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Abstract

by

Ivan Navarrete Leschot

The use of supplementary cementitious materials (SCMs; e.g., slag, fly ash) to
reduce the amount of ordinary Portland cement in concrete construction has increased
significantly over the last 20 years. Previous research has shown that, as an important
benefit, SCMs can improve the long-term mechanical properties and durability of concrete.
However, there is limited and inconclusive information on the relationship between SCM
properties and concrete workability. This is particularly important for technologies that

require high workability control, such as self-consolidating concrete (SCC).



Ivan Navarrete Leschot

This thesis provides an experimental-based quantitative assessment and
understanding of the effects of the particle size and physicochemical properties of SCMs
and their interactions with the primary mixture parameters (such as water-to-cementitious
materials ratio, SCM replacement, and reactivity of cement) on the rheology of
cementitious paste (i.e., cementitious mixture with no coarse or fine aggregates). The
results from this research are intended to improve the mixture design of new construction
technologies that require better rheological control, through the use of SCMs. As a specific
application, improved design of SCC to achieve better interlayer bonding is investigated.
This is important for the construction of large concrete elements, where casting of multiple
concrete lifts is required. Specifically, due to the lack of mechanical consolidation when
casting SCC, the interfaces between multiple layers can result in reduced mechanical

resistance in the final structure.

The specific objectives of this research are to experimentally investigate, develop
and validate empirical models for the effects of: 1) SCM properties and their interactions
with the primary mixture parameters on the increase of static yield stress on time of
cementitious paste before initial set; 2) SCM properties and their interactions with the
primary mixture parameters on the viscosity of cementitious paste before initial set; and 3)
concrete mixture design (i.e., cementitious paste rheology and aggregate-to-cementitious
paste ratio), building process (i.e., layer-to-layer free-fall height and delay time), and their

interactions on the layer-to-layer flexural and shear bond strength in multilayer SCC.



CONTENTS

(O00] 01 (=] 1 £ TP TP PRSP 1\
10 0 USRS Vi
TADIES bbb bbb bbb X
Chapter 1: INTrOAUCTION. .......oiiiiieie et sbe b ene s 1
I o (V=L o] PP 1

A O] o] 1=To1 1Y ST 6

L3 HYPOUNESES ...ttt bbb 7

I o] o] {0 - 1ol o DTSR 8

RIS Too] o[- PP P PRSP 9

1.6 OULIING. ... nne 10
Chapter 2: Impact of Physical and Physicochemical Properties of Supplementary Cementitious
Materials on Structural Build-up of Cement-based Pastes............cccocvvvevivnieiieriesnnnn. 12

2.1 INEFOUUCTION ......eviiiiticieeie et bbb 13

2.2 Research SIgNIfICANCE. ........cocoiuiiiieie et 18

2.3 Experimental design, materials and methods...........ccocvvreiinninninenc e, 19

2.3.1 Experimental deSign ........ccccooeiiiiiiniieiese e 19

2.3.2 Materials charaCterization ...........ccccoceveieneiene s 23

2.3. 2.1 PArtiCle SIZe ......coceieiiieie et 26

2.3.2.2 Physicochemical behavior...........cccocovviiiiiiiienecceee s 29

2.3.2.2.1 Chemical reactivity at early age.........ccccoevvrveriennnns 29

2.3.2.2.2 Surface potential ...........ccoovveveiiieiiiieiec e, 30

2.3.3 Mixture proportions and MiXiNg SEQUENCE .........cccverververrereeresrensienenns 34

2.3.4 TESHING PrOCEAUIES. ...c.viiveeiieriesieeiie e eeesieeee e eeesree e sreesse e e saeaneessenreens 35

2.3.4.1 Structural build Up teSt.......ccceviiiriiiceree e 35

2.3.4.2 Calorimetric test and boundary nucleation and growth

(BNG) MO ... 37

2.4 ReSUILS aNd AISCUSSIONS .......ccuieiieitieeieesiee e eie et e s ee et esae s e ssaesnreenseesnaesnneans 38

2.4.1 Growth of static yield Stress in tiMe .........cccovvveierieienecee e 38

2.4.2 Structural build-up aSSESSMENL ........c.ccvverieiiieiiciere e 39

2.4.3 Nucleation and growth rate asseSSMENt.........cccvvvvererivererieesesreeneaeens 56

2.5 CONCIUSIONS.......oviiiiiitiete bbb bbb 61



Chapter 3: Effect of Supplementary Cementitious Materials on Viscosity of Cement-based

PASTES ...ttt b e bt bt nn e nns 63
KT8 A 1011 oo 004 A T o RS STS ORI 64
3.2 Research SIgNIfICANCE. ........coiiiieie et 69
3.3 Materials and Methods .........ccoiiiiiiiii s 70

3.3. 1 Experimental deSign ........ccccooiiiiiiiiiieieee e 70

3.3.2 Materials charaCterization ............c.cocevereneieie e 73

3.3.2.1 Particle size diStribution...........ccccoceiineneiennieseeeeee 76

3.3.3 Mixture proportions and MiXiNg SEQUENCE ...........ccervereervereereniensenienns 79

3.3.4 Equilibrium flow curve measurement ...........ccoeevvereneenenieeneseeseseens 80

3.4 ReSUILS @Nd JISCUSSIONS .....c.viivieieiiieiesiiesiesiie st ste ettt esae e snesnee s 82
3.4.1 EQUIlIDrium FlOW CUIVES .......coiviiieiice e 82

3.4.2 Effect of number of contact POINtS .........cccoviveriiiiiie e 87

3.4.3 Effect of interparticle force on ViSCOSIY ........cccoovvrerieiienieiieneneneieniens 92

3.4.4 Effect of cementitious particles properties on interparticle force........ 102

3.5 CONCIUSIONS. ....eeiiieiii ittt bbbt sbe e nne s 106
Chapter 4: Effect of Cementitious Paste and Casting Process on Inter-layer Bond Strength in

Multi-layer Casting of Self-consolidating CONCrete............cccccevvveveiiveieciese e 108
g I 1o 0o [0 od o] o RSP SPRR 109
4.2 Research SignifiCaNCE. .........ccoiveiiiieie e 113
4.3 Materials and Methods ..........ccviieiiiiei e 114

4.3.1 EXperimental deSigN ......ccoiveieiieie e 114

4.3.2 Mixture proportions and miXing SEQUENCES..........ccverververreereeseesenienns 117

4.3.3 Characterization of cementitious materials ...........c.ccocoeiviniiininicnnens 121

4.3.4 Characterization of cementitious paste, mortar and concrete workability
...................................................................................................................... 124

4.3.4.1 Structural build-up measurements of cementitious paste...... 124

4.3.4.2 Structural build-up measurements of mortar ........................ 125

4.3.4.3 Workability measurements of SCC...........cccoevviveieiverennenn, 126

4.3.5 Layer-to-layer bond strength measurements of multi-layer SCC........ 127

4.4 ReSUILS aNd AISCUSSIONS ........veviirieiesiieiiesie e eie st eee e e sre e e sae s e seesnee s 130

4.4.1 Fresh properties SCC........oiviiiieieiiesie e sae e 130

4.4.2 Structural build-up of cement paste and Mortar ...........cccocevvviverenene 131

4.4.3 Residual bond strength of SCC ........ccooiiiiiiieee e, 135

4.4.4 Critical delay time analysis 0f SCC..........ccocriiiiiniiiiniiineneeseis 146

I Oa] o 1] o] ST 151
Chapter 5: Conclusions and FUture DIr€CLIONS..........ccuevueiierieiieninie e 153
5.1 CONCIUSIONS ......uiiiieiie ettt ettt e st be e s b e enaeebeesraesnaeeneas 153

oI V| (0] £ 30 [ =101 o] USSR 156
BIDHIOGIAPNY ...t anee s 158



FIGURES

Figure 1.1: Effect of fly ash (a) and blast furnace slag (b) on rheological properties of
cementitious materials [L19].......ccocoiiiiiiiiiee s 4

Figure 2.1: 5000x SEM images of FFA-Co (a), FFA-Fi (b), non-milled IF (c), 7-day milled
IF (d), CFA (e), MK (f) and RHA (@) -+ ververeerriieierisieeee e 25

Figure 2.2: Particle size distribution of cements and SCMs in Series | (a) and Series 1l (b)
LA DU €SS 26

Figure 2.3: Schematic of the Stern layer and diffuse layer of a negatively charged particle

................................................................................................................................ 31
Figure 2.4: pH dependence of the zeta potential of studied powders.............c.cccoeevervnennen. 33
Figure 2.5: Growth of static yield Stress With time ..o, 41

Figure 2.6: Comparisons between experimental A, ;, and analytical Al ;, determined with
the first SOPR model. R? of the Series 1l attained -1.57 using Equation (2-4) .....45

Figure 2.7: Comparison between SCM with the same SSApsp and different Npsp. Red and
gray circles represent SCM and cement particles, respectively ...........c.ccocvevenene. 46

Figure 2.8: Relationship between experimental Al ;, and analytical Ay, determined with
the second SOPR model. R? of the Series |l attained 0.77 using Equation (2-5). .48

Figure 2.9: Comparison between experimental A}, obtained with IF and FFA
replacements. Each point represents the average of the Ay, of the mixtures
produced with the corresponding Npsp and type of SCM (i.e., IF or FFA). .......... 49

Figure 2.10: Relationship between experimental Ay, and analytical A ;, determined with
the third SOPR model. R? of the Series 11 attained 0.98 using Equation (2-6)......51

Vi



Figure 2.11: Effect of w/c on A,;,. Each point represents the average Al ;, of the Series |
mixtures produced With €aCh W/C. .........ccoiiiiiiiiii e 52

Figure 2.12: Effect of SCM properties on Al ., estimated with the SOPR model, for two
different w/c and R combinations. In both cases, Cr was taken equal to 300 uW/g..

................................................................................................................................ 54
Figure 2.13: Effect of mixture design parameters on Al ., estimated with the SOPR model,
for different SCMs. In both cases, C, was taken equal to 300 pW/Q.......cccovenvneee. 55
Figure 2.14: Heat flow during the first 12 hours of the Series | FFD mixtures................. 57

Figure 2.15: Average normalized Kn (a) and Kg (b) for low (-) and high (+) levels of each
experimental faCLOr. ..........ocoveiiiii e 59

Figure 2.16: Comparison of SCMs with low (i.e., blue dots) and high (i.e., red dots) surface
potential. Calcium ions are represented by + sign and cement particles by grey dots

................................................................................................................................ 60
Figure 3.1: 1500x SEM images of supplementary cementitious materials. ..................... 75
Figure 3.2: Particle size distributions of cements and SCMS ..........ccccovriiiiininieicinenn, 76

Figure 3.3: Effect of gap size on viscosity of cementitious paste. The shadow areas
represent the 95% confidence interval limits for each measurement .................... 82

Figure 3.4: Equilibrium flow curves of cementitious pastes. ...........ccccevvveveiieevrciieseenenn, 83

Figure 3.5: Linear fittings used to calculate u* and u* from the measured equilibrium flow
curve of IF-Fi-1.24-20-OPC MIX ....ccccuiiiiieieieiieie et 85

Figure 3.6: Relationship between experimental and analytical viscosity (i.e., p™ and pb).
(a) Prediction of " using Eq. (3-8); (b) Prediction of u‘ using Eq. (3-9); (c)
Prediction of pH using Eq. (3-10); (d) Prediction of u‘ using Eq. (3-11). Gray
continuous lines represent the 95% confidence interval limits for each model. Black
discontinuous lines represent perfect correlation between the experimental and
ANAIYTICAI TESUITS. ... e 91

Figure 3.7: Relationship between experimental and analytical viscosity (i.e., u’ and u?).
(a) Prediction of u! using Eq. (3-17); (b) Prediction of u using Eq. (3-18). Gray
continuous lines represent the 95% confidence interval limits for each model. Black
discontinuous lines represent perfect correlation between the experimental and
ANAIYTICAI TESUITS. ... e 97



Figure 3.8: Standardized coefficients for Nt°°, ¢, and G,y of the SOPR model ........... 98

Figure 3.9: Effect of interparticle force and particle number density on u# and u* estimated
with the SOPR models [i.e., Eqg. (3-17) and (3-18)] for two different solid volume
fractions. Red triangles represent the experimental data of Series I................... 101

Figure 3.10: Average normalized G, for low (-) and high (+) levels of each experimental

L2165 (o OSSPSR 102
Figure 3.11: SEM images of Series | SCM and OPC..........ccccccvivieiviie i 104
Figure 3.12: Effect of fine and coarse IF and FFA on normalized Gy .......ccoovvvevveneennen. 105

Figure 4.1: Face-centered central composite design. The experimental runs of the factorial
design, axial points and center point are represented by black, grey, and white dots,

FESPECTIVEIY .ot e e e e re e nre s 115
Figure 4.2: Fresh properties measured in SCC (a), mortar (b), and cementitious paste (c)
.............................................................................................................................. 118
Figure 4.3: 5,000x SEM images of cementitious materialS............cccoeveririienininninennen, 123
Figure 4.4: Particle size distribution of cementitious materials.............cccccevvviieiiennenne. 124

Figure 4.5: Casting (a), sample dimensions in mm (b), and testing set up (c) of the direct
shear strength test. Note: Numbers 1 and 2 represent the two layers used during the
Casting OF the SPECIMENS .........ooiiiiiiieeeiee e 129

Figure 4.6: Casting (a), sample dimensions in mm (b), and testing set up (c) of the flexural
strength test. Note: Numbers 1 and 2 represent the two layers used during the
casting Of the SPECIMENS .......ccui i 129

Figure 4.7: Growth of static yield stress of cementitious pastes with time. Discontinuous
lines represent the best linear fits for the initial near-linear stage of 73 and for the
subsequent accelerated Stage OF T ...oovvvereiiiiiiiirieeee e 133

Figure 4.8: Reduction of mortar mini slump flow with time. Dash lines represent linear fit
of the results for each experimental run............cccceveiiieiie e 134

Figure 4.9: Residual shear bond strength, RBpsh, of Series | and Series 11 SCC mixtures.
Dash lines represent the best linear fit for each experimental run....................... 138

Figure 4.10: RBF of Series | and Series 1l SCC mixtures. Dash lines represent the best
linear fit for each experimental FUN...........cccooveiie i 139



Figure 4.11: Standardized coefficients for the effect of studied factors on RBpsh (a) and
R =T () OO 140

Figure 4.12: Relationship between experimental and analytical RBpsnh results. Gray
discontinuous lines represent the 95% confidence interval limits of the model.
Black (thicker) discontinuous line represents perfect correlation between the
experimental and analytical reSUlLS............cccooiieiiiiiii e 143

Figure 4.13: Effect of mixture design parameters on RBpsh, as estimated with the SOPR
model, for two different DT and Hrr COMDINALIONS......ccooviiiiiiiieiieseeicce e 145

Figure 4.14: Effect of casting process on RBpsh, as estimated with the SORP model, for
two different FAIm and CPogol COMBINALIONS .....ccveeivviieiieiieeiecee e 146

Figure 4.15: Relationship between experimental and analytical DTc. Gray discontinuous
lines represent the 95% confidence interval limits of the model. Black (thicker)
discontinuous line represents perfect correlation between the experimental and
ANAIYTICAI TESUITLS. ... 149

Figure 4.16: Standardized coefficients for FAlm, cement paste volume, and free fall height
Of the SOPR MOGEI OF DT vveviiiieiiieii e 150



TABLES

Table 2.1: Experimental factors and their selected levels...........ccoccovveviiiiiiiiieiee 22
Table 2.2: Fractional face centered central composite design .........ccccocevveevieevesiieveernene 24

Table 2.3: Chemical characterization and specific gravity of cements and SCMs used in

1TSS 00 Y2 USSR 25
Table 2.4: Particle size parameters of cements and supplementary cementitious materials.

................................................................................................................................ 30
Table 2.5: Chemical reactivity at early age and zeta potential at pH values larger than 10

................................................................................................................................ 33
Table 2.6: Series [ MIXTUIe BSIGNS .......coviiiiiieieieiee e 35
Table 2.7: Al ANA AZ iy TESUIS ..o 42
Table 2.8: First proposed SOPR model summary and coefficient results...............cc......... 44
Table 2.9: Second proposed SOPR model summary and coefficient results..................... 47
Table 2.10: Second proposed SOPR model summary and coefficient results................... 50
Table 2.11: Knand Kg values of the Series | FFD MIXIUIES.......coovvevereneieneieeieeee, 58
Table 3.1: Experimental factors and [eVelS..........ccooeiieiiiieiiei e 71
Table 3.2: Series | mixes and factorial 1eVelS ..o 73
Table 3.3: Chemical composition and specific gravity of cements and SCMs ................. 74
Table 3.4: Particle size parameters of cements and SCMS ...........ccccevieiiieiie e, 77
Table 3.5: Series [ MIXTUIe BSIGNS .......ccviiiiiiiieee e 79



Table 3.6: P AN PE TESUILS. ..o 86
Table 3.7: Particle size properties calculated for blended powders of each mixture......... 88

Table 3.8: Coefficients of SOPR models developed using SSALs [i.e., Eq. (3-8) and (3-
) ] PSSR 89

Table 3.9: Coefficients of SOPR models developed using Nig, [i.e., Eq. (3-10) and (3-
I ) SO SRTPSRSPSRSR 90

Table 3.10: R*, F, 5 and G values estimated for the Series | and Series I mixtures....95

Table 3.11: Coefficients of SOPR models developed using Nigp [i.e., Eq. (3-17) and (3-

L2 ) ] OSSP U SRR 96
Table 4.1: Selected levels of mixture design parameters and Hrr.........cocoocvvvniiinienn 116
Table 4.2: Series | mixtures and factorial 1eVels..........ccccocviiiiiiiici e 116
Table 4.3: Series | and Series I MIXtUre desSigns.........coovvvrerieieieieie e 119

Table 4.4: Oxide composition, specific gravity, and particle size parameters of the

CeMENItIOUS MALEIIALS ......oivieieiie e nee s 121
Table 4.5: Workability properties of SCC mixtures at 0 min of resting time.................. 131
Table 4.6: Structural build-up A}, and A%, of cementitious pastes.............c..ccvuvnnee. 133

Table 4.7: Slump Flow, S. flow,, Change in slump flow with time of rest R g,y and Filing

Ability Index FAIL, Of mortar MIXIUIES .........ccovviiiiiiiiieie e 135
Table 4.8: Shear strength opgy, (0) and flexural strength op(0) of the of the monolithic
control specimens in the SCC MIXEUIES .........cccveiieiieiieieese e 137
Table 4.9: SOPR model coefficients fOr RBDsh......coveviirreieiieeisc e 142

Table 4.10: DT, from direct shear strength (RBpsh) and flexural strength (RBF) results147

Table 4.11: SOPR model COeffiCieNtS FOr DT covvevieeeiieeeieeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeees 148

Xi



CHAPTER 1:

INTRODUCTION

1.1 Motivation

According to a report by the Mckinsey Global Institute (McKinsey Global Institute
2017), the global labor-productivity growth in construction lags far behind that of other
manufacturing fields or the total economy. The main reason of the low productivity in the
construction industry is the use of traditional construction systems, which are highly labor
demanding (Proverbs et al. 1999). In the last several decades, new technologies that can
improve the productivity of concrete construction through better workability control
(Khayat and Feys 2010; Navarrete et al. 2017a; Wangler et al. 2016), such as self-

consolidating concrete (SCC) and 3D concrete printing, have been developed.

The workability of fresh concrete is a very important property that determines how
well and easily the material can be mixed, placed, consolidated, and finished. The
cementitious paste and its interactions with fine and coarse aggregates govern the

workability of concrete and its evolution with time. As such, rheological measurements of



the cementitious paste are reasonable indicators of concrete workability (Ferraris et al.

2001a).

Most of the concrete produced worldwide in current construction contains chemical
admixtures, such as viscosity enhancers and high-range water-reducers (i.e.,
superplasticizers), to improve the rheological properties of concrete and reduce the amount
of cement (Roussel 2012). However, the effectiveness of a chemical admixture depends on
many factors, including the type and amount of cement, water content, mixing time, and
temperatures of the concrete and air (PCA 2018). In addition, the use of high-range water-
reducers, one of the most commonly types of chemical admixtures, accelerates the loss of
workability over time (Mardani-Aghabaglou et al. 2013). Therefore, it is difficult to predict
and control the effect of a chemical admixture on the rheological properties of concrete,
which hinders the development of new concrete technologies that require better reliability

of workability.

Moreover, the use of blended cements through the introduction of supplementary
cementitious materials (SCMs), also known as mineral admixtures (e.g., fly ash, blast
furnace slag), in the cement industry has increased significantly over the last three decades.
Most SCMs are industrial byproducts, and thus, their use improves the sustainability of
concrete. In 1995, only 44% of the cements produced in the United States were blended

cements. By 2009, this figure had increased to over 80% (Schneider et al. 2011). Most of



the SCMs possess different surface potentials than cement (Ersoy et al. 2014). Importantly,
the adsorption of chemical admixtures onto SCMs is lower than the adsorption onto cement
particles, which reduces the effectiveness of chemical admixtures on concretes produced
with blended cements (Park et al. 2005). As a result, the amount of cement required in
many applications is controlled by concrete workability and not by its strength. This effect
is more relevant in new concrete technologies requiring better workability control, such as
SCC, which use high amounts of cement, with a detrimental effect on their cost and

environmental impacts.

Most of the previous research on SCMs has focused on the effects of these materials
on the mechanical properties and durability of concrete. Many studies have found that most
SCMs increase the concrete strength at later ages (Bendapudi and Saha 2011; Dhanya et
al. 2018). In addition, SCMs reduce the permeability of concrete and, therefore, improve
its durability (He and Shi 2008; Juenger and Siddique 2015; Mo et al. 2017; Narasimha
Reddy and Kavyateja 2020). On the other hand, fewer studies have focused on the effects
of SCMs on concrete workability. Figure 1.1 from previous research shows that SCMs
have significant effects on the rheology of cementitious materials, and therefore, on
concrete workability. However, contradictory results and trends have been found between
different studies on this topic. Ultimately, a deeper understanding of the relationships
between the chemical and physical properties of SCMs and the rheology of cementitious

paste will improve the mixture design of new concrete construction technologies that



require better workability control. This information may also lead to higher replacements
of cement by SCMs, thus reducing the environmental impact and costs of the concrete

mixture and resulting in more sustainable construction.
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Figure 1.1: Effect of fly ash (a) and blast furnace slag (b) on
rheological properties of cementitious materials (Jiao et al. 2017).

Among the new concrete technologies requiring better workability control, self-
consolidating concrete (SCC) is the most widely used. The construction of large concrete
elements, such as in long wall elements, often require the casting of multiple SCC lifts. In
such cases, lack of mechanical consolidation can lead to the formation of distinctly weak
interfaces between the successive lifts that are still in the fresh state, which can reduce the

mechanical properties and durability of the final concrete product.



Roussel (Roussel and Cussigh 2008) has shown that during placement, a layer of
SCC often has a short time (i.e., less than 60 minutes) to rest and flocculate before the next
layer of concrete is cast above it. If the fine particles are allowed to flocculate, the structural
build-up (Atix) of the concrete at rest increases beyond a critical value, which prevents the
two layers to combine, leading to the formation of a weak interface. Losses of layer-to-
layer bond strength of more than 40% have been reported, and can exceed 50% when the
SCC is highly thixotropic and when the elapsed time between the casting of two layers

exceeds 30 minutes (Megid and Khayat 2017, 2019; Roussel and Cussigh 2008).

The bond strength between two successive layers is highly affected by the
aggregate interlock and the surface roughness of the first layer (Megid and Khayat 2017),
which are mainly governed by the aggregate size, shape and texture, and the aggregate-to-
cementitious paste ratio. Surface roughness can be improved by applying external
mechanical vibration to the existing concrete layer, which would reduce its yield stress
(Chia et al. 2005) and, therefore, increase the bond strength. Another approach would be
to increase the free-fall height of the new concrete onto the existing material, which
increases the interlock resulting from the penetration of the top concrete layer into the lower
layer (Megid and Khayat 2019). However, these methods involving mechanical vibration
and increased free-fall height can also cause segregation or bleeding, which can lead to

impaired bond between the successive layers.



Previous researchers have studied the individual effects of mixture design (e.g.,
aggregate-to-cementitious paste ratio (Roussel and Cussigh 2008), rheology of
cementitious paste [i.e., Awmix (Assaad and Issa 2016; Megid and Khayat 2019)], and
construction process [i.e., free-fall height and delay time (Megid and Khayat 2017)] on the
layer-to-layer bond strength of multilayer SCC. However, the interactions between these

parameters on the bond strength between SCC lifts require further investigation.

1.2 Objectives

In accordance with the research needs and gaps discussed above, the main goal of
this research is to assess and understand the fundamental effects and interactions between
SCMs and other mixture constituents on the rheology of cementitious paste (i.e., paste with
ordinary Portland cement, SCM, and water). Additionally, the findings are applied
specifically to SCC, a commonly used concrete technology, for improved layer-to-layer
flexural and shear bond strength in multilayer casting. The resulting three specific

objectives of the research are as follows:

1. To understand and quantify the effects of the particle size and physicochemical
properties of SCMs and their interactions with the primary mixture parameters (such as
water-to-cementitious materials ratio, SCM replacement, and reactivity of cement) on the

structural build-up (Awix) of cementitious paste before initial set.



2. To understand and quantify the effects of the particle size and type of SCMs and their

interactions with the primary mixture parameters on the viscosity of cementitious paste.

3. To assess and quantify the effects of mixture design (i.e., cementitious paste rheology
and aggregate-to-cementitious paste ratio), construction process (i.e., free-fall height and
delay time), and their interactions on the layer-to-layer bond strength in multilayer casting

of SCC.

The results of this research are intended to enhance the fundamental understanding
of the SCM properties that affect the rheology of cementitious pastes. Ultimately, this work

can lead to better use of SCMs for the control of workability in concrete applications.

1.3 Hypotheses

The following three hypotheses guide this research. The first two hypotheses are
related with the first specific objective, while the last hypothesis is related to the second

specific objective.

1. A rise in the specific surface area of the supplementary cementitious materials allows
for more nucleation points and the growth of hydration products, increasing the rate of

growth of yield stress of cement paste.



2. An increase in the hydraulic reactivity of the supplementary cementitious materials
accelerate the growth of hydration products, and therefore, increases the rate of growth of

yield stress of cement paste.

3. A higher specific surface area of the supplementary cementitious materials produces an
increase in the adsorbed water, which rises the solid effective volume fraction; and thus,

increasing the cement paste viscosity.

1.4 Approach

To achieve the above objectives, a series of face centered central composite designs
(FCCCD) were used to develop a comprehensive experimental program. These designs
were chosen due to the resulting efficiency in the number of experimental runs required to
effectively analyze the results and trends from experiments with four or more parameters.
In the case of objectives 1 and 2, five experimental parameters were studied, while to

realize objective 3, four experimental parameters were studied.

The FCCCD is based on an embedded fractional factorial design with center points
augmented by a group of axial points, which allow the estimation of curvature in the
resulting trends (NIST/SEMATECH 2012). The axial points are at the center of each face
of the factorial space and, therefore, three levels (i.e., -, 0 and +) are required in selecting

the values for each parameter. This design allows the measured response to be empirically



modelled by a second order polynomial regression (SOPR) equation, which permits the
main, quadratic, and interactive effects of the experimental parameters on the property
under study to be determined (Montgomery and Runger 2003). Analysis of variance and
backward elimination algorithm (Montgomery and Runger 2003) were conducted with the
results of the FCCCD to establish the significant factors on the studied properties for each
objective and develop SOPR equations. In addition to the FCCCD mixtures tested to
develop the SOPR models for each objective, additional samples (i.e., six mixtures for
objectives 1 and 2, and four mixtures for objective 3) were characterized to validate these
SOPR models. These validations were achieved based on the predicted residual error sum
of squares statistic (Montgomery and Runger 2003) calculated using the SORP prediction

residuals for the validation mixture data.

1.5 Scope

The study described in this thesis is based on the following considerations:
- The developed relationships are empirical, using the results from testing laboratory
mixtures.
- All mixtures are produced at ambient temperature (i.e., 17 to 23 °C).
- Class C fly ash, class F fly ash, metakaolin, rice husk ash, inert silica powder, and slag
are used as SCM. These SCMs have similar ranges of particle size distribution as
cement. Very fine powders, such as silica fume or nanomaterials, are out of scope.

- Water-to-cementitious materials ratio ranges between 0.40 and 0.50 by mass.
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SCM replacement ranges between 20 and 40% of cement volume.

A crushed limestone coarse aggregate with maximum aggregate size of 3/8 in. is used
in all of the SCC mixtures.

A high-range water-reducing admixture (i.e., MasterGlenium 7920) is used in all the
SCC mixtures.

Measurements of rheology are made using a TA Discovery Hybrid Rheometer 2. A 25-
mm diameter parallel-plate configuration is used, with a smooth stationary base plate,
a serrated superior plate, and 1000 um gap between the plates.

Viscosity is quantified using the equilibrium flow curve measured 8 min after the
contact of cementitious materials with water.

Structural build-up (Awix) of cementitious paste is quantified by measuring the growth
of static yield stress with time. The first measurement is performed 15 min after the
contact of cementitious materials with water and repeated every 15 min until 120 min.
Bond strength in multilayer casting of SCC is characterized on small-scale unreinforced
specimens by measuring the shear strength and flexural strength of the bonding plane

at 28 days after concrete mixing.

1.6 Outline

This document is written in the format of three independent journal articles

produced based on this research, where each chapter is a self-contained paper. The first

paper has been published in Cement and Concrete Research, while the second paper has
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been submitted to the same journal, and the third paper has been submitted to Construction
and Building Materials. As such, the remaining chapters of this document are organized as
follows:

Chapter 2 (journal paper 1; published) aims to assess and understand the effects of
particle size and physicochemical properties of five different SCMs and their interactions
with the primary mixture parameters on the structural build-up (Awix) of cementitious paste,

which is the first specific objective of this research.

Chapter 3 (journal paper 2; submitted) aims to assess and understand the effects of
particle size and surface potential of SCMs and their interactions with the primary mixture
parameters on the viscosity of cementitious paste, which is the second specific objective of

this research.

Chapter 4 (journal paper 3; submitted) aims to assess the effects of the cementitious
paste volume, structural build-up of mortar, and their interactions with the casting process
(i.e., free fall height and delay time) on the residual bond strength of multi-layer SCC under

shear and flexural stresses.

Finally, Chapter 5 repeats (for the convenience of the reader) the conclusions listed
at the ends of Chapters 2-4 regarding each specific objective and discusses future

directions.
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CHAPTER 2:
IMPACT OF PHYSICAL AND PHYSICOCHEMICAL PROPERTIES OF
SUPPLEMENTARY CEMENTITIOUS MATERIALS ON STRUCTURAL BUILD-UP

OF CEMENT-BASED PASTES

This chapter focuses on the effect of supplementary cementitious material (SCM)
particle size and physicochemical behavior, and their interactions with the primary mixture
parameters, on the structural build-up (Awix) of cementitious pastes, which is the first
specific objective of this research. To this end, a fractional face centered central composite
experimental design, composed of 29 mixtures with two SCMs, was conducted. The
measurements from these mixtures were then used to develop second order polynomial
regression (SOPR) models, which were validated based on the results from 6 additional
mixtures with three different SCMs. The increase of static yield stress with time was used
to characterize the Awmix Of cementitious pastes. Calorimetric curves were also measured to
characterize the effect of the studied parameters on the growth and nucleation rates of

cement.
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This chapter includes a detailed characterization of the SCM properties and an
assessment of the effect of those properties on Aix. The results demonstrate that the effect
of SCMs on Amwix is governed by the particle number density and surface potential. In
addition, Awix can be increased by increasing the number of particle contact points, the
growth rate of calcium silicate hydrate (C-S-H) bridges between particles, and/or the

reactivity of cement.

2.1 Introduction

The workability of fresh concrete is a very important property that determines how
well the material can be mixed, placed, consolidated, and finished. The cementitious paste
and its interaction with the aggregates govern the workability and its evolution with time.
As such, rheological measurements of the cementitious paste are reasonable indicators of

concrete workability (Ferraris et al. 2001a).

Fresh cement-based materials (CBM) (Jiao et al. 2017), as well as other yield stress
fluids (Cheng 1986; Sun and Gunasekaran 2009), exhibit dynamic and static yield stresses.
The dynamic yield stress (z5) is the minimum stress required for maintaining flow and is
commonly obtained from the equilibrium flow curve. The static yield stress (z3) is the
stress required to initiate flow (Malvern Instruments 2012). Due to the structural states of

these conditions, 7 is expected to be higher than 75 (Qian and Kawashima 2018).
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Fresh CBM can be defined as yield stress fluids (Tattersall and Banfill 1983). The
main characteristic of these materials is that they behave like solids when the applied stress
is below a critical shear stress value, called yield stress, and like liquids if the applied stress
is above the yield stress (Roussel 2012). The most common method to measure the
rheology of CBM is the equilibrium flow curve, plotted as the equilibrium shear stress
versus the shear rate (Qian and Kawashima 2018). The yield stress in this method is equal
to the shear stress at a shear rate of zero. Among the constitutive equations that have been
proposed to represent the equilibrium flow curve of CBM, the Bingham model (Bingham
1922), the Herschel — Bulckley model (de Larrard et al. 1998), and the modified Bingham

model (Yahia and Khayat 2001) are the most common.

The dynamic yield stress, 75 of CBM has been widely studied (Ferraris 1999;
Matos et al. 2018; Park et al. 2005; Qian and Kawashima 2018) and been related to
measurements from common field tests, such as the slump flow test (Bouvet et al. 2010a;
Lu et al. 2015). On the other hand, in the last decade, with the growing use of self-
consolidating concrete (SCC) and development of new technologies that require better
workability control (Navarrete et al. 2017a; Wangler et al. 2016), such as 3D printing of

concrete, more attention has been paid to the static yield stress, 7.

It has been shown that 73 of fresh CBM at rest increases over time (Mostafa and

Yahia 2016; Perrot et al. 2016; Roussel 2006; Tattersall and Banfill 1983). Within a few
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minutes at rest, the cement particles flocculate and form a three-dimensional network due
to electrostatic and van der Waals forces (Ferron et al. 2013; Yim et al. 2013). In addition,
nucleation of C-S-H at the pseudo-contact points between cement and other particles
during the dormant period (Mostafa and Yahia 2017; Roussel et al. 2012) generates

formation and growth of C-S-H bridges, making 7§ of the material to increase.

The term “thixotropy” is often used to describe the increase of 73 of fresh CBM.
One of the main properties of thixotropy is that it is a reversible process. However, for
CBM at rest, both reversible (i.e., flocculation) and irreversible (i.e., cement hydration
bonding, such as C-S-H bridges) processes happen simultaneously (Mostafa and Yahia
2017), and it is not simple to separate these two effects. As such, for CBM, structural build-
up (Auwix), which involves both reversible and irreversible processes, is a more accurate

term than thixotropy (Yuan et al. 2017).

Awix IS an important property that affects the constructability and performance of
concrete structures. Previous researchers (Bellotto 2013; Bentz et al. 2017) have found that
for CBM, setting time is highly influenced by Axix. In the case of SCC, formwork pressure
(Assaad and Khayat 2006a; Barnes and Johnston 2003; Roussel 2006), concrete stability
after casting (Navarrete and Lopez 2016; Shen et al. 2014), and bond strength in multi-
layer casting (Megid and Khayat 2017, 2019; Roussel and Cussigh 2008) are governed by

this property. It is also important to control Awix in 3D-printed concrete in order to assure
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adequate bonding between the printed layers and adequate strength and stiffness for the
layers to withstand the weight of the layers above (Le et al. 2012; Ma and Wang 2018;

Malaeb et al. 2015; Panda et al. 2016).

To accurately measure the Awix 0f cementitious paste at rest, the sample should not
be distressed during the test. Previous authors have used either small-amplitude oscillatory
shear (SAQS) tests (Ma et al. 2018; Mostafa and Yahia 2017) or growth of static yield
stress tests (Bentz et al. 2017; Huang et al. 2019; Lecompte and Perrot 2017; Roussel et al.
2012; Yuan et al. 2018) to measure the development of Awmix. SAOS is considered a non-
destructive test, which is less invasive and less prone to distressing the sample. On the other
hand, the growth of static yield stress test is the most common technique, which according
to Yuan et al. (Yuan et al. 2017), provides appropriate testing parameters and gives

comparable results with the SAOS test.

The Awmix of cementitious paste is affected by mixture parameters, such as the
mixture composition, constituent properties, ambient conditions, and shear stress history.
Previous studies have shown that increased water-to-cementitious materials volumetric
ratio (w/c) reduces Awmix (Khayat and Assaad 2007; Mostafa and Yahia 2017). Cement
properties, such as fineness (Bentz et al. 2018), electrokinetic behavior (Mostafa and Yahia
2017), and chemical composition (Assaad and Khayat 2004), also affect the change of 7§

over time. Temperature has been shown as an important factor as well (Huang et al. 2019;
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Petit et al. 2006; VVanhove et al. 2013), where a nonlinear increase in Awix Was observed in
the range of 10 to 40 C° (Huang et al. 2019). Additionally, Ma et al. (Ma et al. 2018) have
shown that the Awix of cement paste is highly affected by the pre-shear and rest condition

of the sample.

In current construction technology, most of the concrete produced worldwide
contains chemical admixtures, such as viscosity enhancing admixtures and high-range
water-reducing admixtures, to improve the rheological properties of concrete and reduce
the amount of cement. Several studies (Assaad et al. 2004; Khayat and Assaad 2007; Ma
et al. 2018) have shown that the dosage and type of chemical admixtures have considerable
effects on the rate of Awmix. However, the effectiveness of a chemical admixture depends on
many factors, including the cement chemical composition, the mixture design and the
mixing process (PCA 2018). Therefore, it is difficult to predict and control the effect of a
chemical admixture on the rheological properties of concrete, which hinders concrete

technologies that require better control of workability (such as 3D printing).

Supplementary cementitious materials (SCMs), also known as mineral admixtures
(e.g., fly ash, silica fume), considerably affect the rheology of CBM as well. Most of the
previous studies (Bentz et al. 2012; Burgos et al. 2014; Felekoglu et al. 2006; Ferraris et
al. 2001a; Fuentes et al. 2014; Jiao et al. 2017; Khan et al. 2014; Laskar and Talukdar 2008)

have investigated the effect of SCMs on t§ and viscosity of cementitious materials. In
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comparison, only a few researchers have studied the effect of SCMs on Auwix (Assaad and
Khayat 2006b; Bentz et al. 2018; Huang et al. 2019; Saleh et al. 2015; Yuan et al. 2018).
Importantly, contradictory results have been found between different studies on this topic.
For example, some researchers (Saleh et al. 2015) have found that the use of fly ash and
silica fume increases the Awix of SCC, while others (Assaad and Khayat 2004) have found
the opposite. A possible explanation of this discrepancy could be the packing density of
particles, which depends on the range of the particle size distribution of the whole solid
particles network (Kashani et al. 2014). To the best of the authors’ knowledge,
relationships for the physical and physicochemical properties of SCMs with the Awix of

cementitious paste have not been investigated.

2.2 Research significance

In accordance with the research gap identified above, this chapter discusses the
effects of the particle size and physicochemical properties of SCMs and their interactions
with the primary mixture parameters (such as wi/c ratio, SCM replacement, and reactivity
of cement) on the Awmix Of cementitious paste. The results presented in the chapter can
contribute to enhance the fundamental understanding of the SCM properties that affect
Aunix. Ultimately, this work can lead to better usage of SCMs for the control of Awix in CBM

at rest for applications such as SCC and 3D-printed concrete.
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2.3 Experimental design, materials and methods

2.3.1 Experimental design

The effects of the SCM properties and their interactions with the main design
parameters of the cement paste mixture on Awnix were experimentally determined using a
fractional face centered central composite design (FFCCD). This design was chosen due to
the resulting efficiency in the number of required test runs and physical constraints in the
levels of the experimental factors (i.e., parameters). The FFCCD is based on an embedded
fractional factorial design (FFD) with center points (CP) augmented by a group of axial
points (AP), which allow estimation of curvature (NIST/SEMATECH 2012). The AP are
at the center of each face of the factorial space and, therefore, three levels (i.e., -, 0 and +)
are required in selecting the values for each factor. This design allows the measured
response to be modelled by a second order polynomial regression (SOPR) equation, which
permits the main, quadratic, and interactive effects of the experimental factors on the

property under study to be determined (Montgomery and Runger 2014).

Table 2.1 lists the five experimental factors that were studied as follows: (1) SCM
particle size (A); (2) wic; (3) SCM replacement (R); (4) physicochemical behavior of SCM
(D); and (5) cement reactivity (Cr). A 2°* fractional factorial design with 3 CP, and 2*5

AP were used, resulting in 29 experimental rows (i.e., Series 1) as shown in Table 2.2. Six
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additional rows (i.e., Series Il) were also produced to validate the models developed with

the FFCCD.
Table 2.1: Experimental factors and their selected levels
Levels
Experimental Factors - 0 +
SCM nparticle size, A 100% Fine 50% Fine + 50% Coarse ~ 100% Coarse
wi/c (by volume) 1.24 1.39 1.55
SCM replacement, R (%vol) 20 30 40
SCM physicochemical behavior, D 100% IF 50%IF + 50% FFA 100% FFA
Cement reactivity, Cr 100% IPC  50%IPC + 50%0PC 100% OPC

Class F fly ash (FFA) and a silica powder (quartz) inert filler (IF) were used to
develop the Series | mixtures. The use of these materials allowed the effects from the SCM
particle size (A) and SCM physicochemical behavior (D) to be decoupled. To evaluate the
particle size effect, parts of the FFA and IF were ball-milled for 48 h and 7 d, respectively,
at 75 RPM to obtain finer materials. The FFA without milling was defined as coarse FFA
(FFA-Co), while the milled FFA was defined as fine FFA (FFA-Fi). The non-milled and
milled IF were mixed in different proportions to obtain coarse IF (IF-Co) and fine IF (IF-

Fi), with the same specific surface area as FFA-Co and FFA-Fi, respectively.

Two cements with different chemical composition but similar particle size

distribution (PSD) were used in order to characterize the effect of Cr on Athix.
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Class C fly ash (CFA), metakaolin (MK), and rice husk ash (RHA) were used in
the Series Il mixtures. These SCMs were chosen because, like the FFA and IF, they had
similar range of PSDs as cement. The effects from very fine powders, such as silica fume

or nanomaterials, on Awix are out of the scope of this research.

The rheological properties of a colloidal suspension, such as cementitious paste, are
controlled by the volume proportions of its constituents (Bingham 1922) rather than the
mass proportions. Therefore, the replacement of cement by SCM were calculated by

volume, resulting in different w/c ratios based on mass.

Analysis of variance (ANOVA) and backward elimination algorithm (Montgomery
and Runger 2014) were conducted with the 29 runs of Series | to establish the significant
factors on Awix and develop SOPR models. These models were then validated based on the
predicted residual error sum of squares (PRESS) statistic (Allen 1971) calculated using the

SOPR prediction residuals for the values of Awix from Series 11.
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Table 2.2: Fractional Face Centered Central Composite Design

Row Mix code A wlc R D C=AWw/c)RD
1 IF- Fi -1.24-20-OPC - - - - +
2 IF-Co-1.24-20-IPC + - - - -
3 IF- Fi -1.55-20-IPC - + - - -
4 IF-Co-1.55-20-OPC + o+ - - +
5 IF- Fi -1.24-40-IPC - - + - -
6 IF-Co-1.24-40-OPC + - + - +
7 IF- Fi -1.55-40-OPC - + + - +
8 IF-Co-1.55-40-IPC + o+ + - -
9 FFA- Fi -1.24-20-1PC - - - + -
10 FFA-Co-1.24-20-OPC + - - + o+
11 FFA- Fi -1.55-20-OPC - + - + -
12 FFA-Co-1.55-20-1PC + o+ - + o+
13 FFA- Fi -1.24-40-OPC - - + o+ o+
14 FFA-Co-1.24-40-1PC + - + o+ -
15 FFA- Fi -1.55-40-IPC - + + o+ -
16 FFA-Co-1.55-40-OPC + o+ + o+ o+
17 AP-Fi - 0 0o 0 O
18 AP-Co + 0 0o 0 O
19 AP-1.24 0 - 0O 0 O
20 AP-1.55 0 + 0 0 0
21 AP-20 0 O - 0 O
22 AP-40 0 O + 0 O
23 AP-IF 0 O 0o - 0
24 AP-FFA 0 0 0 + 0
25 AP-IPC 0 0 0o 0 -
26 AP-OPC 0 O o 0 +
27 -29 CP 0 0 0O 0 O

In addition, the heat of hydration was measured for the mixtures corresponding to
the FFD runs, which are the first 16 rows of the FFCCD shown in Table 2.2. Using these

results and the boundary nucleation and growth (BNG) model, the effect of the factors on
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the formation and growth of C-S-H bridges between the cementitious particles was

analyzed.

2.3.2 Materials characterization

A Type | ordinary Portland cement (OPC) and a Type IP blended cement (IPC)
conforming to ASTM C150 (ASTM Standard C150/C150M 2016) and ASTM C595
(ASTM International 2019), respectively, were used. The IPC was composed of 80% OPC
and 20% IF. Oxide composition [determined by X-ray fluorescence (XRF)] and specific

gravity of the cements and SCMs are shown in Table 2.3.

Table 2.3: Chemical characterization and specific gravity of cements and SCMs
used in this study.

Cements Series | Series |1

OPC IPC IF  FFA CFA RHA MK
Ca0 (%) 65.8 52.6 0.21 1.52 175 0.71 0.07
SiO2 (%) 19.3 35.2 98.7 52.7 33.3 70.3 47.2
Al;0s (%) 450 3.60 0.01 17.7 19.1 0.06 42.3
S03 (%) 2.31 1.84 - 046 7.34 - -
Fe203 (%) 3.04 252 0.61 6.10 3.26 414 552
MgO (%) 1.07 0.89 0.05 1.30 0.81 - -
Other minor oxides (%) 1.28 1.17 0.21 4.32 469 9.09 231
Loss on ignition (%) 2.70 2.16 0.21 159 14.0 15.7 2.60

Specific gravity 3.14 3.05 2.69 2.39 237 214 272
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A scanning electron microscope (SEM) was used to observe the micro-structure of
the SCMs and obtain surface information. The samples were oven dried and coated with
gold, and images were taken using a Quanta FEG 250 device with magnifications between
300x and 1,000,000x and an accelerating voltage of 15 kV. Figure 2.1 shows SEM images

for the different SCMs with a magnification of 5000x.
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(9)

Figure 2.1: 5000x SEM images of FFA-Co (a), FFA-Fi (b), non-
milled IF (c), 7-day milled IF (d), CFA (e), MK (f) and RHA (g).
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2.3.2.1 Particle size

Figure 2.2 shows the PSDs of the cements and SCMs, measured using a laser
diffractometer (Malvern Mastersizer, 2000). The materials were dispersed in isopropanol
with a refractive index of 1.378 and each measurement was carried out six times for 10 s
at 2000 RPM. For the analysis of PSD in all the samples, a refractive index of 1.458 was
used. The D10, D50 and D90 parameters for each PSD are shown in Table 2.4. Figure
2.2.a shows that both OPC and IPC present similar PSDs. In addition, FFA-Fi and IF-Fi

are finer than both cements while FFA-Co and IF-Co are coarser than both cements.

—*—OPC
6] - IPC
—&—CFA

Volume (%)

T T T ~
0.1 1 10 100 1000

Particle Size (um) Particle Size (um)
(@) (b)

Figure 2.2: Particle size distribution of cements and SCMs in
Series | (a) and Series 11 (b) mixtures.
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Based on the PSD of each material and assuming a spherical shape for the particles,
the specific surface area per unit volume (SSApsp) and the particle density (Npsp) can be

estimated with the following equations:
SSApsp = ¥1_, 6V,/D; [1/um] (2-1)
Npsp = X1, 600V;/xD} [1/100pum?] (2-2)
where, Di is the average particle diameter between two successive particle sizes (um), Vi

is the volume fraction passing between two successive particle sizes, and j is the number

of fractions for a given PSD.

In addition, the BET specific surface area (SSAget) per unit volume of each
material was calculated from the adsorption branch of the isotherms in the range 0.05 to
0.20 of relative pressure, using a 3-FLEX Micrometrics instrument. The estimated SSAesp,

Npsp, and measured SSAgeT of all the materials are shown in Table 2.4.

For the experimental runs where both SCM were used (i.e., 50%IF + 50% FFA), the
mixtures were produced with different volumetric proportions of FFA-Fi, IF-Fi, FFA-Co,
and IF-Co. In these cases, the particle size parameters were calculated as the weighted

mean of the SCMs used in each mixture.

The experimental specific surface area (SSAget) ranges between 3 and 10 times

that of the spherically assumed specific surface area (SSApsp) as shown in Table 2.4. The
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SSAgeT considered both internal and external surfaces, and no significant differences were
found between the SSAget values of the coarse and fine particles for both FFA and IF. It
is important to note that FFA presented a considerable amount of inner pores as seen in the
SEM images (Figures 2.1.a and 2.1.b), while no inner pores are visible in the SEM images
for IF (Figures 2.1.c and 2.1.d). This may explain the fact that the difference between

SSAgetand SSApsp is smaller for IF than for FFA.

Table 2.4: Particle size parameters of cements and supplementary cementitious materials.

SSA(m#m?) D10 D50 D90 Npsp
BET  psp (um) (um) (um) (#100 pm?)

Cements OPC 12 1.30 1.947 13.67 40.69 99.96
IPC 10 130 2.285 16.40 46.27 88.51
Series | FFA-Fi 10 1.83 1.216 5.943 13.86 56.30
IF-Fi 4 1.83 1.847 1294 44.68 62.64
FFA-Co 10 1.00 2.173 29.48 1225 52.93
IF-Co 4 1.00 4.671 35.65 82.34 31.20
Series 11 CFA 8 156 5.466 41.54 95.34 73.45
RHA 158 1.71 1205 7.503 52.90 90.02
MK 26 1.77 0.959 15.71 5456 105.2

Since some of the rough regions and inner pores, detected by BET, are too small to
function as nucleation points for the hydration products, the parameter SSApsp is preferred
over SSAget. IF-Fi and IF-Co were produced to match the SSApsp of FFA-Fi and FFA-
Co, respectively, with the aim to decouple the particle size and the physicochemical effects.

As such, IF-Fi was produced by combining 15.9% unmilled IF with 84.1% 7-day milled



29

IF, while IF-Co was produced by combining 67.3% unmilled IF and 32.7% 7-day milled

IF.

2.3.2.2 Physicochemical behavior

According to Felekoglu et al. (Felekoglu et al. 2006), the physicochemical behavior
of cements and SCMs is mainly determined by their time-dependent hydration reactions
(i.e., cement chemical reactivity (Cr) and SCM chemical reactivity (SCMR)) and surface
potential. Therefore, both properties were selected to characterize the physicochemical

behavior of these materials.

2.3.2.2.1 Chemical reactivity at early age

To assess the chemical reactivity of cements and SCMs, isothermal calorimetry
tests were carried out using a TAM air isothermal calorimeter at 23 °C for the first three
hours after contact of the materials with water. The tests were conducted on samples of
cement pastes and SCM pastes, using a w/c ratio by volume of 1.55. The average heat flow
of the dormant period of the cement pastes (i.e., Cr) and the average heat flow of the first

two hours of the SCM pastes (i.e., SCMRg) were computed, as shown in Table 2.5.
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2.3.2.2.2 Surface potential

When colloid particles, such as cementitious materials, contact with an aqueous
solution, a firmly attached layer of counter-ions (i.e., ions with an opposite charge than that
of the particle surface) is formed around the particle surface. This layer of counter-ions is
known as the Stern layer. Around the Stern layer, a diffuse layer of counter-ions is
produced, which has a gradually decreasing concentration with distance until reaching
equilibrium with the normal counter-ion concentration in the solution (Stern 1924). A
schematic representation of the stern and diffuse layers of a negatively charged particle is

showed in Figure 2.3.

The surface potential cannot be measured in a simple manner; however, the
potential at the junction of the Stern layer and the diffuse layer, which is known as the zeta

potential, can be measured in a fairly simple manner (Ravina 1998).
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Stern layer

~ Particle with negative
. surface charge

Diffuse layer

Figure 2.3: Schematic of the Stern layer and diffuse layer of a
negatively charged particle.

The ratio between the zeta potential and the surface potential depends on the
thickness of the diffuse layer. Solutions with low solids content (i.e., low level of ions)
result in a relatively thick diffuse layer. In these cases, the zeta potential is a good
approximation of the surface potential. In contrast, solutions with a high concentration of
solids have a high level of ions, which compresses the diffuse layer and results in a zeta
potential that is only a fraction of the surface potential (Ravina 1998). The valency of the
ions also influences the diffuse layer thickness. Specifically, ions with higher valency

compress the diffuse layer to a greater extent than monovalent ions. (Zeta-Meter Inc. 1997).

An important focus of this study was the effect of the SCM surface potential on the

Awix 0of cementitious pastes. For this purpose, the zeta potential of each SCM was
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determined on the basis of the electrophoresis principle, which is measured in suspensions
with low solids concentration, instead of the electroacoustic principle, which enables

measurements at high solid concentrations (Lowke and Gehlen 2017).

The electrophoresis results for the zeta potential measured using a Zeta-Meter 3.0
equipment at different pH values are shown in Figure 2.4. An amount of 20 mg for each
material was dispersed into 200 mL of background electrolyte solution of 1*10-3 Mol/L
KCI. Most of the previous research studies on the zeta potential of cementitious pastes
(Elakneswaran et al. 2009; Ferrari et al. 2010; Lowke and Gehlen 2017; Srinivasan et al.
2010) have used solutions with Ca*2 ions to represent the aqueous phase of cementitious
pastes and the change in zeta potential due to the reaction of this ion with cementitious
materials. However, due to the high ionic valence of Ca*?ions, the zeta potential measured
with this method does not represent the surface potential of the powders. Therefore, KOH
and HCL electrolytes, which produce monovalent ions, were used in this study to modify

the pH values.



Figure 2.4: pH dependence of the zeta potential of studied powders.
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Table 2.5: Chemical reactivity at early age and zeta potential at Ph values larger than 10

Chemical reactivity (uWW/g) Zeta Potential (mV)

Cements

Series |

Series |1

OPC
IPC
50%0PC + 50%IPC*

IF
FFA
509FFA + 50% IF*

CFA
RHA
MK

300
270
287

0
21
11

23
19
8

45.5
47.1
46.3

53.5
36.2
44.9

66.2
71.0
66.1

Note: * the zeta potential was calculated as the arithmetic mean of the zeta potential of

each component.

Fresh cementitious pastes commonly present pH values higher than 12, which is

higher than the pH values at which the zeta potential was measured (Figure 2.4). N&gale
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(Né&gele 1986) measured the zeta potential of cementitious suspensions at different pH
values, which were obtained by adding KOH. It was found that when the zeta potential
values reach a plateau, further increases in pH result in relatively small changes in the zeta
potential. These results are similar to those for non-cementitious colloidal particles (Zhao
et al. 2005); therefore, it can be expected that the zeta potential at higher pH values than
those experimentally measured would be similar to the plateau values reached for each

material, presented in Table 2.5.

2.3.3 Mixture proportions and mixing sequence

Cementitious pastes were mixed and characterized with respect to the evolution of
75 and some of them were also characterized using isothermal calorimetry. The designs of
the Series | mixtures were determined according to the FFCCD described in Tables 2.1 and
2.2. For these mixtures, the wi/c ratio by volume ranged between 1.24 and 1.55, which is
equivalent to a w/c ratio by mass between 0.40 and 0.50. In addition, between 20 and 40%
of the cement volume was replaced by SCMs, which is equivalent to mass replacements

between 16 and 37%.

The Series Il mixture designs are presented in Table 2.6. Six mixtures were

produced with different SCMs, w/c ratios, and SCM replacements than those used for the
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Series | mixtures. For all the Series Il mixtures, the cement was composed of 50% of OPC

and 50% of IPC.

The cementitious pastes were all prepared using the same procedure with an electric
stirrer. The dry powders were first blended for 5 minutes to homogenize and eliminate any
clumps, and then stirred for two minutes after the water was added. The cementitious pastes

were mixed at a constant blade speed of 1100 rpm, at laboratory room temperature (i.e., 20

to 23 °C).
Table 2.6: Series Il mixture designs.

Mixture OPC IPC SCM wi/c wi/c SCM (% SCM (%

(kg/m3)  (kg/m®) (kg/m3) (by (by vol. of mass of

vol.) mass) solids) solids)

CFA-1.33-25 504 490 254 1.33 0.46 25 20
CFA-1.49-25 473 459 238 1.49 0.51 25 20
RHA-1.44-8 591 574 69 144 0.48 8 6
RHA-1.44-12 565 549 103 144 0.49 12 8
MK-1.33-25 504 490 289 1.33 0.45 25 23
MK-1.49-25 473 459 271 1.49 0.50 25 23

2.3.4 Testing procedures

2.3.4.1 Structural build up test

A parallel plate rheometer (TA Discovery Hybrid Rheometer 2) equipped with a

superior 25 mm-serrated plate was used. The gap between the plates was fixed at 1000 pm,
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as shown to be adequate by Ferraris (Ferraris et al. 2001b; a) to compare the rheological
behavior of different cementitious pastes. As seen in the experiments carried out by Sant
et al. (Sant et al. 2008), each specimen was protected from excess evaporation using a

chamber with an absorbent sponge soaked with water around it.

The test protocol included the following steps, consistent with procedures used by
previous researchers (Sant et al. 2008; Yuan et al. 2017, 2018). At 13 min after the addition
of water, the cementitious paste was pre-sheared at 100 s* for 60 s to attain a reference
state. At 15 min, the static yield stress test was performed and repeated every 15 min until
120 min. Each static yield stress test consisted of applying a constant shear rate of 0.015 s
! for 60 s. The peak stress from each test was recorded as the respective t3. Note that this
methodology involving repeated measurements using the same sample may distress the
structure of the sample. Thus, Ay, could have been underestimated when using a single
sample for all the measurements of 3. This methodology, instead of multiple samples
tested at different ages, was chosen because the variability between multiple samples could
be large and overshadow the results. Furthermore, according to the results of Yuan et al.
(Yuan et al. 2017), the effect of each 5 measurement on the following measurement using

the same sample is small.
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2.3.4.2 Calorimetric test and boundary nucleation and growth (BNG) model

Isothermal calorimetry tests were conducted to assess the effects of the studied
properties on the formation and growth of C-S-H bridges between cementitious particles.
The measurements were made using a TAM Air isothermal calorimeter. Heat of hydration
was recorded per gram of cement over a period of 12 h at 23°C, beginning approximately

45 minutes after the addition of water.

The heat flow resulting from cement hydration involves several parallel and/or
series processes, such as dissolution, growth, nucleation, and complexation (Bullard et al.
2011). The BNG model has been used to describe of hydration kinetics of cement (Honorio
et al. 2016; Huang et al. 2019; Oey et al. 2013; Scherer et al. 2012; Thomas 2007; Zhang
et al. 2010). This model assumes that: 1) the nucleation and growth rates are constant
during the hydration process, 2) the nucleation of C-S-H bridges happens randomly on the
surfaces of the cement particles, and 3) the nucleation and growth start at the time of

addition of water and continue during the induction period.

According to the BNG model, the volume fraction of hydrates, (X(t)) can be

obtained from Eq. (2-3) (Huang et al. 2019; Scherer et al. 2012).
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X(t) = 1 — exp {—ZKthol[l — exp(—Knt3(1 — 2(1 + 2p)] du} (2-3)
where, t is the age of cement paste in hours, Ky and Kg are two independent rate
constants that describe the kinetics of a boundary-nucleated process, and p is a dummy

variable.

The BNG model fits the calorimetric data well, and the heat flow can be defined as
A(dx/dt), where A is a scaling parameter (Honorio et al. 2016; Huang et al. 2019; Oey et
al. 2013; Scherer et al. 2012; Thomas 2007; Zhang et al. 2010). In this study, the measured
heat flow, mainly the data between the minimum point in the induction period and the peak

of the acceleration period, were used to determine Ky and Ke.

2.4 Results and discussions

2.4.1 Growth of static yield stress in time

Figure 2.5 shows the 5 measurements up to a maximum value of 1000 Pa. Even
though some of the mixtures reached 75 values above 1000 Pa, those results are not
included in Figure 2.5 so as to show the earlier measurements in better detail. All of the
mixtures presented two stages: first a stage showing a linear increase in T§ and then a stage

showing an accelerated increase in t3. This trend follows the behavior reported by previous
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researchers (Bentz et al. 2017; Lecompte and Perrot 2017; Yuan et al. 2017, 2018). The
difference between the linear and accelerated evolutions in T§ was attributed to the increase
in the solid volume fraction and the decrease in the packing fraction due to cement
hydration (Lecompte and Perrot 2017) and to the increase of specific surface area during

the acceleration period of hydration (Mantellato et al. 2019).

The plots in Figure 2.5 show linear fits for both stages, whose slopes were used to
calculate Awix for the initial linear stage of 73 (i.e., Al,;,) and for the subsequent accelerated

stage of 73 (i.e., A%,;,). These results are summarized in Table 2.7 for each mixture.

The intersection between the two linear fits can be associated with the end of the
linear stage of z,. For the majority of the Series | mixtures, the range of linear stage in 7
extended between 50 and 65 minutes of rest. Meanwhile, the Series Il mixtures presented
a linear stage in 7§ extending between 15 and 70 minutes of rest. Similar results were

obtained by Lecompte and Perrot (Lecompte and Perrot 2017).

Table 2.7 shows that by changing the main mixture design parameters and the SCM

properties, it was possible to obtain a wide range of Amix; that is, Al,;,, ranging between

0.34 and 4.21 Pa/min, and AZ,,, ranging between 0.89 and 38.9 Pa/min.
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In addition, the results in Table 2.7 indicate a strong correlation between Al .. and
AZ... An ANOVA showed that 82% of the observed variability in A2 ;, can be explained
with Ay, Both A% ., and Af;, are governed by cement nucleation, but A%, is also
affected by the solid volume fraction (Lecompte and Perrot 2017), which is out of the scope
of this research. In addition, for the concrete technologies of interest in this chapter, such
as 3D printing and SCC, the increase of t3 within the first hour is more relevant than the
changes produced in later times. Thus, the analysis of the following sections is focused on

the A}, results.
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Figure 2.5: Growth of static yield stress with time.



Table 2.7: A}, and AZ%, .. results

Mix code Al (Pa/min) A%, (Pa/min)
Series | IF- Fi-1.24-20-OPC 2.65 27.6
IF-Co-1.24-20-1PC 0.78 5.77
IF- Fi -1.55-20-1PC 0.89 5.91
IF-Co-1.55-20-OPC 0.67 2.55
IF- Fi -1.24-40-1PC 2.46 15.7
IF-Co-1.24-40-OPC 0.71 4.90
IF- Fi -1.55-40-OPC 0.71 7.15
IF-Co-1.55-40-1PC 0.42 0.89
FFA- Fi -1.24-20-1PC 1.93 15.3
FFA-Co0-1.24-20-OPC  2.00 12.8
FFA- Fi -1.55-20-OPC  0.53 2.88
FFA-Co-1.55-20-IPC 0.34 2.77
FFA- Fi -1.24-40-OPC 181 13.8
FFA-Co-1.24-40-1PC 1.15 14.0
FFA- Fi -1.55-40-1PC 0.38 291
FFA-Co-1.55-40-OPC  0.73 1.09
AP-Fi 1.40 12.8
AP-Co 0.44 2.09
AP-1.24 1.62 19.9
AP-1.55 0.69 3.02
AP-20 0.82 5.63
AP-40 0.85 7.73
AP-IF 1.03 5.28
AP-FFA 1.06 7.54
AP-IPC 0.78 7.48
AP-OPC 1.25 17.1
CP-1 0.91 9.82
CP-2 1.22 5.39
CP-3 1.06 6.65
Series Il CFA-1.3-25 2.59 13.7
CFA-1.5-25 1.57 4.99
RHA-1.4-8 1.65 11.0
RHA-1.4-12 1.93 18.5
MK-1.3-25 421 38.9

MK-1.5-25 2.31 22.2




43

2.4.2 Structural build-up assessment

SOPR models were investigated to correlate the Al ;, results with the SCM
properties and main mixture designs parameters. The backward elimination algorithm was

used to establish factors with a significance level of 95% in explaining the At results.

Previous studies (Assaad and Khayat 2004; Bentz et al. 2012, 2017, 2019; Mostafa
and Yahia 2017) have shown that SSApsp and SCMr significantly affect the early age
properties of cementitious materials. Therefore, SSApsp and SCMr were used to represent
the particle size and the physicochemical properties of SCM in the development of the first
SOPR model, which is represented in Eq. (2-4). Table 2.8 presents a summary of this model

and the coefficients (i.e., a;..o4) for the significant variables.

Athix = @3 SSApsp + o, (W/e) + azR + o, Cr + a5 (W/0)? + a6SSApsp (W/e) +

(X7SSAPSDSCMR + g (W/C)R + (Xg(w/c)SCMR + aloRCR + 0(115CMRCR (2'4)

Comparisons between the experimental and predicted results is shown in Figure
2.6. This model was able to explain most of the variability in Awnix for the Series | mixtures;
however, it was not a good predictor of the results for the validation set of data (Series Il

mixtures). In fact, the Series Il mixtures resulted in a PRESS value of -1.57. Therefore, the
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individual effect and the interaction of the selected parameters did not provide a good

representation for Al ;..

Table 2.8: First proposed SOPR model summary and coefficients results.

Coefficient Standardized Standard T-statistic P-value 95% C.I (1)
Coefficient error
a; + 1.03 x10* + 121 1.35 x10° + 7.66 0.000  2.87 x10°
a2 - 2.23x10! - 251 3.14 x10° - 7.09 0.000  6.70 x10°
a3 + 2.07x10* + 5.18 5.72x102 + 361 0.003  1.22x10%
ez + 501x10% + 115 7.74x10°  + 6.48 0.000  1.65x10?
as + 8.30 x10° + 133 1.20 x10° + 6.94 0.000  2.55x10°
%6 - 3.75x10° - 6.15 451x10" - 831 0.000  9.61x10%
a7 - 530x10% - 0.84 6.67x10° - 7.95 0.000  1.42x10?
g - 133x10% - 4.44 435x10° - 3.06 0.008  9.27x10°
%9 + 4.28x10% + 150 1.88x10% + 2.28 0.038  4.01x10%?
%10 - 3.80x102 - 0.58 164 x10% - 231 0.035  3.50 x10%?
%11 - 9.63x10* - 6.88 1.84x10* - 5.23 0.000  3.90 x10*
%12+ 4.42x10%  + 1.38 8.50x10° + 5.20 0.000  1.81x10*
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Figure 2.6: Comparisons between experimental Ay, and
analytical Ay,;, determined with the first SOPR model. R? of the
Series |l attained -1.57 using Equation (2-4).

Figure 2.7 shows three scenarios of cementitious mixtures composed by the same
solid volume fraction and replacement of cement by SCM. The scenarios in Figures 2.7.a
and 2.7.b present the same Npsp and different SSApsp of the SCM. It can be appreciated
that the number of contact points, which is related to the amount of C-S-H bridges, is
similar in both cases. On the other hand, Figure 2.7.b and 2.7.c show scenarios with the
same SSApsp and different Npsp of the SCM. In this comparison, the number of contact
points and, therefore, the amount of C-S-H bridges is higher in Figure 2.7.c, which presents

a higher Npsp.
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(@ SSApsp=1.54 m*m?3 (b) SSApsp=1.90 m?/m? (c) SSApsp=1.90 m?/m?3
Nesp  =21#/100 um® Nesp =21#/100 um® Nesp =31 #/100 um®

Figure 2.7: Comparison between SCM with the same SSApsp and
different Npsp. Red and gray circles represent SCM and cement
particles, respectively.

A higher amount of C-S-H bridges per unit volume of paste increases the
rigidification rate of the particles network and; thus, it can be related to a higher A},
Therefore, for the development of the second SORP, SSAprsp was replaced with Npsp to
represent the SCM particle size. The resulting model is presented in Eq. (2-5), with

summary and coefficients (i.e., B;..B1o) of the significant variables given in Table 2.9.

Atnix = B1Npsp + B2(W/o) + B3R + B4SCMg + BsCr + Bs(W/0)? +

B7Npsp(V/c) + BsNpspCr + Bo (/)R + B1oSCMRCr (2-5)

Table 2.9: Second proposed SOPR model summary and coefficients results
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Coefficient Standardized Standard T-statistic P-value 95% C.I

Coefficient  error ()
By + 4.61x107 + 19.2 5.92x102 + 7.78 0.000  1.25x10%
B2 - 1.74x100 - 196 354x10° - 4.92 0.000  7.47 x10°
B3 - 132x10t - 331 3.48x102 - 3.79 0.001  7.36 x10%
Ba - 2.08x10t - 227 6.00x102 - 3.47 0.003  1.27 x10t
Bs + 3.71x10%2 + 842 9.68x10% + 3.79 0.001  2.04x10?
Be + 6.91x10° + 11.1 1.23x10° + 559 0.000  2.60 x10°
B - 159x10t - 9.25 1.62x102 - 9.80 0.000  3.42 x10%
Bs - 7.19x10* - 853 2.03x10* - 354 0.003  4.29 x10*
By + 891x10%2 + 3.3 2.49x102 + 3.58 0.002  5.25x10%
B1o + 6.80x10% + 2.12 2.10x10* + 3.23 0.005  4.44 x10*

Comparisons between the experimental measurements and the results predicted
with the second SOPR model are shown in Figure 2.8. In this case, the SOPR model was
able to achieve better predictions of the Series 1l A}, than the first SOPR model,
explaining 77% of the variability in these results. Therefore, it is concluded that Npsp is a

better predictor for the observed variability in A}y, than SSApsp.
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Figure 2.8: Relationship between experimental A} ;, and analytical
A}, determined with the second SOPR model. R? of the Series 11
attained 0.77 using Equation (2-5).

The negative value for 8, in the SOPR model implies a decrease in A, With an
increase in SCMr which is counterintuitive. In addition, Figure 2.9 shows that the
replacement of FFA using an IF with the same Npsp produces an increase in Agiy.

Therefore, the physicochemical effect of the SCM on A}, is not fully explained by its

SCMRk.
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Figure 2.9: Comparison between experimental A} ;, obtained with
IF and FFA replacements. Each point represents the average of the
Al of the mixtures produced with the corresponding Nesp and
type of SCM (i.e., IF or FFA).

In previous studies of colloidal suspensions, it has been stablished that particles
with lower surface potential attract less ions, reducing the electrostatic repulsion energy.
This produces particle flocculation and, therefore, higher 3 (Larson 1999). However, in
the case of cementitious pastes, the particles hydrate in time and this process is affected by
the ions diluted in the pore solution. One of the main ions of the pore solution is Ca*?
(Lowke and Gehlen 2017). Thus, it is expected that particles with higher surface potential
attract larger amounts of Ca*2, which increases the concentration of this ion in the pseudo-
contact points (i.e., zone where the C-S-H bridges are formed). In addition, Chen et al.
(Chen et al. 2004) showed that slight increases of the Ca*? concentration in the pore

solution produces considerable increases in the cement hydration. Therefore, it can be
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predicted that cementitious pastes produced using SCM with higher surface potential

present higher Al ;, values.

The IF presents a higher zeta potential (¢), which is as an estimator of the surface
potential, than the FFA (see Table 2.5). This difference can explain the results in Figure
2.9. Therefore, in the development of the third SOPR model, ¢ was used instead of SCMRr
to explain the physicochemical effect of SCM in Al ;... This model is as follows:

Athix = Y1Npsp + ¥2(W/0) +¥38 +vaCr + vs(W/0)? + ¥6R? + ¥ Npsp (W/c) +

YsNpspCr + Y9(W/C)R + Y10¢Cr (6)

Table 2.10: Third proposed SOPR model summary and coefficient results.

Coefficient Standardized Standard  T-statistic P-value 95% C.I (1)
Coefficient error
Y1 + 4.07 x10? + 171 7.95x102 + 512 0.000 1.68x10*
Y2 - 3.78 x10* - 431 8.02x10° - 471 0.000 1.69 x10*
Y3 + 2.70 x101 + 996 8.06x10% + 335 0.004 1.70x10%
Ya + 7.66 x107 + 178 120x10% + 3.86 0.001 4.18x1072
Ys + 1.41 x10* + 229 273x10° + 519 0.000 5.76 x10°
Ye - 2.16x10° - 190 6.15x10% - 351 0.003 1.30x10°%
Y7 - 1.51x10% - 886 229x10% - 6.58 0.000 4.82x1072
Ys - 5.68x10* - 680 266x10* - 214 0.048 5.61x10*
Yo + 8.55x102 + 3.03 264x102 + 324 0.005 5.57x102

Y10 - 8.73x10* - 920 2.83x10* - 3.09 0.007 5.96 x10*




51

The fact that y; and y5 are positive means that the use of SCMs with higher Npsp

and higher ¢ produces cementitious pastes with higher Al ;..

The coefficients (i.e., y;... Y10) for Eq. (2-6) are shown in Table 2.10. Comparisons
between the experimental measurements and the results predicted with the third SOPR
model are shown in Figure 2.10. This model can explain 98% of the variability in A},
for the series Il mixtures, which is significantly better than the second SOPR model.
Comparing the results of both models, it can be stated that ¢ is more significant than SCMr

in the explanation of the A} ;, results.
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Figure 2.10: Relationship between experimental A}, ., and
analytical A,;, determined with the third SOPR model. R? of the
Series Il attained 0.98 using Equation (2-6).



52

The fact that y, is negative and v is positive means that an increase in w/c produces
a reduction in A}, ;,., and that this effect is more significant for lower wi/c values, as shown
in Figure 2.11. In addition, the fact that y,is negative indicates that the A}, of
cementitious pastes produced with a larger w/c is less affected by the Npsp of the SCM.
Moreover, the positive sign of y4 contrasts the negative effect in AL, of a higher SCM
replacement (i.e., negative y,), which means that cementitious pastes with larger w/c are
less affected by the type of particles used (i.e., SCM or cement). These results can be
expected because larger w/c increases the distance between the particles and, therefore,

reduces their interactions.
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Figure 2.11: Effect of w/c on A;,;,. Each point represents the
average Af;, of the Series | mixtures produced with each wi/c.
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The interaction between w/c and R (i.e., o) has a positive effect on A} ;.. In
contrast, the square of R (i.e., y,) has a negative effect on A}, ;.. The interaction between
these two effects means that an increase in R increases Alp;, until a threshold amount of
replacement, which, according to the SOPR model, is near 30%. Further increases of R
produce reductions in A, ;.. The replacement of cement by SCM produces a dilution of the
cement particles, increasing wi/c, and improving its hydration (De la Varga et al. 2018). In
addition, the SCM provides new nucleation sites, which increase the number of C-S-H
bridges. As a result of these effects, the replacement of SCM by cement increases Al ;.
However, C-S-H bridges are not produced between the SCM particles. Thus, beyond a
certain threshold (i.e., R larger than 30%), further increases in SCM replacement reduce
the pseudo-contact points between the cement particles or between the cement and the

SCM particles, which reduces A,y

The fact that y, is positive implies that cements with higher reactivity during the
dormant period (i.e., higher Cr) produce cementitious pastes with higher A ;... In contrast,
Ys and y4, are negative, which means that the Af;,;, of mixtures produced with cements

with higher reactivity is less affected by the Npsp or ¢ of the SCM.

A}, values estimated with the SOPR model for different combinations of SCM
properties (i.e., zeta potential and particle density) are analyzed. Specifically, Figure 2.12.a

shows the results for w/c and R of 1.55 and 40%, respectively, while Figure 2.12.b shows
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the results for w/c and R of 1.24 and 20%, respectively. In both cases, C; was taken equal
to 300 uW/g. The results suggest that the effect of SCM properties is more significant for

lower w/c and R. In addition, the effect of zeta potential relative to the effect of particle

density on Ay, is more significant for higher w/c and R.
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Figure 2.12: Effect of SCM properties on Ay, ;. estimated with the
SOPR model, for two different w/c and R combinations. In both
cases, Cr was taken equal to 300 pW/g.

A}, values estimated with the SOPR model for different combinations of mixture
design parameters (i.e., SCM replacement and wi/c) are analyzed next. Specifically, Figure
2.13.a shows the results for IF-Fi, while Figure 2.13.b shows the results for FFA-Co. In

both cases, C; is taken equal to 300 uW/g. The results suggest that the effects of mixture
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design parameters are more relevant when IF-Fi, with a higher zeta potential and particle
density, is used. In addition, there is an amount of SCM replacement that maximizes A ;,

for each wic, and this amount of replacement increases as w/c increases.
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Figure 2.13: Effect of mixture design parameters on A ;,,
estimated with the SOPR model, for different SCMs. In both cases,
Cr was taken equal to 300 uW/g.

The standardized coefficients in Table 2.10 indicate the number of standard
deviations the dependent variable (i.e., A},;,) will change per standard deviation increase
in the independent variables (Verdugo et al. 2005). Therefore, the standardized coefficients

can be used to assess the relative effect of the independent variables on the dependent
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variable when the variables are measured in different units. Table 2.10 shows that the w/c
has the largest effect on AL ;... In contrast, changes of the SCM replacement in the range of
20 to 40% have lower effect on Al ... Among the properties of the SCM, Npsp has a greater
effect than ¢ on Al ;.. In addition, cement reactivity has a similar effect as the Npsp of the

SCM on Ay -

2.4.3 Nucleation and growth rate assessment

The heat flow measurements from the first 12 h of the Series | FFD mixtures are
presented in Figure 2.14. The BNG model [see Eq. (2-3)] together with the data between
the minimum in the induction period and the end of the acceleration period were used to
determine the best fitting A, Kn, and Kg values for each mixture. Kn describes the rate with
which the surfaces of the cement particles in a unit volume of paste are covered with
hydration products, while Kg indicates the rate with which the pore spaces between the

particles in a unit volume of paste are filled (Mostafa and Yahia 2017).

The values of Ky and Kg for each mixture are shown in Table 2.11. In order to
evaluate the effect of the SCM properties and the mixture design, the values of Ky and Kg

were normalized with respect to their average values.
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Figure 2.14: Heat flow during the first 12 hours of the Series | FFD

mixtures.



Table 2.11: Ky and Kg values of the series | FFD mixtures.
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Mix code Kn Normalized Kg Normalized
x10°(h?) Kx x101(h) Ko
seriesI  IF- Fi-1.24-20-OPC 3.20 1.22 1.95 1.12
IF-Co-1.24-20-IPC 2.84 1.08 1.88 1.08
IF- Fi-1.55-20-IPC 2.97 1.13 1.90 1.09
IF-Co-1.55-20-OPC 349 1.33 2.11 1.21
IF- Fi-1.24-40-IPC 3.15 1.20 2.05 1.18
IF-Co-1.24-40-OPC 2.89 1.10 2.02 1.16
IF- Fi -1.55-40-OPC 3.04 1.16 1.97 1.13
IF-Co-1.55-40-IPC 2.54 0.97 1.85 1.06
FFA-Fi-1.24-20-IPC  2.09 0.80 1.66 0.95
FFA-Co-1.24-20-OPC 2.18 0.83 1.63 0.93
FFA- Fi-1.55-20-OPC 243 0.93 1.48 0.85
FFA-Co-1.55-20-IPC 2.43 0.93 1.63 0.93
FFA- Fi -1.24-40-OPC 2.05 0.78 1.37 0.78
FFA-Co-1.24-40-IPC  2.29 0.87 1.64 0.94
FFA- Fi -1.55-40-IPC  1.96 0.75 1.42 0.81
FFA-Co-1.55-40-OPC 241 0.92 1.40 0.80

The average normalized Kn and K for the low and high levels of each experimental

factor are presented in Figure 2.15. The grey area in this figure represents changes of Ky

and Kg within +2.5%, which are considered non-significant effects.

As can be seen in Figure 2.15, the change of w/c and particle size from low to high

level resulted in almost no effect on the rate of cement hydration and the rate of growth of

C-S-H bridges. Therefore, it can be concluded that the effects of these factors in A}, is

related with the number of contact points between the particles.
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Figure 2.15: Average normalized Ky (a) and Kg (b) for low (-) and
high (+) levels of each experimental factor.

The increase of SCM replacement from 20% to 40% resulted in decreased
nucleation rate of the cement (i.e., Kn) and non-significant variations in the growth rate
(i.e., Kg). This finding suggests that the growth rate of C-S-H bridges is not affected by the
amount of cement replaced by SCM, and a 20% replacement promotes better hydration of

the cement particles than a 40% replacement.

Figure 2.15 shows that major changes in both Ky and Kg are related with the type
of SCM used. The fact that the mixtures produced with IF present higher Ky and Kg than
the mixtures produced with FFA supports the hypothesis that the physicochemical effect
of the SCMs is governed by their surface potential rather than their chemical reactivity at

early ages.
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Specifically, SCMs with higher surface potential (i.e., IF) produce less flocculation
of the cement particles than SCMs with lower surface potential (i.e., FFA), as represented
in Figure 2.16. Thus, the cement particles in mixtures produced with IF present higher
amounts of surface exposed to water, which improves the rate at which they are covered

by hydration products (i.e., higher Kn).
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(a) High zeta potential (i.e., IF) (b) Low zeta potential (i.e., FFA)

Figure 2.16: Comparison of SCMs with low (i.e., blue dots) and
high (i.e., red dots) surface potential. Calcium ions are represented
by + sign and cement particles by grey dots.

In addition, the mixtures produced with IF presented higher growth rate of the C-
S-H bridges (i.e., higher Kg). This result supports the conclusion obtained with the SORP

model that SCMs with higher surface potential enhance the hydration of cement particles
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at the pseudo-contact points, due to a higher presence of Ca*? ions (represented in Figure

2-16), which increases Ay

As expected, the use of a more reactive cement (i.e., OPC) instead of a less reactive
cement (i.e., IPC) resulted in larger Kn. However, the use of a more reactive cement does

not have a significant effect on Ke.

2.5 Conclusions

This study investigated the effects of particle size and physicochemical properties
of supplementary cementitious materials (SCMs) and their interactions with primary
mixture parameters on the structural build up of cementitious paste. Five different SCMs
were used in the study: two of them were used to develop the model and the other three to
validate it. The study focused on SCMs with similar particle size distribution to cement
and in the earlier structural build up of cementitious pastes (below 60 minutes after water
addition). Based on the results, the main conclusions are as follows:

1. A second order polynomial regression model to predict the structural build up of
cementitious paste as a function of SCM properties and primary mixture parameters
was developed and validated. The model shows good accuracy to predict the
structural build up of mixtures prepared with various SCMs, SCM replacement

amounts, water to cement ratios, and cement with different reactivities.
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. The effect of particle size of SCM on the structural build up of cementitious paste
is governed by the particle density which determines the number of contact points
instead of the specific surface area.

. The effect of physicochemical properties of SCM on the structural build up of
cementitious paste is governed by the surface potential instead of the chemical
reactivity at early age.

. The structural build up of cementitious paste is affected mostly by the water to
cementitious ratio. In contrast, the replacement level of SCM is the least significant
parameter affecting structural build up. Among the SCM properties, the particle
density has a greater effect than the surface potential. In addition, reactivity of
cement has a similar effect as the particle density of SCM.

. The structural build up of mixtures with more reactive cement is less affected by
the SCM properties. In addition, the structural build up of mixtures with a higher
water to cement ratio is less affected by the particle density of SCM and by the
level of replacement of SCM.

Changes in the particle density of SCM and water to cement ratio result in slight
variations in the nucleation and growth rates of the cement particles. This means
that the effects of these parameters on the structural build up of cementitious paste
are produced by a reduction in the distance between the particles rather than

improved cement hydration.
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CHAPTER 3:
EFFECT OF SUPPLEMENTARY CEMENTITIOUS MATERIALS ON VISCOSITY

OF CEMENT-BASED PASTES

The aim of this chapter is to analyze the effect of particle size and type of
supplementary cementitious materials (SCMs) and their interactions with the main mixture
parameters on the viscosity of cementitious paste, addressing the second specific objective
of this research. To this end, a fractional face centered central composite experimental
design, composed by 29 mixtures with two SCMs, was used to develop second order
polynomial regression (SOPR) models. These models were then validated using the results
from 6 additional mixtures with three different SCMs. The equilibrium flow curve was

used to quantify the viscosity of each mixture.

This chapter includes a detailed characterization of the SCM properties and an
assessment of the effect of those properties on the viscosity of cementitious paste at
different shear rate ranges. In addition, an analysis of the dynamic yield stress is performed
to estimate the bonding strength between cementitious particles. The results show that the

effect of particle size on viscosity is better explained by the particle number density than
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by the specific surface area of the cementitious particles. In addition, the viscosity of
cementitious paste can be raised by increasing the number of contact points and/or the

bonding strength between the particles.

3.1 Introduction

The use of supplementary cementitious materials (SCMs), also known as mineral
admixtures (e.g., fly ash, blast furnace slag), in the cement industry has increased
significantly over the last three decades. In 1995, only 44% of the cements produced in the
United States were blended cements. By 2009, this figure had increased to over 80%

(Schneider et al. 2011).

Most of the previous research on SCMs has focused on the effects of these materials
on the mechanical properties and durability of concrete. Many studies have found that most
SCMs increase the concrete strength at later ages (Bendapudi and Saha 2011; Dhanya et
al. 2018). In addition, SCMs reduce the permeability of concrete and, therefore, improve
its durability (He and Shi 2008; Juenger and Siddique 2015; Mo et al. 2017; Narasimha
Reddy and Kavyateja 2020). On the other hand, fewer studies have focused on the effects

of SCMs on concrete workability.

The workability of fresh concrete controls how well the material can be mixed,

placed, consolidated, finished and, therefore, the quality of the built element. Poor
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workability of fresh concrete may have a detrimental effect on the mechanical properties
and durability of the structure. Previous researchers (Ferraris et al. 2001a; Rubio-
Hernandez 2018) have found that the rheological behavior of the cementitious paste is one

of the most important factors that govern the workability of a concrete mixture.

Fresh cement-based materials (CBMSs) behave as yield stress fluids (Tattersall and
Banfill 1983). This means that the material flow is initiated when the applied stress exceeds
a critical shear stress value, called the yield stress () (Feys et al. 2017). Once the material
begins to flow, the viscosity (u,) dominates its behavior (Choi et al. 2019). The most
common method to measure the rheology of CBMs is the equilibrium flow curve, plotted
as the equilibrium shear stress () versus the shear rate (y) (Qian and Kawashima 2018).
Roussel et al. (Roussel 2006) showed that the yield stress of fresh CBMs increases
significantly in the first hour after mixing. In contrast, the viscosity of fresh CBMs remains

almost constant in the same period of time.

Although many constitutive equations have been proposed in the literature to
characterize the rheological behavior of CBMs, three models have received the most
attention (Feys and Asghari 2019; Mahmoodzadeh and Chidiac 2013; Qian and
Kawashima 2018). These models are the Bingham model (Bingham 1922), the Herschel
— Bulkley model (de Larrard et al. 1998), and the modified Bingham model (Yahia and

Khayat 2001), which are presented in Eg. (3-1), (3-2), and (3-3), respectively.
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T =0+ ppd (3-1)
T =19+ ky" (3-2)
T =1y + uy + cy? (3-3)

In the case of Bingham model, the rheological behavior is described as a linear
function given by two parameters: the yield stress, 7, and viscosity, u,,. However, several
authors (Choi et al. 2019; Ouyang et al. 2018; Wallevik et al. 2015) have reported non-
linear rheological behavior of CBMs. In these cases, the viscosity depends on the applied
y and the use of the Bingham model may lead to inaccurate results, requiring the
incorporation of an additional parameter. This parameter can be a power function (i.e., n)
for the y term, leading to the Herschel — Bulkley model [Eq. (3-2)], or a second order term
in y (i.e., c), creating the modified Bingham model [Eq. 3-3)]. In the case of shear —
thickening behavior, n is larger than 1, while c is larger than 0. In contrast, for shear —

thinning behavior, n is smaller than 1, while c is smaller than 0.

Many studies (Ferraris 1999; Matos et al. 2018; Park et al. 2005; Qian and
Kawashima 2018) have focused on the yield stress and its relation with the measurements
from common field tests, such as the slump flow (Bouvet et al. 2010b; Lu et al. 2015). In
contrast, few studies have investigated the viscosity of CBMs, with most of the available
studies being for self — consolidating concrete (SCC) (Megid and Khayat 2017; Shen et al.

2009, 2014) and shotcrete (Secrieru et al. 2020; Yun et al. 2015). In recent years, new
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construction technologies that require better rheological control (Buswell et al. 2018;
Garcia-Alvarado et al. 2020; Navarrete et al. 2017Db), such as 3D-printed concrete, have led
to increased attention to plastic viscosity, which is one of the main parameters that control

the constructability and quality of concrete structures.

Specifically, the homogeneity of concrete during transportation (Esmaeilkhanian et
al. 2014; Kim et al. 2020) and consolidation (Navarrete and Lopez 2016; Petrou et al. 2000;
Tattersall and Baker 1988) is highly influenced by its viscosity, which is more relevant in
the case of lightweight as well as heavyweight aggregate concretes (Navarrete and Lopez
2017; Solak et al. 2018). For pumpable concrete technologies, such as SCC, shotcrete and
3D-printed concrete, one of the main parameters that govern the ease of pumping is
viscosity (Secrieru et al. 2020; Sonebi and Amziane 2017; Yun et al. 2015). It is also
important to control viscosity in order to assure adequate extrudability (Chen et al. 2019)
in 3D printing concrete, passing ability in SCC (Matos et al. 2018), and shootability (Shen

et al. 2019) in shotcrete.

Previous authors (Chong et al. 2018; Krieger and Dougherty 1959; Liu 2000;
Maron and Pierce 1956) have proposed different models to predict the viscosity of colloidal
suspensions, such as CBMs, based on the viscosity of the continuous phase (i.e., water),
solid volume fraction (¢pr), maximum packing density (¢,,), and intrinsic viscosity.
Struble and Sun (Struble and Sun 1995) found that the Krieger — Dougherty model

accurately predicts the viscosity of cement pastes and that an increase in ¢ results in
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increased viscosity. On the other hand, Bentz et al. (Bentz et al. 2012) showed that the
Krieger — Dougherty model and other Bingham viscosity models tend to underestimate the
viscosity of blended cement pastes. A possible explanation of this discrepancy could be the
differences in the interparticle forces between cements and SCMs (Flatt and Bowen 2006;

Zhu et al. 2020).

A number of studies (Adjoud; et al. 2014; Bentz et al. 2012; Felekoglu et al. 2006;
Grzeszczyk and Lipowski 1997; Jalal et al. 2013; Jiao et al. 2017; Laskar and Talukdar
2008; Park et al. 2005; Saleh Ahari et al. 2015; Vance et al. 2013) have also shown that
SCMs considerably affect the viscosity of CBMs. However, contradictory results have
been found between different studies on this topic. For example, some researchers
(Felekoglu et al. 2006) have found that the use of fly ash increases the viscosity of CBMs,
while others (Bentz et al. 2012) have found the opposite. These differences have been
attributed to differences in the geometry and surface roughness of the particles (Jalal et al.

2013).

Previous researchers have found that the particle size distribution (PSD) of SCMs
affect the viscosity of cementitious pastes (Bentz et al. 2012; Grzeszczyk and Lipowski
1997; Lee etal. 2003; Vance et al. 2013). Lee et al. (Lee et al. 2003) found that the viscosity
of cementitious pastes decreases for wider PSD. In addition, it has been found that the use
of finer blended cement increases the viscosity (Bentz et al. 2012; Grzeszczyk and

Lipowski 1997; Vance et al. 2013). However, it is not yet clear whether this effect is
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produced by the larger specific surface area or by the larger particle number density of finer

blended cement.

It has been shown (Ohshima and Makino 2014) that the particles of colloidal
suspensions flocculate and form three dimensional networks. The development of larger
interparticle forces in these networks results in higher viscosity of colloidal suspensions
(i.e., cementitious pastes) (Franks et al. 2000; Lionberger 2002). In addition, the use of
different SCMs and cements produces considerable differences in the interparticle force of
cementitious pastes (Flatt and Bowen 2007; Lowke and Gehlen 2017; Zhu et al. 2020).
Despite these findings, to the best of the authors’ knowledge, relationships for the particle
size and interparticle force with the viscosity of cementitious paste have not been

investigated.

3.2 Research significance

In line with the research gap recognized above, this chapter discusses the effects of
the particle size and type of SCMs and their interactions with the primary mixture
parameters (i.e., solid volume fraction, SCM replacement, and cement type) on the
viscosity of cementitious paste. Ultimately, this research can lead to better use of SCMs
for the control of viscosity in CBM for applications such as SCC, shotcrete and 3D —

printed concrete.
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3.3 Materials and methods

3.3.1 Experimental design

The effects of SCM particle size and type and their interactions with the primary
mixture design parameters on the viscosity of cementitious paste were experimentally
measured using a fractional face centered central composite design (FFCCCD), similar to
the experimental procedure followed in a previous study by the authors (Navarrete et al.
2020). This design consists of an embedded fractional factorial design (FFD) with center
points (CP) and axial points (AP). The FFCCCD permits the measured response to be
modeled by a second order polynomial regression (SOPR) equation, which allows the
main, gquadratic, and interactive effects of the experimental parameters on the property

under study to be quantified (Montgomery and Runger 2014).

The five experimental parameters that were studied are: (1) SCM particle size (PS);
(2) dr; (3) SCM replacement (R); (4) SCM type (SCM,); and (5) cement type (C,). Table
3.1 shows the three levels of each experimental parameter. As presented in Table 3.2, a 2>
1 FFD with 3 CP and 2*5 AP was used, resulting in 29 experimental runs (i.e., Series ).
Six additional runs (i.e., Series Il) were also developed to validate the SOPR models

developed with the Series | mixtures.
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Table 3.1: Experimental factors and levels.

Levels
Experimental Factors - 0 +
SCM particle size, PS 100% Fine 50% Fine + 50% Coarse  100% Coarse
Solid volume fraction, ¢ 0.39 0.42 0.45
SCM replacement, R (%ovol) 20 30 40
SCM type, SCM, 100% IF 50% IF + 50% FFA 100% FFA
Cement type, C; 100% IPC 50%IPC + 50%0PC 100% OPC

The Series | mixtures were made using Class F fly ash (FFA) and inert filler (quartz)
(IF). The use of these SCMs permitted decoupling the effects from the SCM particle size
and type. To assess the particle size effect, parts of the FFA and IF were ball-milled for 48
h and 7 d, respectively, at 75 RPM to obtain finer materials. The non-milled FFA was
defined as coarse FFA (FFA-Co), while the milled FFA was defined as fine FFA (FFA-
Fi). Coarse IF (IF-Co) and fine IF (IF-Fi) with the same specific surface area (SSA) as
FFA-Co and FFA-Fi, respectively, were obtained by mixing different proportions of the
non-milled and milled IF. In addition, two cements with similar PSD and different
chemical composition were used to characterize the effect of the cement type on the

viscosity.

Rice husk ash (RHA), metakaolin (MK), and Class C fly ash (CFA) were used to
produce the Series Il mixtures. These SCMs were chosen because, like the FFA and IF,
their PSDs are in the same range as that of cement. The effects from finer SCMs, such as

silica fume or nanomaterials, on viscosity are out of the scope of this research.
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The ¢ of the Series | and Series 11 mixtures ranged between 0.39 and 0.45, which
is equivalent to a water-to-cementitious (w/c) ratio by volume between 1.24 and 1.55 and
by mass between 0.40 and 0.50. In addition, between 8 and 40% of the cement volume was
replaced by SCMs, which is equivalent to mass replacements between 6 and 37%. Previous
authors (Chong et al. 2018; Krieger and Dougherty 1959; Liu 2000; Maron and Pierce
1956) have shown that the &1/ ratio is one of the most important parameters that
govern the viscosity of colloidal suspensions. A recent study by Mehdipour and Khayat
(Mehdipour and Khayat 2017) has shown very small variability (less than 4%) in ¢y
among cementitious pastes with similar characteristics (i.e., particle size, ¢, R, and
cement and SCMs types) as the Series | and Series Il mixtures. Therefore, it was assumed

that ¢y was the same for all the Series | and Series 11 mixtures.

Analysis of variance (ANOVA) and backward elimination algorithm (Montgomery
and Runger 2014) were realized with the 29 experimental runs of Series | to assess the
significant parameters on viscosity and develop SOPR models. Then, model prediction
residuals for the Series Il results were used to validate the SOPR models based on the

predicted residual error of squares (PRESS) statistic (Allen 1971).
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Table 3.2: Series | mixes and factorial levels.

Row  Mixcode PS ¢r R SCM: Ci=-(PS)(d)R(SCMy)
1 IF- Fi -1.24-20-OPC -+ - - +
2 IF-Co-1.24-20-IPC + o+ - - -
3 IF- Fi -1.55-20-1PC - - - - -
4 IF-Co-1.55-20-OPC + - - - +
5 IF- Fi -1.24-40-1PC -+ o+ - -
6 IF-Co-1.24-40-OPC + o+ o+ - +
7 IF- Fi -1.55-40-OPC - -+ - +
8 IF-Co-1.55-40-IPC + -+ - -
9 FFA-Fi-1.24-20-I)C =~ - + - + -
10 FFA-C0-1.24-20-OPC  + + - + +
11 FFA-Fi-1.55-20-OPC - - - + -
12 FFA-Co-155-20-IPC + - - + +
13 FFA- Fi-1.24-40-OPC - + + + +
14 FFA-Co-1.24-40-IPC + + + + -
15 FFA- Fi-1.55-40-IPC =~ - - + + -
16 FFA-Co-155-40-OPC  + - + + +
17 AP-Fi - 0 0 O 0
18 AP-Co + 0 0 0 0
19 AP-1.24 0 + 0 0 0
20 AP-1.55 0 - 0 0 0
21 AP-20 0 0 - 0 0
22 AP-40 0 0 + 0 0
23 AP-IF o 0 0 - 0
24 AP-FFA 0 0 0 + 0
25 AP-IPC 0 0 0 O -
26 AP-OPC 0 0 0 O +
27-29 CP 0 0 0 0 0

3.3.2 Materials characterization

Type | ordinary Portland cement (OPC) and type IP blended cement (IPC) in

compliance with ASTM C150 (ASTM Standard C150/C150M 2016) and ASTM C595
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(ASTM International 2019), respectively, were used. The IPC contained 80% OPC and

20% IF. Table 3.3 shows the specific gravity and oxide composition, determined by X-ray

fluorescence (XRF), of the cements and SCMs.

Table 3.3: Chemical composition and specific gravity of cements and SCMs.

Cements Series | Series Il

OPC IPC FFA IP CFA RHA MK
CaO (%) 65.80 52.64 152 021 1750 0.71 0.07
SiO2 (%) 19.30 35.18 52.70 98.70 33.30 70.30 47.20
Al;0Os (%) 450 3.60 17.70 0.01 19.10 0.06 42.30
SOs (%) 231 184 046 - 734 - -
Fe203 (%) 3.04 252 6.10 0.61 326 414 552
MgO (%) 1.07 0.89 1.30 0.05 081 - -
Other minor oxides (%) 1.28 1.17 432 021 469 9.09 231
Loss on ignition (%) 270 2.16 1590 0.21 14.00 15.70 2.60
Specific gravity 3.14 3.05 2.39 2.69 237 214 272

The microstructure of the SCMs were observed using a scanning electron

microscope (SEM), which provided surface information of these materials. A Quanta 250

microscope with an accelerating voltage of 10kV and magnifications between 300x and

1000000x was used to take the images. Each sample was oven dried, coated with 4 nm of

gold, and later mounted on a holder. SEM images for the different SCMs at a magnification

of 1500x are shown in Figure 3.1.
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Figure 3.1: 1500x SEM images of supplementary cementitious
materials.
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3.3.2.1 Particle size distribution

A Malvern Mastersizer 2000 laser diffractometer was used to measure the PSDs of
the cements and SCMs, which are shown in Figure 3.2. The experimental procedure was
described in a previous chapter by the authors (Navarrete et al. 2020). The D10, D50 and
D90 parameters for each cement and SCM are presented in Table 3.4. Figure 3.2.a shows
that the PSDs of both cements (i.e., OPC and IPC) were similar. Furthermore, IF-Fi and

FFA-Fi were finer than OPC and IPC, while IF-Co and FFA-Co were coarser than OPC

and IPC.
79 79
—e— OPC —e— OPC
6] -o-IPC 6] -o-IPC
—v— FFA-Fi —o—CFA
5| - SPFi A ——RHA
—4— FFA-Co
g.. -4 - SP-Co
(O]
g
S 31
>
24
14
o4

0.1 1 10 100 10C

Particle Size (um) Particle Size (um)
(@) Series | (b) Series 1l

Figure 3.2: Particle size distributions of cements and SCMs.
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Table 3.4: Particle size parameters of cements and SCMs.

DlO D50 D90 SSA (mZ/CmS) NPSD

3

(um) (um) (um) BET psp (/100 um)
Cements OPC 1.95 13.67 4069 12 1.30 99.96
IPC 229 16.40 46.27 10 1.30 88.51
Series | FFA-Fi 1.22 5.94 13.86 10 1.83 56.30
IF - Fi 1.85 1294 44.68 4 1.83 62.64

FFA-Co 217 2948 12254 10 1.00 52.93
IF-Co 467 3565 8234 4 1.00 31.20

Series 11 CFA 547 4154 9534 8 1.56 73.45
RHA 121 750 5290 158 171 90.02
MK 096 15.71 5456 26 1.77 105.17

Assuming spherical particles, these PSDs were used to compute the specific surface

area (SSArsp) and particle number density (Npsp) per unit volume based on the following

equations:
SSApsp = Y=y 6Vi/D; [m?/cm?] (3-4)
Npsp = YI_, 600V;/mD} [#/100um3] (3-5)

where, Vi is the volume fraction passing between two successive particle sizes, D
is the average particle diameter between two successive particle sizes (um), and j is the

number of fractions for a given PSD.
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In addition, using a 3-FLEX Micrometrics instrument, the BET specific surface
area per unit volume (SSAgeT) of each cement and SCM was calculated from the adsorption
branch of the isotherms in the range 0.05 to 0.20 of relative pressure. Table 3.4 shows the
estimated SSApsp and Npsp, and the measured SSAget. Normally these parameters are
normalized by weight of material, however in this research they were normalized by
volume, because the rheology of colloidal solutions (cementitious pastes) is governed by
the volumetric proportions of their constituents (Flatt and Bowen 2006; Krieger and

Dougherty 1959).

For the experimental runs with 50% of IP and 50% of FFA, the cementitious pastes
were produced with different volumetric proportions of IP-Fi, IP-Co, FFA-Fi, and FFA-
Co. In these cases, the particle size parameters were computed as the weighted mean of the

SCMs in each experimental run.

The experimental SSAger ranged between 3 and 10 times that of the estimated
SSApsp (see Table 3.4). This difference is mainly because the SSAgeT considers both the
external and internal surfaces and surface roughness, but the internal surfaces measured by
BET do not contribute to the number of contact points used in the calculation of the
SSApsp. For this reason, previous researchers (Bentz et al. 2012) have found that viscosity
is more strongly correlated with the SSApsp than with the SSAger of cementitious

materials.
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IF-Fi and IF-Co were produced to match the SSApsp of FFA-Fi and FFA-Co,

respectively, with the objective to decouple the particle size and SCM type effects. IF-Fi

was obtained by mixing 15.9% unmilled IF with 84.1% 7-day milled IF, while IF-Co was

obtained by mixing 67.3% unmilled IF with 32.7% 7-day milled IF.

3.3.3 Mixture proportions and mixing sequence

Cementitious pastes were mixed and characterized with respect to the viscosity.

The FFCCCDs described in Tables 3.1 and 3.2 were used to determine the designs of the

Series | mixtures. Table 3.5 shows the six mixture designs of Series IlI, which were

produced with different SCMs, w/c, and SCM replacements than those of the Series |

mixtures. All of the Series Il mixtures were produced with 50% of OPC and 50% of IPC.

Table 3.5: Series Il mixture designs.

Mixture oPC  IPC Water  SCM  wic Solidvol.  SCM (% vol.
(kg/m®  (kg/m®)  (kg/m®)  (kg/m®  (by mass) Fraction  of solids)

CFA-1.49-25 473 459 599 238 0.51 0.40 25
CFA-1.33-25 504 490 572 254 0.46 0.43 25
RHA-1.44-8 591 574 591 69 0.48 0.41 8
RHA-1.44-12 565 549 591 103 0.49 0.41 12
MK-1.49-25 473 459 599 271 0.50 0.40 25
MK-1.33-25 504 490 572 289 0.45 0.43 25
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The cementitious pastes were prepared with an electric stirrer. The same procedure
was used for all of the mixtures at a constant blade speed (i.e., 1100 rpm) and temperature
(i.e., 20 to 23 °C). The dry powders were blended for 5 min to homogenize and eliminate

any clumps, and then mixed for 2 min after the water was added.

3.3.4 Equilibrium flow curve measurement

The measurements were conducted with a TA Discovery Hybrid Rheometer 2. A
parallel-plate configuration, with a diameter of 25 mm, a smooth stationary base plate and
a serrated superior plate was used. The gap between the plates was fixed at 1000 um, as
shown to be adequate by previous researchers (Ferraris et al. 2001b; a; Navarrete et al.

2020), to compare the rheological behavior of the different cementitious pastes.

The equilibrium flow curve measurement was started at 8 min after the contact of
cement with water. The test protocol was consistent with the procedures used by previous
researchers (Feys and Asghari 2019; Wallevik et al. 2015; Yuan et al. 2018). To achieve a
reference state, a pre-sheared period of 60 s at a y of 100 s was executed. This was
followed by a linearly decreasing y ramp from 100 to 0 s** within 120 s, registering data

every 0.8 s. During the entire test, the temperature of the sample was maintained at 23 °C.
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Particle migration and wall slip are common problems when testing highly
concentrated suspensions (i.e., cementitious pastes) on a parallel plate rheometer (Chen
2020; Feys et al. 2017). Either one of these problems can invalidate the measurements.
Particularly, low viscosities can lead into particle migration and high viscosities into wall
slip. Previous authors (Malvern Instruments Limited 2015) have shown that in the cases
where particle migration and/or wall slip is presented, the measurements are affected by
the gap size used. Therefore, the equilibrium flow curve of the experimental runs with the
smallest (i.e., IF-Co-1.55-40-IPC) and largest viscosity (i.e., FFA-Co0-1.24-20-OPC) were
measured using three different gap sizes (i.e., 700, 850 and 1000 um) to make sure that the
chosen gap of 1000 um will not present neither particle migration nor wall slip. For each
mixture design and gap size, three repetitions were performed, which allowed the
variability of each measurement to be estimated. Figure 3.3 shows the average flow curve
and the variability of the results. Since the differences in equilibrium flow measurements
of the three gaps are not statistically significant, it can be concluded no particle migration
and/or wall slip is present on the measured flow curve of the mixtures of maximum and
minimum viscosity. Thus, the chosen experimental setup used in this study will provide

valid and valuable results.
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Figure 3.3: Effect of gap size on viscosity of cementitious paste.
The shadow areas represent the 95% confidence interval limits for
each measurement.

3.4 Results and discussion

3.4.1 Equilibrium flow curves

Figure 3.4 shows the equilibrium flow curves measured on the Series | and Series
I mixtures. Romero et al. (Romero et al. 2018) have shown that, in colloidal suspensions,
the particles form three dimensional networks with resistance to shear forces, and that the
resistance of these networks is increasingly weakened as the shear rate increases. This
factor explains the shear — thinning (i.e., viscosity decrease under increased y) behavior
observed in all of the tested samples, which is similar to the results in previous studies
(Choi et al. 2019; Feys and Asghari 2019; Struble and Sun 1995; Vance et al. 2013; Yahia

and Khayat 2001; Yim et al. 2013).
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Figure 3.4: Equilibrium flow curves of cementitious pastes.
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Non-linear rheological models, such as Herschel — Bulkley and modified Bingham
models, fit well to the measured rheological behavior of all the mixtures. However, the
added (third) term in these models increases the sensitivity of all parameters to small
measurement errors (Wallevik et al. 2015), producing unstable values of the yield stress

and viscosity predictions and making the analysis of the results more complicated.

Feys and Asghari (Feys and Asghari 2019) have shown that yield stress values
extrapolated from flow curves are dependent on the shear rate range and the number of
data points in the curve and, therefore, may not be sufficiently accurate to provide a good
analysis. These authors proposed to use the shear stress at 5 s as a value that can represent
the yield stress (zs,s). Even though an overestimation of the yield stress results from this
approach, this error should be similar for all the mixtures. Therefore, the 75,; parameter
can be used to compare the T, of different mixtures. Table 3.6 shows the 75,; values

calculated for each mixture.

Since different concrete applications result in different y (Choi et al. 2019; Feys et
al. 2013, 2016; Feys and Asghari 2019; Kim et al. 2015), it is important to analyze the
viscosity of the cementitious pastes in different y ranges. As a representative example,
Figure 3.5 shows the measured equilibrium flow curve of IF-Fi-1.24-20-OPC. It can be
seen that the slopes of the curve in the shear rate ranges of 10 to 40 s, which is critical for

gravity induced flow (Kim et al. 2015), and 60 to 90 s, which is critical for SCC during
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pumping (Feys et al. 2013, 2016), are almost constant but considerably different from each
other. Therefore, linear fits to the data within both y ranges were determined, and the slopes
of these lines were taken as high and low y viscosity values (i.e., uf and ut, respectively)
of each sample. Table 3.6 shows the u* and u’ calculated for each mixture. This simple
procedure allows for more stable determination of viscosity, and analysis of the effects of

the studied parameters on viscosity at different y.

Shear stress (Pa)

Shear rate (s?)

Figure 3.5: Linear fittings used to calculate u” and u* from the
measured equilibrium flow curve of IF-Fi-1.24-20-OPC mix.

Table 3.7 shows that by changing the SCM properties and their interactions with
the primary mixture parameters, it was possible to get an extensive range of viscosities.
Specifically, uf ranged between 0.27 and 1.52 Pa - s and u’ was between 0.15 and 1.02 Pa -

s. The ut/uf! ratio of each sample ranged between 0.37 and 0.82, with an average value of

0.53.



Table 3.6: uy and y;, results.

Mix ID Ts /s ut u>
Series| IF-Fi-1.24-20-0PC  27.1 1.43 0.88
IF-C0-1.24-20-IPC 22.4 0.86 0.41
IF- Fi -1.55-20-IPC 20.9 0.62 0.26
IF-Co-155-20-OPC  17.7 0.68 0.31
IF- Fi -1.24-40-1PC 26.3 1.07 0.56
IF-Co-1.24-40-OPC 20,5 0.94 0.35
IF-Fi-155-40-OPC 20,5 0.66 0.28
IF-Co-1.55-40-1PC 10.9 0.27 0.15
FFA-Fi-1.24-20-IPC  25.7 1.28 0.83
FFA-C0-1.24-20-OPC  33.0 1.50 0.94
FFA- Fi -1.55-20-OPC  20.8 0.82 0.36
FFA-C0-1.55-20-IPC ~ 12.4 0.59 0.35
FFA- Fi -1.24-40-OPC ~ 24.1 1.47 0.94
FFA-Co-1.24-40-IPC~ 19.8 1.06 0.71
FFA- Fi -155-40-IPC  21.2 0.60 0.29
FFA-Co-1.55-40-OPC  17.2 0.57 0.37
AP-Fi 24.4 1.03 0.39
AP-Co 20.7 0.69 0.56
AP-1.24 25.6 1.26 0.75
AP-1.55 15.7 0.50 0.26
AP-20 26.0 1.04 0.62
AP-40 22.4 0.68 0.28
AP-IF 19.1 0.95 0.38
AP-FFA 20.1 1.15 0.66
AP-IPC 21.8 0.78 0.36
AP-OPC 27.1 0.91 0.52
CP-1 195 0.92 0.46
CP-2 19.0 1.08 0.55
CcP-3 22.1 0.86 0.49
Series Il CFA-1.49-25 17.1 0.73 0.39
CFA-1.33-25 223 0.96 0.55
RHA-1.44-8 23.9 1.01 0.47
RHA-1.44-12 19.7 1.04 0.46
MK-1.49-25 22.0 1.24 0.76
MK-1.33-25 30.3 1.52 1.02

86
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3.4.2 Effect of number of contact points on viscosity

The number of contact points of the particles in a colloidal suspension is mainly
determined by the PSD and solid volume fraction. The measurement of the equilibrium
flow curve was performed within a couple of minutes after the initial contact of the
cementitious materials with water. Since significant chemical reactions could not develop
in such as short period of time (Scherer et al. 2012), the chemical reactivity of the materials
was not a significant parameter in the rheological behavior. As such, the properties derived
by the combined PSD of the cementitious materials for each mixture, which are the specific
surface area and the particle number density, denoted as SSAPS? and NFSP, respectively,
were calculated with the following equations:

Ve(SSAESP)+vscm(ssaBED)

PSD _ -

SSALSP = v (3-6)

NPSD — Ve(NESP)+Vsem(N§En 3-7)
- VetVsem

where, V. and V¢ are the volume fractions of the cement and SCM, SSAESY, and

NESD are the SSApsp and Nesp of the SCM, and SSARSP and NESP are the SSApsp and Npsp

of the cement, respectively.
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Table 3.7: Particle size properties calculated for blended power of each mixture.

Mix 1D SSAFSD NESP
Series|  IF-Fi-1.24-20-OPC  1.42 91.6
IF-Co-1.24-20-IPC 1.25 80.8
IF- Fi-1.55-20-IPC 142 83.5
IF-Co-1.55-20-OPC ~ 1.25 88.9
IF- Fi-1.24-40-IPC 154 77.1
IF-Co-1.24-40-OPC  1.19 77.8
IF- Fi-1.55-40-OPC  1.54 83.2
IF-Co-1.55-40-1PC 1.20 71.7
FFA- Fi-1.24-20-IPC ~ 1.41 83.1
FFA-C0-1.24-20-OPC  1.24 90.6
FFA- Fi-1.55-20-OPC  1.41 91.2
FFA-C0-1.55-20-IPC  1.25 82.5
FFA- Fi -1.24-40-OPC  1.51 82.5
FFA-C0-1.24-40-IPC  1.19 75.1
FFA- Fi -1.55-40-IPC 152 76.4
FFA-Co-1.55-40-OPC  1.18 81.1

AP-Fi 1.47 83.5
AP-Co 1.21 81.0
AP-1.24 1.34 82.3
AP-1.55 1.34 82.3
AP-20 1.33 86.5
AP-40 1.35 78.1
AP-IF 1.35 81.8
AP-FFA 1.33 82.8
AP-IPC 1.34 78.7
AP-OPC 1.34 85.9
CP 1.34 82.3
Series Il CFA-1.49-25 1.37 89.5
CFA-1.33-25 1.37 89.5
RHA-1.44-8 1.33 945
RHA-1.44-12 1.35 94.3
MK-1.49-25 1.42 98.0
MK-1.33-25 1.42 98.0

Table 3.7 provides the calculated properties for the cementitious particles of each

mixture. Note that it is unknown if the particle size effect is more accurately represented
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by SSAESP or NESP. Therefore, two different sets of SOPR models were developed using
SSAESD or NESP separately, in order to determine which one has the greater effect on
viscosity. In addition to the particle size parameter, the ¢ of each mixture was included

to develop these models.

The first set of SOPR models for u# and u* was developed using SSATPand ¢
as the model parameters. The resulting models are represented in Eq. (3-8) and (3-9),

respectively, with summary and coefficients (i.e., al'..a, a!..al) of the terms in each

equation given in Table 3.8.

pt = af SSAPSP + al¢r + alip? (3-8)

uh = aipr + as(SSATSP)? + aiSSATSP ¢r (3-9)

Table 3.8: Coefficients of SOPR models developed using SSAPSP [i.e., eq. (3-8) and (3-9)]

Coefficient Standard error  T-statistic  P-value  95% C.I. (+)

pu el +649x101  2.98x10? +2.18 0.039  6.15x10?
al - 1.13x100  2.41x10° -4.67 0.000  4.97 x10°
al +270x10" 4.16 x 10° +6.48 0.000  8.59 x10°
pt o al - 598x10°  1.47x10° -4.08 0.000  3.03x10°
ab - 151x10% 2.82x10! -5.36 0.000  5.81x10%
at +1.02x10°  1.91x10° +5.34 0.000  3.94x10°

The second set of SOPR models for u” and u* were developed using N2SPand ¢

as parameters. The resulting models are represented in Eq. (3-10) and (3-11), respectively,
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with summary and coefficients (i.e., B.. B2, Bi.. Bi) of the terms in each equation given

in Table 3.9.

ptt = BENTSP + Bl dpr + Lo

ut = Bipr + B3 (NF*P)? + BsNTP by

(3-10)

(3-11)

Table 3.9: Coefficients of SOPR models developed using NP

[i.e., Eq. (3-10) and (3-11)]

Coefficient Standard error  T-statistic P-value 95% C.I. (£)
ut ,3;1 +271x102 5.19x10° +5.21 0.000 1.07 x 102
,3;1 - 1.77x10t  231x10° -7.65 0.000 4,76 x 10°
BZ +3.45x10' 3.55x10° +9.72 0.000 7.32 x 10°
ut le - 878x10° 1.39x10° -6.30 0.000 2.88 x 10°
ﬁlz - 401x10* 6.30x10° -6.37 0.000 1.30 x 10*
B, +200x10% 2.73x10% +7.34 0000  5.63x 102

Figure 3.6 presents comparisons between the experimental measurements and the

results predicted with the first and second set of SOPR models. The second set of SOPR

models was able to achieve better predictions of the Series | and Il u’ and u* data. Thus,

it is concluded that NESP is a better predictor of the observed variability in pt and p* than

SSARSP. Navarrete et al. (Navarrete et al. 2020) showed that N25P has a more significant

effect on the number of contact points than SSAESP. A higher number of contact points

increases the strength of the network produced between the particles and, therefore, the p*!

and u* of the cementitious paste. It is important to note that the number of contact points,



which is determined by the combined effect of NSP

75% and 60% of the experimental variability of u* and u*, respectively.
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and ¢, is able to explain over the
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Figure 3.6: Relationship between experimental and analytical
viscosity (i.e., u and u’). (a) Prediction of u’ using Eq. (3-8); (b)
Prediction of u! using Eq. (3-9); (c) Prediction of u*! using Eq. (3-

10); (d) Prediction of u’ using Eq. (3-11). Gray continuous lines
represent the 95% confidence interval limits for each model. Black
discontinuous lines represent perfect correlation between the
experimental and analytical results.
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3.4.3 Effect of interparticle force on viscosity

Previous researchers (Ohshima and Makino 2014) have shown that the particles of
colloidal suspensions flocculate and form three dimensional networks. Since the mixtures
were tested within a few minutes after mixing, they did not have significant cementitious
reactions. Therefore, the main forces were those common in colloidal suspensions, namely
the Van der Waals attractive force (Fvow) and the electrostatic repulsive force (Fes)

(Derjaguin and Landau 1941; Verwey 1947; Zhou et al. 1999).

For non-spherical particles (i.e., cementitious particles), Fyvpw can be calculated
with Eq. (3-12).

AO a*

Fypw = 12h2 (3-12)
where, Ag is the Hamaker constant (Flatt 2004), h is the surface-to-surface separation, and
a” is the radius of curvature at the pseudo-contact points. Previous researches have shown
that a* is determined by the shape of the particles and not by their radius (Flatt and Bowen

2006).

When two particles with double layers of the same sign, which is the case for
cementitious particles, approach a value of h that is smaller than twice the Debye length

(k~1), double layer repulsion occurs, because the two double layers cannot be fully
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extended in the confined space (Ohshima and Makino 2014). This leads to the electrostatic
repulsive force, Fes, which can be calculated with the following equation:

2merega* {2 (ke *(h—2Le))
1+e—l€(h—2Le)

FES = (3'13)
where, €, is the permittivity constant of the medium, ¢, is the permittivity constant
of free space, {; is the zeta potential, and Le is the distance from the particle surface used

as the plane of origin for the electrostatic repulsion.

The total interaction force can be obtained by taking the sum of Fvpw and Fes. As both
forces depend linearly on a*, Flatt and Bowen (Flatt and Bowen 2006) defined an
interparticle force parameter, G, which is independent of the particle size and is given
by:

Gy = FVDVZ—”ES (3-14)

The aim of this section is evaluate if the effect of Gy, which is related to the
bonding strength of cementitious particles, and the combined effect of NFSP and ¢, which
are related to the amount of contact points, can better explain the variability observed in

pfl and ut.

Flatt and Bowen (Flatt and Bowen 2006, 2007) developed the Yield Stress Model

(YODEL) for colloidal suspensions, which incorporates Gy and the number of interacting

particles through the volume fraction, packing, and size distribution of solid particles. In
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the case of suspensions with a high volume fraction of solids (i.e., &1 > 0.25) and non-
spherical particles, which is the case for cementitious pastes, the following expression has

been validated by previous studies (Hot et al. 2014; Roussel et al. 2010; Zhu et al. 2020):

To = ((::5A)2) (¢m<¢¢j—¢r)) G (3-15)

where, R%? is the median radius in um, F, 5 is the volumetric size distribution

function (unitless), and ¢, is the maximum packing density.

Using Eq. (3-15), the PSD of the cementitious particles, and the measured t, of the
cementitious mixtures, the average G, of cementitious pastes can be estimated.
Specifically, d was estimated as the average radius of the cementitious particles R>° using
Eq. (3-16), F, » was calculated following the procedure from Flatt and Bowen (Flatt and
Bowen 2006), ¢4, took a value for randomly closed packing (Choi et al. 2019) (i.e., b=

0.63), and 7, was defined as 75 ;.

RS0 — 1 (ﬂy (3-16)

TNpsp
Table 3.10 shows the R*, F, , and Gy values calculated for each mixture. The R>
values were between 0.6 and 0.7 um, similar to the estimations by Roussel et al. (Roussel

et al. 2010). In the case of F, 4, the estimated values ranged between 300 and 500, similar

to the values reported in the literature (Flatt and Bowen 2006; Zhu et al. 2020).



Table 3.10: R*, F, 5 and G values estimated for the Series | and Series I mixtures.

Mix ID RO (um)  Fya G (10 N)
Series | IF- Fi -1.24-20-OPC 0.64 418.6  3.05
IF-Co-1.24-20-1PC 0.67 461.9  2.62
IF- Fi -1.55-20-1PC 0.66 4365  4.89
IF-C0-1.55-20-OPC 0.65 4356  3.98
IF- Fi -1.24-40-1PC 0.68 4346  3.37
IF-C0-1.24-40-OPC 0.67 4773 238
IF- Fi -1.55-40-OPC 0.66 4221  4.96
IF-Co-1.55-40-1PC 0.69 505.8  2.42
FFA- Fi -1.24-20-IPC 0.66 3653  3.73
FFA-C0-1.24-20-OPC  0.64 436.6  3.78
FFA- Fi-155-20-OPC  0.64 3553  5.63
FFA-C0-1.55-20-IPC 0.66 4619  2.77
FFA- Fi-1.24-40-OPC  0.66 3189  4.03
FFA-Co-1.24-40-1PC 0.68 500.8  2.24
FFA- Fi -1.55-40-1PC 0.68 3226  7.09
FFA-Co-1.55-40-OPC  0.67 4748 375
AP-Fi 0.66 3756  4.84
AP-Co 0.67 466.9  3.37
AP-1.24 0.66 4178  3.26
AP-1.55 0.66 4178  3.85
AP-20 0.65 4184 453
AP-40 0.67 4172 419
AP-IF 0.66 4498  3.20
AP-FFA 0.66 3911  3.84
AP-IPC 0.67 4268  3.96
AP-OPC 0.65 409.8 484
CP 0.66 417.8  3.63
Series Il CFA-1.49-25 0.64 4559 245
CFA-1.33-25 0.64 4559  4.26
RHA-1.44-8 0.63 4701  3.84
RHA-1.44-12 0.63 4701 3.17
MK-1.49-25 0.62 4082  4.20
MK-1.33-25 0.62 408.2  4.05

95
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To analyze the effect of Gy on u’ and ut, two additional SOPR models were

developed, which also included N£SP and ¢ as parameters. The resulting models are

presented in EQ. (3-17) and (3-18), respectively, with summary and coefficients

(ie., Y.yl vl vl of the terms given in Table 3.11.

pt = yINPSP + vyl dr + vE92 + v Gy dr

ut = yiGuy +vipr + vaNFLdr + viGuor

Table 3.11: Coefficients of SOPR models developed using N&SP

(i.e., eq. (3-17) and (3-18)]

Coefficient Standard error  T-statistic P-value 95% C.I. (1)
' oyh +256x102  3.16x10° +8.11 0.000  6.46x 1073
Y¥ - 190x100 1.78x 10° -10.71 0.000  3.64 x 10°
Y% +373x100  3.05x 10° +12.21 0.000  6.24 x 10°
Y® +135x10%  5.42x10? +2.49 0019  1.11x10%
ptooyl - 8.92x101  1.26x 10" -7.08 0.000 2.58x10?
Y, - 219x10°  6.50 x 10 -3.37 0.002  1.33x10°
Yy +347x102 7.74x10% +4.48 0.000  1.58x 1072
Y, +228x10° 3.39x10% +6.71 0.000  6.94x10%

(3-17)

(3-18)

Comparisons between the experimental measurements and the results estimated
using these SOPR models are shown in Figure 3.7. The model for u* was better in
explaining the observed variability (86.7%) than the model for u’ (75.4%). This is likely

because, as the shear rate increases, the bond strength of the three dimensional network
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formed by the particles is increasingly weakened (Romero et al. 2018), which resulted in

reduced effect of Gy, at higher shear rates.

Experimental Viscosity (Pa-s)

1754

1.5+

1.254

0.75

0.5

0.25 -

O e 4

<

Series | - FFA
Series | - IF
Series | - 50%FFA + 50%IF
Series Il -
Series Il - RHA
Series Il - MK

CFA % , }4 e
’l

0.25 0.5 0.75 1 1.25 15
Analytical Viscosity (Pa-s)

(a) u" R% 87.9% PRESS: 86.7%

1.75

Experimental Viscosity (Pa-s)

1754

154

1.25

0.75

0.54

025"

A Series |- FFA

Series | - SP

® Series |-

> Series Il - CFA S -

& Series Il - RHA 7 e
Series Il - MK - ke

<

50%FFA + 50%SP S

T T T T T T
0.25 0.5 0.75 1 1.25 15

Analytical Viscosity (Pa-s)

(b) u* R% 76.0% PRESS: 75.4%

Figure 3.7: Relationship between experimental and analytical
viscosity (i.e., u* and u’). (a) Prediction of u using Eq. (3-17);
(b) Prediction of u’ using Eq. (3-18). Gray continuous lines
represent the 95% confidence interval limits for each model. Black
discontinuous lines represent perfect correlation between the
experimental and analytical results.

both viscosities (i.e., u' and u*), followed by NES

Figure 3.8 shows that out of the 3 model parameters, ¢+ has the largest effect on

P and Gg,y. This means that the wic,

which governs the ¢ of the mixture, has a greater effect on viscosity than the properties

of the cementitious particles. In addition, among the cementitious material properties, the

particle size has a greater effect on uf and u* than the interparticle force parameter. The
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combined effect of N°SP and ¢ is a good estimator of the number of contact points of this

network, explaining most of the observed variability in p# and p'.
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Figure 3.8: Standardized coefficients for Nt°°, ¢, and G, of the
SOPR model.

Increases in NESP and ¢ produce increases in both viscosities, as shown by the

standardized coefficients in Figure 3.8. This is expected, because an increase in either

parameter increases the number of contact points between particles and, therefore,
increases the shear stress at different shear rates. In addition, the fact that the (N2SP)* term

has a positive effect in Eq. (3-17) means that a variation of NESP is more significant on

pHfor larger NESP values.
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Increases in Gy result in increases in pfl and pt (see Figure 3.8). This effect is
produced because an increase in G, increases the interparticle force and, therefore,

increases the shear stress at different shear rates.

Eq. (3-17) and (3-18) show that the interaction between G,y and ¢ has a positive
effect on uf and p*, which means that cementitious pastes with larger ¢ are more affected

by Gy In addition, Eq. (3-18) shows that the interaction between N1 and ¢ produces

a positive effect on p*, which means that u* is more affected by NESP in cementitious

pastes with larger ¢. These results can be expected because larger ¢t means that there
are more solid particles in the mixture and, therefore, the interaction among those particles

increases.

The validated SOPR models [i.e., Eq. (3-17) and (3-18)] were used to map the
combined effects of the cementitious particle properties (i.e., G,y and NESDY on p* and
ut, for selected values of ¢. These response surfaces allow for a better understanding of
the interactions of the cementitious particle properties. The selected values of ¢ were
0.42, which is the ¢ value of the CP in Series | mixtures (see Table 3.1), and 0.45, which
is the maximum ¢ value of the Series | mixtures. Figures 3.9.a and 3.9.b present the
results for uf and ut, respectively, for ¢ of 0.42, while Figures 3.9.c and 3.9.d present
the results of u’ and u’, respectively, for ¢ of 0.45. The experimental values for Series |

are included in Figure 3.9 to show the combinations of ¢, N2SP, and G that were tested.
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The results suggest that in the case of u”, the combined effect of Gy and NESP is
not dependent of ¢ since the relative distances between the iso-response curves in Figures
3.9.aand 3.9.c are similar. In the case of p*, the combined effect of Gy and NESP increases
for increased ¢ since the relative distances between the iso-response curves in Figure
3.9.b are greater than those in Figure 3.9.d. In addition, the effect of G relative to the
effect of NESD is more significant on p* than on u, since the slopes of the iso-response
curves are higher in Figure 3.9.b and Figure 3.9.d than those in Figure 3.9.a and Figure
3.9.c. Furthermore, in the case of u®, NESP has a larger effect than G for all the
combinations studied and both ¢ values, since the slopes of all of the iso-response curves
are below 45 degrees to the horizontal axis. In the case of u%, N2SP has a larger effect than

G for the lower ¢ (i.e., 0.42), but the opposite trend is observed for the larger ¢ (i.e.,

0.45).
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3.4.4 Effect of cementitious particles properties on interparticle force

In the previous section, the effect of Gy on the viscosity of cementitious pastes was
analyzed. The aim of the current section is to evaluate the effects of the experimental
factors on G, and use that information to determine the cementitious material properties

that govern the interparticle force of the paste.

In order to evaluate the effects of the SCM properties and the mixture design, the
values of G were normalized with respect to the average G of the FFD runs, which is
3.79x10 N. The average normalized G for the low and high levels of each experimental

factor, calculated with the results from the FFD runs, are presented in Figure 3.10.
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Figure 3.10: Average normalized G for low (-) and high (+)
levels of each experimental factor
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Figure 3.10 shows that the SCM particle size has a significant effect on Gp),
disputing previous studies (Flatt and Bowen 2006, 2007), which have shown that G, is
independent of the particle size. Importantly, the surface roughness of the materials in the
previous studies was not affected by the particle size. However, in the current research, the
fine SCMs were obtained through a milling process, which increased the surface roughness
of the SCMs, as can be seen in Figure 3.11. Particles with a small surface roughness present
a larger average minimum separation distance (Flatt and Bowen 2006), which results a
reduction in the interparticle force, as has been shown by Jallo et al. (Jallo et al. 2011).
Therefore, the observed effect of particle size on the interparticle force can be explained by

the change of the surface roughness.

The increase of ¢ from 0.39 to 0.45 resulted in decreased Gg). This finding can
be explained because increased ¢ indicates increased OPC/water ratio, which produces a
reduction of the Ca*?/SO4 ratio of the pore solution (Lowke and Gehlen 2017). Lowke
and Gehlen (Lowke and Gehlen 2017) have shown that the zeta potential, {; of the
cementitious particles is governed by the Ca*?/SO4 ratio and that a change in ¢, from
0.39 to 0.45 results in a reduction of the absolute value of ¢;. As shown in Eqg. (3-13), an
increase of the absolute value of 2 produces an increase of the repulsive electrostatic
force between the particles and, therefore, a reduction in G). Thus, the effect of ¢ on the

interparticle force can be explained by the change of (.
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Figure 3.11: SEM images of Series | SCM and OPC.
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The use of FFA instead of IF produces an increase on the average G). As can be
seen in Figure 3.11, the coarse IF and FFA had generally smooth surfaces and
homogeneous shapes. On the other hand, the fine IF had more irregular shapes with smooth
surfaces while the fine FFA had irregular shapes and surfaces. Figure 3.12 shows the
average normalized G for the different SCMs and sizes. It can be seen that the coarse IF
and FFA had similar interparticle forces, while in contrast, the average interparticle force
of the fine FFA was considerably larger than that of the fine IF. Therefore, the effect of the

SCM type on the interparticle force can be explained by the surface roughness.
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Figure 3.10 shows that neither the amount of replacement nor the type of cement
used in this research had a significant effect on G). This can be explained because in both
cases, OPC was replaced by an SCM (i.e., FFA or IF) with a lower surface roughness (see
Figure 3.11), which resulted in two opposing effects that canceled each other out.
Specifically, on the one hand, the use of materials with lower surface roughness produced
a negative effect on G). While on the other hand, a higher replacement or the use of IPC
(i.e., 80% OPC + 20% IF) produced a reduction in the water/OPC ratio, which resulted in

a reduction of ¢y, and thus, a positive effect on G).

In summary, based on the results presented in this study, it can be concluded that
the interparticle force of cementitious paste is governed by the surface roughness of the
cementitious materials and their w/c, which affects the zeta potential in the cementitious

paste.

3.5 Conclusions

This research investigated the effects of particle size and type of supplementary
cementitious materials (SCMs) and their interactions with the main mixture parameters on
the viscosity of cementitious paste. A fractional face centered central composite
experimental design, composed by 29 mixtures and developed with two SCMs, was used
to develop second order polynomial regression (SOPR) equation models, which were

validated with an additional 6 mixtures using three different SCMs. The study focused on
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SCMs with similar particle size as cement. Important conclusions from the research are
listed below:

1. The effect of the particle size on the viscosity of cementitious paste is better
explained by the particle number density than by the specific surface area.

2. The SOPR models were able to predict the viscosity of cementitious pastes at
different shear rate ranges. The parameters that governed these models are the solid
volume fraction, the interparticle force, and particle number density of the
cementitious particles. The models showed good accuracy to estimate the viscosity
of mixtures produced with different SCMs, SCM-cement proportions, solid volume
fractions, and different cement types.

3. The viscosity of the cementitious paste is more affected by the solid volume
fraction, which is determined by the water-to-cementitious materials ratio, than by
the properties of the cementitious particles.

4. The interparticle force is a good predictor of the bonding strength of cementitious
particles, and the combined effect of particle number density and solid volume
fraction is a good estimator of the amount of contact points of this network, which
explains most of the observed variability in the viscosity of cementitious paste.

5. The viscosity of cementitious paste is more affected by the number of contact points
between the cementitious particles than the interparticle force between them.

6. The interparticle force is governed by the surface roughness of the cementitious

materials and the w/c, which affects the zeta potential of the cementitious paste.
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CHAPTER 4:
MULTI-LAYER CASTING OF SELF-CONSOLIDATING CONCRETE: INFLUENCE
OF CEMENTITIOUS PASTE RHEOLOGY AND CASTING PARAMETERS ON THE

INTER-LAYER BOND STRENGTH

This chapter focuses on the effect of cementitious paste volume, structural build-
up of mortar, and their interactions with casting parameters (i.e., free fall height and delay
time) on the inter-layer bond strength of multi-layer self-consolidating concrete (SCC),
which is the third specific objective of this research. To this end, a face centered central
composite experimental design, composed of 15 experimental runs was conducted. The
measurements from these mixtures were then used to develop second order polynomial
regression (SOPR) models, which were validated based on the results from 3 additional
mixtures. The residual bond shear strength and the residual bond flexural strength were

used to characterize the inter-layer bond strength of SCC.
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4.1 Introduction

According to a report by the Mckinsey Global Institute (McKinsey Global Institute
2017), the global labor-productivity growth in construction lags far behind that of other
manufacturing fields or the total economy. The main reason of the relatively low
productivity in the construction industry is the continued dependency on traditional
construction systems, which are highly labor demanding (Finger et al. 2015; Proverbs et
al. 1999). In the last several decades, new technologies that can improve the productivity
of concrete construction through better workability (i.e., rheology) control (Khayat and
Feys 2010; Navarrete et al. 2017a; Wangler et al. 2016), such as self-consolidating concrete

(SCC) and 3D concrete printing, have been developed.

The rheological behavior of yield stress fluids, such as cement-based materials
(CBMs) (Jiao et al. 2017), can be defined by two parameters: yield stress and viscosity
(Balmforth et al. 2013). CBMs show static (z§) and dynamic (z&) yield stress (Malvern
Instruments 2012), which are the shear stress required to initiate flow and the minimum

shear stress required for maintaining the flow once initiated, respectively.

Within a few minutes at rest after mixing with water, the cementitious particles
form a three-dimensional network due to Van der Walls attractive forces and dielectric

repulsive forces (Ferron et al. 2013; Yim et al. 2013). In addition, C-S-H bridges form and
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grow at the pseudo-contact points between cement and other particles during the dormant
period (Mostafa and Yahia 2017; Navarrete et al. 2020; Roussel et al. 2012). The
combination of these two processes produces a time-dependent increase in T of CBMs at

rest, which is defined as the structural build-up (Awmix) (Yuan et al. 2017).

Among the new concrete technologies requiring better workability control, SCC is
currently the most widely used (Pacheco-Torgal et al. 2013). Usually, SCC is classified by
its filling ability, passing ability, and static and dynamic stability (Roussel and Cussigh
2008). From a rheological point of view, a lower t¢ increases the filling ability (Roussel
et al. 2007), a higher viscosity improves the passing ability (Youness et al. 2020) and
dynamic stability (Shen et al. 2009, 2015), and a higher 7§ increases the static stability

(Shen et al. 2014) of the mixture.

Previous researchers (Assaad and Khayat 2006a, 2004, 2006b; Barnes and Johnston
2003; Ferraris et al. 2017; Khayat and Assaad 2007; Pierre and Picandet 2015; Roussel
2006, 2012) have recommended mixtures with high Aix to reduce the formwork pressure.
However, in the last decade, some studies (Assaad and Issa 2016; Megid and Khayat 2017,
2019; Roussel and Cussigh 2008; Shirzadi Javid et al. 2019) have shown that concrete with
high Awmix may induce detrimental effects in multi-layer casting, which may occur in the
case of on-site concrete delivery delays (Petit et al. 2007). After a certain period of rest,

the 75 of concrete increases and can reach a critical value that can produce poor intermixing
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of successive layers. As vibration is not commonly used for casting SCC and may not be
feasible in the case of extended delays, a distinctly weak bond can result between the
successive layers, which is known as a cold joint. Losses in layer-to-layer (i.e., inter-layer)
bond strength of more than 40% have been reported, and can exceed 50% when the SCC
has a high Awix and when the elapsed time (i.e., delay time) between the casting of two

layers exceeds 30 minutes (Megid and Khayat 2017, 2019; Roussel and Cussigh 2008).

The critical delay time (DT,) between the casting of successive SCC layers has
been defined as the maximum time that allows 90% residual bond strength (Megid and
Khayat 2017, 2019; Shirzadi Javid et al. 2019) as compared with the strength for
continuous SCC casting. The DT, depends on Awix (Megid and Khayat 2019), aggregate

interlock, and surface roughness (Shirzadi Javid et al. 2019) of the concrete mixture.

Fresh concrete can be considered as a two-phase composite material with coarse
aggregate particles in a mortar fluid matrix (Tattersall and Banfill 1983; Vargas and
Sciaraffia 2006). Therefore, to achieve good intermixing between successive casting
layers, it is important for the mortar matrix to exhibit low z§. The interparticle force and
hydration of cementitious particles are responsible for the growth of 73 in CBMs at rest
(Roussel et al. 2012). Therefore, the Awmix of a mortar mixture is governed by the amount
and properties of the cementitious paste. According to Roussel and Cussigh (Roussel and

Cussigh 2008), Awmix increases with the total amount of cementitious paste, and decreases
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with the water-to-cementitious materials ratio. It has also been shown that the Awix of
cementitious paste increases with the fineness (Bentz et al. 2012; Mostafa and Yahia 2017)
and the zeta potential (Navarrete et al. 2020) of the cementitious particles. Furthermore,
the use of chemical admixtures (Ojeda-Farias et al. 2019; Roussel and Cussigh 2008), such
as viscosity agents and superplasticizers, can increase Awix. Other previous studies (Huang
etal. 2019; Petit et al. 2007) have shown that the ambient temperature is an important factor
as well, where a nonlinear increase in Awix was observed in the range of 10 to 40 °C (Huang

et al. 2019).

The bond strength between two successive SCC layers is highly affected by the
aggregate interlock and the surface roughness of the first layer (Megid and Khayat 2017),
which are mainly governed by the size, shape, and texture of the coarse aggregate, and the
coarse aggregate-to-mortar ratio. Surface roughness can be improved by applying external
mechanical vibration to the existing concrete layer, which would reduce its t; (Chia et al.
2005) and, therefore, increase the bond strength. Another alternative is to increase the free-
fall height (Hrr) of the new concrete onto the existing material, which increases the
interlock resulting from the penetration of the top concrete layer into the lower layer
(Megid and Khayat 2019). However, these methods involving mechanical vibration and
increased free-fall height can also cause segregation or bleeding, which can lead to

weakened bond between the successive layers.
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Increased amount of cementitious paste produces contradictory effects on the layer-
to-layer bond strength. On the one hand, an increase in the amount of cementitious paste
reduces the initial t; of the mortar (Ojeda-Farias et al. 2019), which increases the
intermixing of successive layers. On the other hand, increased amounts of cementitious
paste result in increased Atnix Of the mortar (Roussel and Cussigh 2008), reducing DT,, and
reducing the amount of coarse aggregate, which reduces the aggregate interlock and surface
roughness of the first layer (Shirzadi Javid et al. 2019). To the best of the authors’
knowledge, there has been no study to establish if the amount of cementitious paste
produces a positive (i.e., increasing) or negative (i.e., decreasing) effect as a result of these

conflicting trends on the inter-layer bond strength of SCC.

Overall, even though previous studies have assessed the individual effects of Atnix
and the casting process on the layer-to-layer bond strength of multi-layer SCC, the
interactions between these parameters and the amount of cement paste require further

investigation.

4.2 Research significance

In accordance with the research gaps identified above, this chapter discusses the

effects of the cementitious paste volume, structural build-up of mortar, and their
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interactions with the casting process (i.e., free fall height and delay time) on the residual
bond strength of multi-layer SCC under shear and flexural stresses. In addition, the effect
of cementitious paste volume, structural build-up of mortar, and their interaction with the
free fall height on the critical delay time is analyzed. The results presented in the chapter

can contribute to enhance the mix design and construction of SCC.

4.3 Materials and methods

4.3.1 Experimental design

The effects of cementitious paste volume, structural build-up of mortar, and their
interactions with the main casting process parameters on the residual inter-layer bond
strength of SCC were experimentally determined using a face-centered central composite
design (FCCCD). The FCCCD is based on an embedded factorial design for the controlled
variation of the experimental factors; with a center point augmented by a group of axial
points, which allow quantification of curvature in the measured trends (NIST/SEMATECH
2012). The axial points are at the center of each face of the factorial space and, therefore,
three levels (i.e., -, 0, +) are required in selecting the values for each experimental factor
(parameter), as shown in Figure 4.1. The FCCCD permits modeling of the measured

response by a second order polynomial regression (SOPR) equation, and therefore,
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estimation of the main, quadratic, and interactive effects of the experimental factors on the

property under study (Montgomery and Runger 2014).

Figure 4.1: Face-centered central composite design. The experimental runs of the
factorial design, axial points and center point are represented by black, grey, and white
dots, respectively.

Table 4.1 shows the three selected levels for the following experimental factors
investigated in this study: (1) structural build-up of mortar (Af}iy); (2) cementitious paste
volume fraction (CPyy.1); and (3) free fall height (Hrr). Considering these experimental
factors, a FCCCD composed by a 23 factorial design with a center point, and 2*3 axial
points was developed, resulting in 15 experimental runs (i.e., Series 1) as shown in Table
2. Three additional runs (i.e., Series 1) were also produced to independently validate the

SOPR models developed using the measured data from Series I.
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Table 4.1: Selected levels of mixture design parameters and Her

Factor Level

Experimental Factor - 0 +

thix 70%O0PCes + 30%CFA  85% OPCes + 15%CFA 100% OPCES
CPyvo1 33.6% 35.2% 37.0%
Her 200 mm 300 mm 400 mm

For each experimental run, the delay time (DT) between two successive layers of
SCC was varied as 30 and 60 min. Moreover, for each mixture design, monolithic
specimens (i.e., DT equal to 0 min) were cast as control samples. The residual bond
strength was calculated by dividing the results for each DT by the corresponding values for

the monolithic control samples.

Table 4.2: Series | mixtures and factorial levels.

Run Mixture Design ID Her (mm) thix  CPoyyol  Her
1 SCC-700PCes/30CFA - 33.6% 200 - - -
2 SCC-1000PCgs/0CFA - 33.6% 200 + - -
3 SCC-700PCes/30CFA - 37.0% 200 - + -
4 SCC-1000PCEes/0OCFA - 37.0% 200 + + -
5 SCC-700PCes/30CFA - 33.6% 400 - - +
6 SCC-1000PCEes/OCFA - 33.6% 400 + - +
7 SCC-700PCes/30CFA - 37.0% 400 - + +
8 SCC-1000PCEes/OCFA - 37.0% 400 + + +
9 SCC-700PCes/30CFA - 35.2% 300 - 0 0
10 SCC-1000PCes/0CFA -35.2% 300 + 0 0
11  SCC-850PCgs/15CFA - 33.6% 300 0 - 0
12 SCC-850PCEgs/15CFA - 37.0% 300 0 + 0
13 SCC-850PCEes/15CFA - 35.2% 200 0 0 -
14  SCC-850PCEgs/15CFA - 35.2% 400 0 0 +
15  SCC-850PCgs/15CFA - 35.2% 300 0 0 0
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A type Il high-early-strength Portland cement (OPCkgs), with 90% of the particles
below 25 um, was used to develop the Series I and Series Il mixtures, because finer cements
(i.e., OPCks) produce mixtures with higher A%, (Mostafa and Yahia 2017). In addition,
class C fly ash (CFA) and blast furnace slag (BFS) were used as supplementary
cementitious materials (SCMs) in the development of the Series | and Series Il mixtures,
respectively. The use of different amounts of CFA and BFS to replace OPCes allowed the

study to vary A}, and decouple its effect from that of CPy,y,,.

SOPR models and backward elimination algorithm (Montgomery and Runger
2014) were conducted with the 15 runs of Series | to establish the effects of each
experimental parameter on the residual bond strength of multi-layer SCC and develop
SOPR models. These models were then validated using the results from the Series Il
mixtures and the methodology proposed by Snee (Snee 1977), by comparing the deviation
between the experimental and predicted results of the Series Il runs with the confidence

interval of each SOPR model.

4.3.2 Mixture proportions and mixing sequences

Cementitious pastes, mortars, and SCC mixtures were mixed and characterized

with respect to their fresh properties, as shown in Figure 4.2. The design of the cementitious
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pastes and mortars corresponded to those used for the SCC mixtures. All of the samples

were mixed at laboratory room temperature (i.e., 20 to 23 °C).

(a) SCC

(b) Mortar

(c) Cementitious

Paste

* Static yield stress
test

Slump flow test + Slump flow test
Slump flow time
V-funnel time

J-ring flow

g oY R

Figure 4.2: Fresh properties measured in SCC (a), mortar (b), and
cementitious paste (c).

The Series | mixture designs were determined according to the FCCCD
summarized in Tables 4.1 and 4.2. The Series Il mixtures were produced with BFS instead
of CFA, resulting in different Af};, than the Series | mixtures, and with different CPy,y,,
and Her than those used for the Series | mixtures, so as to result in a critical and independent
evaluation of the SOPR equations from Series I. Table 4.3 presents the mixture designs of

the Series | and Series Il mixtures.
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The coarse-to-fine aggregate ratio and the water-to-cementitious materials ratio by
mass were kept constant at 0.72 and 0.40, respectively, in all of the SCC mixtures. In
addition, between 33% and 38% of cementitious paste was used in all mixtures, which is a

common range for SCC (ACI Committee 238 2008; Saleh Ahari et al. 2015).

A high-range water reducer admixture (HRWRA) with a specific gravity of 1.08
was used in a dosage of 0.60% by cement weight for the mixtures without SCMs (i.e.,
SCC-1000PCES/0CFA-33.0%, SCC-1000PCES/0CFA-35.5%, and SCC-OPCES/O0CFA-
38.0%). In the mixtures with SCM as partial replacement of OPCgs, the HRWRA dosage
was adjusted to obtain the same initial slump flow (S. flow,) as the mixtures without SCMs

for the different values of CPy .

A crushed limestone aggregate with nominal maximum size of 12.7 mm and a
natural river sand were used as coarse and fine aggregates, respectively. The particle size
distributions (PSD) of both aggregates were within ASTM C33/C33M - 18
recommendations. The coarse and fine aggregates had fineness modulus of 6.0 and 2.5,
specific gravities of 2.69 and 2.64 at the saturated surface dry condition, and water

absorption of 2.11% and 1.35%, respectively.

The SCC mixtures were all prepared using the same procedure with a pan mixer.

The fine and coarse aggregates were first mixed for 2 minutes, then the cementitious
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materials were added and mixed for 3 minutes, and finally water and HRWRA were added

and mixed for 5 more minutes.

The mortar samples were all prepared using a planetary mixer. The cementitious
materials and fine aggregate were first mixed for 3 minutes, and then mixed for 5 more

minutes after water and HRWRA were added.

The cementitious pastes were all prepared using an electric stirrer at a constant
blade speed of 1100 rpm. The cementitious materials were first blended for 5 minutes to
homogenize and eliminate any clumps, and then stirred for 2 more minutes after water was

added.

4.3.3 Characterization of cementitious materials

The OPCes used in all the mixtures was in compliance with ASTM C150/C150M
— 19a. Table 4.4 shows the specific gravity and oxide composition, determined by X-ray

fluorescence (XRF), of the cementitious materials.

The microstructure of the cementitious materials was detected using a scanning
electron microscope (SEM), which provided surface information of the studied materials.
The images were taken using a Quanta 250 microscope with an accelerating voltage of

20kV and magnifications between 300x and 1,000,000x. All of the samples were oven
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dried, coated with 4 nm of gold, and mounted on a holder. Figure 4.3 shows sample SEM

images for the different cementitious materials at a magnification of 5,000x.

Table 4.4: Oxide composition, specific gravity, and particle size parameters of the
cementitious materials.

OPCks CFA BFS
CaO (%) 62.80 18.94 41.27
SiO2 (%) 19.58 43.99 39.37
Al203 (%) 4.82 13.47 7.32
SOs3 (%) 3.50 1.50 1.69
Fe203 (%) 2.56 13.31 0.67
MgO (%) 2.78 3.22 6.64
Other minor oxides (%) 1.92 3.85 2.62
Loss on ignition (%) 2.04 1.72 0.42
Specific gravity 3.14 2.71 2.89
D10 (um) 2.17 2.55 2.26
D50 (um) 8.12 14.09 8.63
D90 (um) 22.06 71.11 24.43
SSApsp (M?/cmd) 2.25 1.33 1.61
Npsp (#/100 um?®) 739 193 242

Figure 4.4 shows the PSDs of the cementitious materials, which were measured

using a Bettersizer S3 Plus laser particle size and shape analyzer. Assuming spherical

particles, the measured PSDs were used to compute (Navarrete et al. 2020) the specific

surface area (SSAesp) and particle number density per unit volume (Npsp). These

properties, in addition to the D10, D50 and D90 parameters for each cementitious material,

are presented in Table 4.4.
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Figure 4.3: 5,000x SEM images of cementitious materials.
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Volume (%)

Particle Size (um)

Figure 4.4: Particle size distribution of cementitious materials.

4.3.4 Characterization of cementitious paste, mortar, and concrete workability

The mortar mixture designs were obtained by removing the coarse aggregate from
the SCC, while the cementitious pastes were obtained by removing the fine aggregate from
the mortars, as shown in Figure 4.4. The measurements for the structural build-up of these

materials, as well as the workability of the SCC are described below.

4.3.4.1 Structural build-up measurements of cementitious paste

Awmix measurements of the cementitious paste were made with a parallel plate

rheometer (TA Discovery Hybrid Rheometer 2). A smooth stationary base plate and a
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cross-hatched superior plate with a diameter of 25 mm were used. The gap between the
plates was fixed at 1000 um, as shown to be adequate by previous researchers (Ferraris et
al. 2001b; a; Navarrete et al. 2020), to compare the different cementitious pastes. Each
sample was protected from excess evaporation using a chamber with an absorbent sponge
soaked with water around it (Navarrete et al. 2020; Sant et al. 2008). At 13 min after the
addition of water, the cementitious paste was pre-sheared for 60 s. At 15 min, the static
yield stress, t5 was measured and the measurements were repeated every 15 min until 75
min to determine the Aix Of each cementitious paste. More information on the test protocol

can be found in a previous chapter by the authors (Navarrete et al. 2020).

4.3.4.2 Structural build-up measurements of mortar

The growth of 7§ for mortar (i.e., Af}i) can be evaluated using rheometric
measurements as described above for the cement paste, or by standard workability tests
(Bouvet et al. 2010b; Khayat et al. 2012; Megid and Khayat 2019). In this research, the

thix Of mortar was characterized through the change in slump flow of undisturbed samples
with time of rest (Rs o). This method was preferred as a workability test commonly used

in the field, instead of rheological testing methods.
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The mortar slump flow tests were performed using a mini slump cone, at %2 length
scale of the standard slump cone (ASTM C1611/C1611M - 18). The initial slump flow
(S.flow0) was measured 15 min after the contact of cement and water (i.e., 0 min of rest).
The test was repeated after 30 and 60 min of rest (45 and 75 min of age), and the results
were used to determine the filling ability index of each mortar mixture (FAIm) based on
Eq. (4-1). Previous researchers (Megid and Khayat 2017, 2019) have shown that the layer-

to-layer bond strength is strongly correlated with the filling ability index of SCC.

FAIL, = S.flow, * Rg fow (4-1)

4.3.4.3 Workability measurements of SCC

The initial workability of each SCC mixture was characterized using common field
workability tests so as to establish their characteristics within the ranges of workability
reported in the literature. The standard slump flow test (ASTM C1611/C1611M - 18) was
used to characterize the filling ability, the slump flow time, T50 (ASTM C1611/C1611M
- 18) and v-funnel time (EN12350-9) were measured to estimate the viscosity, and the J-
ring flow (ASTM C1621/C1621M - 17) was measured to quantify the passing ability. All
these measurements were performed 15 min (0 min of rest) after the initial contact of

cement and water.
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4.3.5 Layer-to-layer bond strength measurements of multi-layer SCC

Two methods were used to characterize the effects of the experimental factors on
the layer-to-layer bond strength between two successive layers of SCC: 1) direct shear
strength; and 2) flexural strength. The specimen dimensions, casting, test set-up, and
procedure for direct shear strength and flexural strength tests are shown in Figure 4.5 and
4.6, respectively, based on Megid and Khayat (Megid and Khayat 2017, 2019) and ASTM

C78/C78M - 18.

The flexural strength was determined from four-point bending tests using the

following equation:

or(DT) = % (4-2)

where, o (DT) is the flexural strength in MPa at a specific DT, P is the failure load

in N, b and d are the width and height of the sample in m, and L is the loading span in m.

In both testing methods, three specimens were cast for each experimental run and
delay time, DT. The DT between the first and second layers was set to 30 and 60 min to
measure the residual shear and flexural bond strengths at different DTs. The second layer

consisted of SCC without any rest. The free fall height, Hrr between the top of the first
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layer and the release point of the second layer SCC was varied between 200 and 400 mm.
Another three specimens per testing condition were cast monolithically (i.e., single layer
casting) to provide reference control samples for the residual shear and flexural bond
strengths, RBpsh and RBF, respectively. The reduction in these residual bond strengths with

time was used to determine the critical delay time, DT, of each experimental run.

All of the specimens were demolded at the age of 1 day, wrapped in plastic sheeting
to prevent moisture loss, and stored for 28 days prior to the direct shear and flexural tests.
In each test, the load was continuously applied at a loading rate of 0.15 MPa/s without

shock until failure using a hydraulically operated testing machine.
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Figure 4.5: Casting (a), sample dimensions in mm (b), and testing
set up (c) of the direct shear strength test. Note: Numbers 1 and 2
represent the two layers used during the casting of the specimens.

Casting point

(a) (b) (©)

Figure 4.6: Casting (a), sample dimensions in mm (b), and testing
set up (c) of the flexural strength test. Note: Numbers 1 and 2
represent the two layers used during the casting of the specimens.
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4.4 Results and discussion

4.4.1 Fresh properties of SCC

Table 4.5 summarizes the common field initial workability test results for the Series
| and Series Il SCC mixtures immediately after mixing. The slump flow ranged between
660 and 810 mm, which is within the range of initial slump flow to achieve the required
filling ability of SCC (ACI Committee 238 2008; EFNARC 2005). According to European
guidelines (EFNARC 2005), SCC mixtures with a slump flow in this range are suitable for

many normal construction applications, such as walls and columns.

The slump flow time, T50 of all the mixtures ranged between 1.2 and 2.0 s. In
addition, the v-funnel time ranged between 4.2 and 7.0 s. Considering these results and the
European guidelines for SCC (EFNARC 2005), the tested mixtures would provide good
filling ability even when used in the construction of structural members with congested

reinforcement.

The difference between the slump flow and J-ring flow of each mixture was below
50 mm, with most of the differences below 25 mm. According to ASTM C1621/C1621M-
17, these results indicate that minimal or no visible blocking of the mixture would occur,

again demonstrating that the tested materials have good passing ability.
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Table 4.5: Workability properties of SCC mixtures at 0 min of resting time

Slump J-ring

Mix Design Code flow flow Tso  V-funnel

(mm) (mm) (s) time (s)
Series| SCC-1000PCes/OCFA - 33.6% 660 655 1.6 5.8
SCC-1000PCEes/0CFA - 35.2% 760 790 1.8 5.7
SCC-1000PCes/0CFA - 37.0% 790 795 2.0 7.0
SCC-850PCes/15CFA - 33.6% 690 700 1.8 4.7
SCC-850PCEgs/15CFA - 35.2% 750 720 1.2 4.3
SCC-850PCes/15CFA - 37.0% 810 800 1.2 4.2
SCC-700PCes/30CFA - 33.6% 660 640 14 6.2
SCC-700PCkes/30CFA - 35.2% 750 740 1.2 4.4
SCC-700PCes/30CFA - 37.0% 800 770 1.4 4.1
Series Il SCC-850PCEgs/15BFS - 35.2% 660 650 1.2 4.6
SCC-700PCes/30BFS - 35.2% 750 770 1.2 45
SCC-700PCgs/30BFS - 34.4% 700 700 1.6 5.2

4.4.2 Structural build-up of cement paste and mortar

Figure 4.7 shows the T measurements for the cementitious pastes (CPs) at different
resting times. All of the CPs presented a similar nonlinear trend, defined by a stage of near-
linear increase of 73, followed by a stage of accelerated increase of 3. This trend has been
observed by previous researchers as well (Bentz et al. 2017; Lecompte and Perrot 2017;
Navarrete et al. 2020; Yuan et al. 2017, 2018). Navarrete et al. (Navarrete et al. 2020)
proposed a bi-linear relationship to approximate this trend. This method was used to

determine the Athix for the initial linear stage and for the following accelerated stage of t§
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(i.e., AL, and A% ., respectively). The resulting A, and AZ,,, for each CP are listed in

Table 4.6.

Table 4.6 shows that the replacement of OPCes by SCMs produces a significant
change in the Athix of both stages. Specifically, the replacement of OPCgs by CFA in the
Series | mixtures resulted in reductions of AL, and A% .. by up to 34 and 60%,
respectively. Similarly, the use of BFS in the Series Il mixtures produced reductions of
54% and 22% in Al ;, and A%, respectively. The negative (i.e., decreasing) effect of SCM
replacement on Athix can be explained by the smaller Npsp of CFA and BFS with respect

to the Npsp of OPCes (Mostafa and Yahia 2017; Navarrete et al. 2020).

Figure 4.8 shows the reduction in mini slump flow with time of the Series | and
Series Il mortar mixtures, where a linear trend can be seen for each mortar mixture. The

slope of this trend line was used to calculate R g4y, as an indirect measurement of A}, .
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Figure 4.7: Growth of static yield stress of cementitious pastes
with time. Discontinuous lines represent the best linear fits for the
initial near-linear stage of z§ and for the subsequent accelerated

Table 4.6: Structural build-up A},;, and A%, of cementitious

Mix code

Al .. (Pa/min)

AZ .. (Pa/min)

Series |

Series 11

CP-1000PCes/OCFA
CP-850PCks/15CFA
CP-700PCEes/30CFA
CP-850PCEes/15BFS
CP-700PCEgs/30BFS

4.56
4.07
3.01
3.51
2.11

17.04
12.84
6.75

16.87
13.37
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Figure 4.8: Reduction of mortar mini slump flow with time. Dash
lines represent linear fit of the results for each experimental run.

Table 4.7 summarizes the initial mini slump flow (i.e., S.flow,) and the Rg g

results of each mortar mixture. The FAI,,, parameter of each mixture, calculated using Eq.

(4-1) with these S. flow, and R g0 Values, are also listed in Table 4.7.
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Table 4.7: Slump flow, S. flow, change in slump flow with time of rest R g, and filing
ability index FAIn of mortar mixtures.

. . S. ﬂOWO Rs’ﬂow FAIm
Mix Design Code (mm) (mm/min) (mm?/min)
Series |  M-1000PCes/OCFA - 33.6% 390 3.16 1232.4
M-1000PCes/0CFA - 35.2% 430 2.83 1216.9
M-1000PCes /0CFA - 37.0% 460 3.00 1380.0
M-850PCEes/15CFA - 33.6% 420 2.50 1050.0
M-850PCEgs/15CFA - 35.2% 430 2.67 1148.1
M-850PCEes/15CFA - 37.0% 480 2.66 1276.8
M-700PCEgs /30CFA - 33.6% 410 0.50 205.0
M-700PCEgs/30CFA - 35.2% 430 1.16 498.8
M-700PCgs/30CFA - 37.0% 470 1.50 705.0
Series Il M-850PCgs/15BFS - 35.2% 400 2.17 868.0
M-700PCes/30BFS - 35.2% 440 2.00 880.0
M-700PCes/30BFS -34.4% 450 1.50 675.0

The mixtures with a larger CPovol presented a larger S.flow, and a larger Rg gow
in all of the cases, except for the mixtures with no SCMs (i.e., 1000PCgs/0CFA). In
addition, the use of CPs with smaller Athix (i.e., mixtures with SCMs) resulted in smaller
Rs flow- AS such, changing the CPowvor and Athix of CP, it was possible to obtain a wide
range of FAI,,, between 205.0 and 1380 mm?/min. In addition, the mortar mixtures with

larger CPyvol and/or produced with CPs with larger Athix had larger FAI,,.

4.4.3 Residual bond strength of SCC

Figure 4.9 and Figure 4.10 show the residual shear and flexural bond strengths,

RBpsh and RBE, respectively, of the Series | and Series Il layered SCC mixtures measured
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at delay times of 30 and 60 min. The results have been normalized with respect to the
measured shear strength and flexural strength of the monolithic control specimens, gy, (0)
and a5 (0), respectively, listed in Table 4.8. Reductions of up to 37% with increasing delay
time can be seen in RBpsh, While the RBr results had smaller reductions of up to 21%.
Therefore, the delay time had a greater effect on the inter-layer residual strength from the

direct shear test than the flexural test.

Through second order polynomial regression (SOPR) models, it was found that
84% and 70% of the observed variability in RBpsh and RBF, respectively, can be explained
with the mixture design (i.e., FAlm and CPuvor) and casting process (i.e., Hrr and DT)
parameters. Figure 4.11 shows the standardized coefficient of each parameter, which
indicates the number of standard deviations the dependent variables (i.e. RBpsh and RBF)
will change per standard deviation increase in the independent variables (Verdugo et al.
2005). These standardized coefficients are used below to evaluate the relative effects of the

independent variables on the dependent variables.
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Table 4.8: Shear strength o, (0) and flexural strength o (0) of the monolithic control
specimens in the SCC mixtures.

Mix Design Code

psn(0) (MPa)

ar(0) (MPa)

Series |

Series 11

SCC-1000PCes/0CFA - 33.6%
SCC-1000PCes/0CFA - 35.2%
SCC-1000PCes/0CFA - 37.0%
SCC-850PCEes/15CFA - 33.6%
SCC-850PCEes/15CFA - 35.2%
SCC-850PCes/15CFA - 37.0%
SCC-700PCEes/30CFA - 33.6%
SCC-700PCes/30CFA - 35.2%
SCC-700PCes/30CFA - 37.0%

SCC-850PCgs/15BFS - 35.2%
SCC-700PCes/30BFS - 35.2%
SCC-700PCgs/30BFS - 34.4%

14.2
14.8
12.4
10.2
125
12.6
11.7
10.4

9.7

14.3
10.5
10.9

4.6
4.7
5.1
4.9
4.7
4.6
4.5
4.5
4.4

4.4
4.5
4.1
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Figure 4.9: Residual

shear bond strength, RBpsnh, of Series | and

Series 11 SCC mixtures. Dash lines represent the best linear fit for

each experimental run.
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Figure 4.10: RBrof Series | and Series 11 SCC mixtures. Dash
lines represent the best linear fit for each experimental run.

Looking at the results for FAI, the standardized coefficients indicate negative

effects on the residual shear and flexural bond strengths, which means that SCCs produced

with mortars with larger Af,; are prone to larger bond strength reductions. This is

expected, because mixtures with larger FAIn present larger increase of tj with time, thus

resulting in higher reductions in the intermixing of successive layers with time. In addition,
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FAIn was found to be the most significant parameter for both residual bond strengths, with

a greater effect on the flexural strength, RBr than on the shear strength, RBpsh.
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Figure 4.11: Standardized coefficients for the effect of studied
factors on RBpsh (&) and RBF (b).

Among the parameters studied, CPyvor presented the lowest effects on the residual
shear and flexural bond strengths, with a less significant effect on RBr than on RBpsh.
Overall, an increase in CPyvol produced positive (i.e., increasing) effects on both residual
bond strengths. Note that increased CPyvol has two opposing trends on the residual bond
strength as follows: 1) a positive trend from increased intermixing of successive SCC layers
(due to a reduction in the initial 73); and 2) a negative trend from decreased aggregate
interlock and surface roughness of the first layer. As such, the overall positive standardized

coefficients for CPyyvo indicate that the former trend is more prominent than the latter trend.
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Increases in Hrr also resulted in increases in both residual bond strengths. This is
expected, because an increase in Her increases the interlock resulting from the penetration
of the top SCC layer into the lower layer (Megid and Khayat 2019). The effect of Hrr was

more significant on RBpsh than on RBF.

In comparison, increases in DT resulted in decreases in both residual bond
strengths, with similar effects in both cases. This was also expected, because an increase

in DT increases the 7§, thus reducing the intermixing of the successive SCC layers.

Overall, the tested mixture design and casting process parameters had greater
effects on RBpgy, than on RBg. Therefore, it is concluded that RBpgy, is a better measure to
control the mixture design and casting process for inter-layer bond strength, as investigated

further in the analysis of the RBpg;, results below.

The SOPR model for RBpg, Was developed using FAIm, CPuwvol, Hrr, and DT as the
independent parameters. The resulting model is presented in Eg. (4-3), with summary and

coefficients (i.e., ay..as) of the terms given in Table 4.9.

RBpsh = 0 + oy FAL, + o, CPyy0) + a3 (FAL, - DT) + a4 (FAIL, * CPyyo1) +

o5 (FALy, - Heg) (4-3)
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Table 4.9: SOPR model coefficients for RBpsh

Coefficient ~ Standard error T-statistic  P-value 95% C.I. (1)

Qo - 856 x 10  4.33 x 10¢ - 212 0.045 8.34 x 1073
a, +1.11x 101 3.90 x 10 + 2.85 0.009 8.00 x 10°
a, +5.18 x10° 1.17 x 10? + 4.40 0.000 2.44 x 10°
as - 2.64x10* 3.88x10° - 6.83 0.000 8.02 x 10°
ay - 356x10* 1.12x10* - 3.19 0.004 2.31x 101
Qs +4.35x10° 7.35x10° + 5.92 0.000 1.52 x 107

Figure 4.12 presents comparisons between the experimental measurements and the
results predicted with the SOPR model. It can be seen that the deviations between the
experimental and predicted results for the Series Il runs are smaller than the confidence

interval of the SOPR model, thus validating this model.

According to Eqg. (4-3), the interaction between FAI,,, and DT has a negative effect
on RBpgy,, Which means that SCCs with larger FAI,,, are more greatly affected by DT. This
is expected, because mixtures with larger FAI,, develop greater increases of tj with DT,
which results in greater reductions in the intermixing of successive layers with DT. In
addition, Eq. (4-3) shows that the interaction between FAI,, and Her presents a positive
effect on RBpsn, which means that SCCs with larger FAI,,, are more affected by Her. This
can be explained because mixtures with lower FAI,, show lower increases of t and,
therefore, the Her required to produce adequate penetration of the top concrete layer into

the lower layer is smaller, reducing the effect of Hrr 0n RBpgy,.
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Considering the interactions between FAIm, and the casting process parameters (i.e.,
Hrr and DT), it can be concluded that mixtures with lower FAI, are less affected by the
casting process. Therefore, the use of SCC mixtures with lower Aswix can reduce effects of

common field issues, such as delivery delays, on the residual bond strength in multi-layer

casting.
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Figure 4.12: Relationship between experimental and analytical
RBpsh results. Gray discontinuous lines represent the 95%
confidence interval limits of the model. Black (thicker)
discontinuous line represents perfect correlation between the
experimental and analytical results.

Eq. (4-3) also shows that the interaction between FAIn and CPywvol has a negative
effect on RBpgy,. This can be expected because SCC mixtures with larger CPosyol have larger

mortar volume fractions, thus increasing the negative effect of FAln on RBpgy,.
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The validated SOPR model given by Eq. (4-3) was used to map the combined
effects of the mixture design parameters on RBpgy,, for two combinations of DT and Her.
These response surfaces allow for a better understanding of the interactions of the mixture
design parameters. Figure 13.a presents the results for a scenario were the casting process
parameters reduce RBpgy, which means a long DT (i.e., 60 min) and low Hegr (i.e., 200
mm). In contrast, Figure 13.b presents a scenario were the casting process parameters

increase RBpgy, which means a short DT (i.e., 30 min) and large Her (i.e., 400 mm).

The results suggest that for the case with the more critical construction conditions
(i.e., long DT and low Her in Figure 13.a) for RBpsh, the combined effect of the mixture
design parameters is more significant, since the relative distances between the iso-response
curves in Figure 13.a are smaller than those in Figure 13.b. In addition, in the more critical
scenario of Figure 13.a, FAIn has a larger effect than CPovo for all the combinations
studied, since the slope of all the iso-response curves are over 45 degrees to the horizontal
axis. In the less critical scenario of Figure 13.b, the effect of CPuyvol relative to the effect of
FAIm is more significant for lower values of FAIm, and less significant for higher values of

FAIm.
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Figure 4.13: Effect of mixture design parameters on RBpsh, as
estimated with the SOPR model, for two different DT and Hrr
combinations.

RBpsh values estimated with the SOPR model for different combinations of casting
process parameters are analyzed next. Specifically, Figure 14.a shows the results for a
mixture design that produces a more negative effect on RBpsh (i.€., low CPoyvo and high

FAIm), while Figure 14.b shows the results for a mixture design with a more positive effect

on RBpsh (i.e., high CPyvo and low FAIn).

The results suggest that in the case of mixture designs with a more negative effect
on RBpsh, the combined effect of the casting process parameters is more significant, since
the relative distances between the iso-response curves in Figure 14.a are smaller than those

in Figure 14.b. In addition, Hrr has a larger effect than DT for all of the combinations
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studied and both mixture designs evaluated, since the slopes of all of the iso-response

curves are below 45 degrees to the horizontal axis.
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Figure 4.14: Effect of casting process on RBDSh, as estimated
with the SORP model, for two different FAlm and CPoyol

combinations.

4.4.4 Critical delay time analysis of SCC

Table 4.10 shows the critical time, DT for each mixture, defined as the maximum

time that allows 90% residual bond strength, calculated using the linear fit of the RBpsh

and RBk results in Figure 4.9 and Figure 4.10, respectively. In all of the mixtures, the DT.
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calculated using the RBpsh results were smaller than the DT. calculated using the RBr
results. Therefore, DT¢ is governed by the residual bond strength measured with the direct

shear test.

Table 4.10: DT, from direct shear strength (RBpsh) and flexural strength (RBF) results.

DT, (mln)
Mixture Design ID Her (mm)  RBpsh RBF
Series | SCC-700PCes/30CFA - 33.6% 200 20.0 29.41
SCC-1000PCes/0OCFA - 33.6% 200 30.3 71.43
SCC-700PCes/30CFA - 37.0% 200 16.7 55.56
SCC-1000PCgs/0CFA - 37.0% 200 37.0 45.45
SCC-700PCes/30CFA - 33.6% 400 30.3 34.09
SCC-1000PCes/OCFA - 33.6% 400 35.7 333.33
SCC-700PCes/30CFA - 37.0% 400 23.8 31.25
SCC-1000PCEes/0CFA - 37.0% 400 66.7 107.53
SCC-700PCes/30CFA - 35.2% 300 22.2 45.45
SCC-1000PCgs/0OCFA - 35.2% 300 58.8 90.91
SCC-850PCes/15CFA - 33.6% 300 19.0 65.23
SCC-850PCes/15CFA - 37.0% 300 25.8 25.64
SCC-850PCes/15CFA - 35.2% 200 18.5 37.50
SCC-850PCes/15CFA - 35.2% 400 441 187.62
SCC-850PCes/15CFA - 35.2% 300 29.4 59.99
Series |1 SCC-850PCes/15BFS -35.2% 350 24.6 149.93
SCC-700PCes/30BFS -35.2% 250 34.1 149.93
SCC-700PCes/30BFS -34.4% 300 39.5 120.05

A SOPR model was developed to analyze the effect of the free fall height, Her,

cement paste volume, CPy,,,;, and filling ability index, FAln on DTc. The resulting model
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is presented in Eq. (4-4), with a summary and coefficients (i.e., B,, .., B4) of all the terms

given in Table 4.11.

DT, = BO + BlFAIm + BZCP%VOI + B3(FAIm ’ CP%vol) + B4(Cp%vol ' HFF) (4'4)

Table 4.11: SOPR model coefficients for DT.

Coefficient  Standard error T-statistic  P-value 95% C.1. (1)
Bo - 512x10%> 1.18 x 102 - 4.33 0.001 - 2.50 x 10°
p1 +4.03x101 1.11x10? +3.63 0.005 +6.51x10%
B> +1.58x10° 3.45x 102 +4.58 0.001 +2.35x 10°
B3 - 1.24x10° 3.23x 107 - 3.85 0.003 - 523x10%
B +2.26x 10" 6.00 x 10 +3.73 0.004 +3.60 x 10

Comparisons between the experimental measurements and the results estimated

using the SOPR model are shown in Figure 4.15. This model explains 85.3% of the

observed variability in the Series | results. In addition, the deviations between the

experimental and predicted results for the Series Il runs are within the confidence interval

of the SOPR model, thus validating this model.

The standardized coefficients in Figure 4.16 indicate that out of the three model

parameters, FAIn had the largest effect on DTc, followed by CPowo and Her, which

presented similar effects. Therefore, the DT. of a SCC mixture is more affected by the

mixture design parameters than the He.
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Figure 4.16 also shows that increases in FAIm result in decreases in DTc. This is

expected because a larger FAlm produces a larger rate of decrease for RBpsh with time, due

to a faster increase in the t; of the mortar. In contrast, increases in CPoyvo and Hrr lead to

increased DTc. This can be explained since an increase in CPyvol reduces the t§ of the

mortar at different ages, which reduces the rate of decrease for RBpsnh with time, thus

increasing DT.. In addition, a higher Hrr increases the intermixing of successive layers,

which reduces the rate of decrease for RBpsn with time, increasing DTe.
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Figure 4.16: Standardized coefficients for FAlm, cement paste
volume, and free fall height of the SOPR model of DT..

EQ. (4-4) shows that the interaction between FAIm, and CPy,,,; has a negative effect
on DT¢, which means that SCC mixtures with larger CPy,,; are more significantly affected
by FAIm. This is because mixtures with larger CPy, have larger mortar volumes and,
therefore, the rheological behavior of the mortar (i.e., FAlm) is more significant in the rate

of decrease for RBpsh.

In addition, the interaction between Her and CPy,,,, has a positive effect on DTe.
As Hrr increases, the intermixing of successive layers also increases and as CPyyo)
increases the t§ of the bottom layer decreases. Therefore, combinations of high Hrr and

high CPevo result in higher RBpsh through better intermixing of the successive layers.
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4.5 Conclusions

This research investigated the effects of the cementitious paste volume, CPovol,
structural build-up of mortar, A}, and their interactions with casting process parameters
(i.e., free fall height, Her, and delay time, DT) on the residual shear and flexural bond
strengths of multi-layer SCC. In addition, the effect of cementitious paste volume,
structural build-up of mortar, and their interaction with the free fall height on the critical
delay time is analyzed. The measured results from a face centered central composite
experimental design, composed of 15 mixtures, were used to conduct analysis of variance
and develop second order polynomial regression (SOPR) models, which were validated
with three additional experimental runs. Important conclusions from this study are listed
below:

1. The residual shear and flexural bond strengths of multi-layer SCC (RBpsh and RBF,
respectively) are affected mostly by the structural build-up of mortar. In contrast,
the cementitious paste volume is the parameter with the lowest effect on RBpsh and
RBE.

2. An SOPR model to predict RBpsh provided good correlations with the experimental
results of self-consolidating concrete (SCC) mixtures with different structural
build-up of mortar, cementitious paste volume, free fall height, and delay time.

3. Multi-layer casting of SCC results in a greater reduction in RBpsh than RBE,

negatively affecting the structural performance of SCC structural elements.
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. SCC mixtures with greater cementitious paste volume show lower reductions in
RBpbsh and RBr making them more resilient to the casting conditions.

. SCC mixtures with lower structural build-up of mortar can mitigate the effects of
common field issues on RBpsh and RBr, such as on-site concrete delivery delays.

. The critical delay time, defined as the maximum time that allows 90% residual bond
strength in multi-layer casting of SCC, is governed more by RBpsh than by RBF.

. An SOPR model to predict DT provided good correlations with the experimental
results of SCC mixtures with different structural build-up of mortar, cementitious
paste volume, and free fall height.

. The critical delay time is affected mostly by the structural build-up of mortar,
followed by the cementitious paste volume and the free fall height, which have

similar effects.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

This chapter repeats (for the convenience of the reader) the conclusions listed at the

ends of Chapters 2-4 regarding each specific objective and discusses future directions.

5.1 Conclusions

1. Asecond order polynomial regression (SOPR) model to predict the structural build
up of cementitious paste as a function of supplementary cementitious material
(SCM) properties and primary mixture parameters was developed and validated.
The model shows good accuracy to predict the structural build up of mixtures
prepared with various SCMs, SCM replacement amounts, water to cement ratios,
and cement with different reactivities.

2. The effect of particle size of SCM on the structural build up of cementitious paste
is governed by the particle density which determines the number of contact points

instead of the specific surface area.
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. The effect of physicochemical properties of SCM on the structural build up of
cementitious paste is governed by the surface potential instead of the chemical
reactivity at early age.

. The structural build up of cementitious paste is affected mostly by the water to
cementitious ratio. In contrast, the replacement level of SCM is the least significant
parameter affecting structural build up. Among the SCM properties, the particle
density has a greater effect than the surface potential. In addition, reactivity of
cement has a similar effect as the particle density of SCM.

. The structural build up of mixtures with more reactive cement is less affected by
the SCM properties. In addition, the structural build up of mixtures with a higher
water to cement ratio is less affected by the particle density of SCM and by the
level of replacement of SCM.

Changes in the particle number density of SCM and water to cement ratio result in
slight variations in the nucleation and growth rates of the cement particles. This
means that the effects of these parameters on the structural build up of cementitious
paste are produced by a reduction in the distance between the particles rather than
improved cement hydration.

. The effect of the particle size on the viscosity of cementitious paste is better
explained by the particle number density than by the specific surface area.

. The SOPR models were able to predict the viscosity of cementitious pastes at

different shear rate ranges. The parameters that governed these models are the solid
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volume fraction, the interparticle force, and particle number density of the
cementitious particles. The models showed good accuracy to estimate the viscosity
of mixtures produced with different SCMs, SCM-cement proportions, solid volume
fractions, and different cement types.

The viscosity of the cementitious paste is more affected by the solid volume
fraction, which is determined by the water-to-cementitious materials ratio, than by
the properties of the cementitious particles.

The interparticle force is a good predictor of the bonding strength of cementitious
particles, and the combined effect of particle number density and solid volume
fraction is a good estimator of the amount of contact points of this network, which
explains most of the observed variability in the viscosity of cementitious paste.
The viscosity of cementitious paste is more affected by the number of contact points
between the cementitious particles than the interparticle force between them.

The interparticle force is governed by the surface roughness of the cementitious
materials and the water-to-cementitious materials ratio, which affects the zeta
potential of the cementitious paste.

The residual shear and flexural bond strengths of multi-layer SCC (RBpsh and RBF,
respectively) are affected mostly by the structural build-up of mortar. In contrast,
the cementitious paste volume is the parameter with the lowest effect on RBpsh and

RBF.
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14. An SOPR model to predict RBpsh provided good correlations with the experimental
results of self-consolidating concrete (SCC) mixtures with different structural
build-up of mortar, cementitious paste volume, free fall height, and delay time.

15. Multi-layer casting of SCC results in a greater reduction in RBpsn than RBEF,
negatively affecting the structural performance of SCC structural elements.

16. SCC mixtures with greater cementitious paste volume show lower reductions in
RBpbsh and RBr making them more resilient to the casting conditions.

17. SCC mixtures with lower structural build-up of mortar can mitigate the effects of
common field issues on RBpsh and RBFr, such as on-site concrete delivery delays.

18. The critical delay time, defined as the maximum time that allows 90% residual bond
strength in multi-layer casting of SCC, is governed more by RBpsh than by RBF.

19. An SOPR model to predict DT provided good correlations with the experimental
results of SCC mixtures with different structural build-up of mortar, cementitious
paste volume, and free fall height.

20. The critical delay time is affected mostly by the structural build-up of mortar,
followed by the cementitious paste volume and the free fall height, which have

similar effects.

5.2 Future Directions

The main focus of this research is on the use of SCMs to improve the rheology of

cementitious paste, and one specific application of the results to multi-layer SCC. Future
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work related to this research includes: 1) interactions of chemical admixtures (e.g., water
reducers) with SCMs and primary mixture design parameters influencing the rheology of
cementitious paste; 2) layer-to-layer residual bond strength in larger-scale and reinforced
SCC structures; 3) improvement of the structural-build up of 3D concrete printing through
the use of SCMs; 4) residual layer-to-layer bond strength of 3D concrete printing
structures; and 5) segregation control of stratified concrete mixtures through the use of

SCM:s.
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