthe electrical properties developmentGU mixturesis compared withithose of
GUL mixtures. GUL mxtureshave as tleast12%replacement oGU cemenby limestone
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therefore, less hydration products éwemed during lhe first 24 hours of hydration, and the
electrical resistivity is expected to mnerin GUL mixtures. AgheW/CM ratiois increased
to 0.43, the effect ohaving less cement produch theelectrical resistivity development
bemmesless dominantand all three GU, GUL, and GUbSHixtures showed similar
electrical resistivity valuefor a W/QM of 0.43(Figure4-20).

4.2.2.2.WICM ratio effect on electrical properties development

The waterto-cemenitious materials(W/CM) ratio is one of the most important factan
determining the durability and performance ofementbasedmixture. The effect of the

W/CM ratiois compared for each cement type paste mixturégare4-21to Figure4-24.
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Figure 4-21: W/CM ratio effecton GU cement pastselectrical resistivity over the first 24-h of hydration
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Figure 4-22: W/CM ratio effect on HE cement pastes electrical resistivity over the first 24 of hydration
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Figure 4-23: W/CM ratio effect on GUL cement pastes electrical resistivity over the first 24 of

hydration

117



GUbSF
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Figure 4-24: W/CM ratio effect on GUbSF cementpastes electrical resistivity over the first 24 of
hydration

It is observedhatin all cement pastes, #s W/CM ratio increasethe electricafesistivity

of the cement paste decreasthe highest resistivity wasbservedn cement pastes with
W/CM ratio of 0.37. The effect of the W/CM ratio was not significarearly agedor the

first 6 hours,while the effect of water content in the mix design started influencing the
electrical properties of the cement pasteund he initial setting time (will be discussed more
in Section 4.2). However, in HE and GUbSF mixtures, the effect of higher W/CM ratio on
electrical resistivity reduction was not significant in higher water valtiean be due tthe
higherrate of hydrabn in those mixes; the presence of free water in HE and GEb&SF

reduced, as the water is used during the hydration process.

4.2.2.3.Rate of Change(ROC) in Electrical Resistivity

Thedevelopment otlectricalproperties was further studiéy plotting theRate ofChange
(ROC) in electrical resistivity against timdhe ROC is the speed at whic¢he electrical
resistivity of cement paste changes over the time (i.e., momentila electrical resistivify
TheROC is an extremely important factass it shows the positive and negative momentum
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of resistivity and turning point®ll those carbe usedo study the hydration rhythm tthe

cement paste over the first 24 hours of hydration.

The comparison between the electrical resistivity values of cement pastes and its ROC over
the first day of hydratiors shown inFigure4-25to Figure4-36. In all the figures, the ROC
presented in greem Figure 4-25 to Figure 4-36, is calculatedand plotted from the first
derivative of theelationship that defines tleectrical resistivity development over tipbe

correspondingequationof electrical resistivity is showmm the figures.
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Figure 4-25: Electrical resistivity and its ROC of GU 0.37 cement paste over the first 24df hydration
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Figure 4-26: Electrical resistivity and itsROC of GU 0.40 cement paste over the first 24 h of hydration
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Figure 4-27: Electrical resistivity and its ROC of GU 0.43 cement paste over the first 24 h of hydration
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Figure 4-28: Electrical resistivity and its ROC of GUbSF 0.3Zement paste over the first 24 h of
hydration
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Figure 4-29: Electrical resistivity and its ROC of GUbSF 0.40 cemergaste over the first 24 h of
hydration
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GUbSF 0.43
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Figure 4-30: Electrical resistivity and its ROC of GUbSF 0.43 cement paste over the first 24 h of
hydration
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Figure 4-31: Electrical resistivity and its ROC of GUL 0.37 cement paste over the first 24 h of hydration
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Figure 4-32: Electrical resistivity and its ROC of GUL 0.40 cement past®ver the first 24 h of hydration
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Figure 4-33: Electrical resistivity and its ROC of GUL 0.43 cement paste over the first 24 h of hydration
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Figure 4-34: Electrical resistivity and its ROC of HE 0.37 cement paste over the first 24 h of hydration
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Figure 4-35: Electrical resistivity and its ROC of HE 0.40 cement paste over #hfirst 24 h of hydration
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Figure 4-36: Electrical resistivity and its ROC of HE 0.43 cement paste over the first 24 h of hydration

From the figures, it is observed thtite Rate of Chang@ROC) in the electrical resistivity
development of cement pasapidly increasefrom mixing to a time beyond the final setting
(between 8and 10 hours of hydration). After the turning poiatnegative momentum of
resistivity is observeduntil 20-24 hours of hydration. Beyond th#ébe electrical resistivity
increass againwith apositive momentumnit is observedhat before the turning point (stages
of setting),the formation of cement hydration products are the influencing factothein
resistvity development, while beyond thalhe development of hydration produdssslower.
As a resultthe electrical resistivitydoesnot increase as fast as before the turning point.
Around20-24 hours of hydration, further formation of cement hydration yctsdresuliin a
positive momentum in electrical resistivity development. Furtlaalysis of the
microstructureof the hydrated cement paste can provide nmsightfor the changes in the

ROC of the electrical resistivity.
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4.2.3. Compressive Strength (24 hours)

The compressive strengthf the cement paste at 1 digyan important factor idetermining
the curing effectsand concrete mixture qualitfhe 24-hour compressive strength of three
@50<100mm ement pasteylinders was measured according to ASTM CIH§ure4-37
illustrates the average of three measurementslfgrastes with//CM of 0.37, 0.40, and

0.43.Detail test results angl p e ¢ i propertedare presented in Appendix H.

As shown inFigure 4-37, the compressive strength decreases as the W/CM ratio ingreases

and it is higher for the cement paste made of HE cement.
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Figure 4-37: Compressivestrength at 24 hours aftercasting (average of 3 cylinders)

The highest day strength in HE cement paste mixture is expected due to its very fine cement
particle size. However, the effect lmhestonein the 24hour strength of cement mixtures

observed irFigure4-37 is interesting

The fracturd shape othe cement paste cylindersasacceptable according ©SA A232-

9C, as shown irigure4-38. The standard refers to fracture types of concrete cylinders tested
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for compressive strength, but the acceptable fracture types can be usmdent paste
cylinders fracture analysis. In case the type of failure was not acceptable according to the
standard, the measured compressive strength of that specimen was eliminated from the
calculations.

Figure 4-38: Comparison of fractured shapes resulting from compressive strengthest (acceptable
columnar fracture on right)

As expected from the quality control test results from the cement supplier, the highest
compressive strengtt 24 hoursvas for the HE cement pagieeFigure4-37). However,

the compressive strength of GU cempasteat 24 hoursvas lower thathat of GUbSF and

GUL mixtures, even though the tat had partial replacemenbf Portland cementith
supplementargementitious materialéifhestone and Bca fume).It can be concluded that

24 hoursof hydration the effect of supplementargementitiousmaterials reaction with
biproductsf Portland cement hydration resulted in slightly higher compressive strength. This
conclusion needs toe confirmedwith the analysis of the microstructureagment hydration

products at 24 hours of hydration.
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