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Abstract

The construction industry is closely tied to economic development economies, and increasing
demand also presents a significant contribution to environmental degradation. The construction
industry’s impact to climate change is led by the 8% contribution from the production of concrete
mixtures, more specifically, the production of cement. The combination of using advanced mix-
design techniques (e.g., particle packing models -PPM) and more sustainable ingredients poses as
a promising aternative to overcome concrete environmental impact. However, there is a lack of
studies regarding the fresh state difficulties arising from the aforementioned combination.
Therefore, this work appraises the use of mobility parameters to overcome the fresh state issue
rai sed when mix-designing mortar mixturesthrough PPM and with high volume of limestonefiller.
Twelve mixtures were developed with distinct cement content ranging from 150 kg/m® to 320
kg/m3. To produce sustainable mortar, besides using PPM, cement content was replaced by
limestone filler. Time dependent fresh state analysis was performed using mortar slump flow and
arheological profile. In the hardened states, the compressive strength, porosity, surface electrical
resistivity tests were performed. The main findings of the project observed a strong correlation
between mobility parameters and five distinct rheological parameters: flow behaviour parameter,
high shear rate viscosity and shear stress, low shear rate viscosity and shear stress. Additionally,
in the hardened state, a dilution parameter 1PScement Was used to appraise the dilution and filler
effect of the mortar mixtures. The works highlighted a promising method to produce eco-efficient

mortars.
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Chapter 1. I ntroduction

1.1. Background

Environmentally motivated initiatives have beemgag momentum in the developing world, with
the rate of temperature increase being tied toni@ese gas emissions. Many of these initiatives
limit the quantity of carbon dioxide (GPproduced by distinct industries to mitigate thgact

to our environment. One of the primary contributdosthe global C@ production is the
construction industry. Concrete, the most commardgd building material in the construction
industry, contributes upwards of 8.5% of the ouemrithropogenic C® [1-3]. This CQ
contribution is continuing to rise, with an 80%rease in demand from current levels towards
2050 [3,4]. This demand increase is tied to burgepaconomies and aging infrastructure projects
dominating the global landscape [2,5-9]. Concretelpction ranges between 250-312 kg-.CO
eq/m?, with 88.5% (Table 1.1) of overall greenhouse gasssions directly from the cement
production [3,10-13].

Table 1.1: GHG contribution by major componentsancrete.

GHG EMISSIONS
(% OF CONCRETE

ORDINARY PORTLAND CEMENT | 88.t
MINERAL ADMIXTURES (E.G.,SCMY) 0.7
AGGREGATES 10.1

CHEMICAL ADMIXTURE 0.€
BATCHING ACTIVITY 0.1

The production of cement is inherently not a suastiale material. It is produced when lime (CaO)
is liberated from a calcium carbonate (CafCtirough calcination at elevated temperatures (6140
degrees) releasing almost a half tonne ot G€r tonne of cement produced. The two essential

processes (calcination, fuel consumption) contabud 90% of overall CQelease from cement



production (i.e., calcination and fuel consumptmroduces 50% and 40% of gQ@espectively)
[2,14-16]. Therefore, cement reduction is a keydiato increase sustainability of concrete.
Additionally, zero emissions policies propose auin of 24% from cement related g@he
increasing cement demand of 23% will pose a projg&)17].

At the cement production level, two main types @.Ceductions are commonly proposed: 1)
renewable fuel sources; 2) carbon capture andg#¢2a18,19]. The use of alternative fuel sources
does not solve the stoichiometric release of cathoxide from calcination of calcium carbonate
materials [2,3,20]. Additionally, Kajaste [11] sweggs that the carbon capture is still an altereativ
too costly for widespread immediate implementatidfile these methods offer potential long
term solutions, various authors suggest that. G&ductions performed by cementitious
replacement with supplementary cementitious mdserfCMs) are more realistic in the
immediate future [3,11,21-23]. Arecent reporGray [24] noted that increasing environmental
policy restrictions are changing the quality ofmeoonly available SCM’s for use in concrete,
changing the applicability of these materials asnemtitious replacements. Furthermore,
production of SCMs, is not expected to meet tlreeiasing cement demand as a replacement
material [25—-27]. Use of an inert limestone fil{aon-calcinated CaC4pis recognized as a novel
and promising method of increasing cementitiousieficy due its production capacity, as well
as its enhancement to a concrete mixture’s miarostre [23,28,29]. Previous works noted
mechanical enhancements, reduced environmentatingral improved workability through inert
limestone use. More efficient cement use in coedmebrtar mixtures can still be further broken
down into two main focuses: 1) ultra high strengghcrete mixtures [30,31] and 2) use of distinct
mix-design methodologies [13,30,32—-35]. While imsed design strength may offer a solution,

the benefit from the reduced overall concrete vaumnot reflected in conventional concrete



supply [30,36]. Alternatively, novel mix design rhetologies are promising but result in
complications to fresh state in conventional cotemixtures (mechanical capacity of 20-40
MPa). Methods evaluating the embodied energy-j@0Oted a significant decrease in efficiency
of these conventional concrete mix designs, aneffieetive use of inert limestone fillers can aid
in solving the fresh state problems, while possgsadequate readily available supply. This has
led to a distinct gap in knowledge in the convamtioconcrete mixture supply, most notably in
the fresh state. Additionally, a common theme arsbtigese various methods is the inability to

design when considering the wide spectrum of ared@aenixture’s potential application.

1.2. Resear ch Objectives

The main objective of this research project is tal@ate the use of mobility parameters (i.e.,
interparticle separation distance and maximum ghstkness) to appraise the fresh and hardened
properties of mortar mixtures, particularly fresats properties.

In this research program, twelve mortar fractioha@ncrete were designed with decreasing
cement contents and constant values for the chgngiobility parameters. To produce eco-
efficient mortar mixtures the cement content waisioed from 324 to 150 kgt is worth noting
that this work is focused on (currently in-efficigrmonventional strength concrete mixtures (20-
40 MPa) placed by pumping or placement (slump ~10Pniime rheology (e.g., time dependent
rheological profile, mortar slump flow, etc.) ancechanical (compressive strength, ultrasonic
pulse velocity, porosity, and surface electricalstvity) are used to assess the hardened stdte an
microstructural characteristics. The various téghes are performed and considerations for

future research are proposed.



1.3. Thesis Organization

This thesis is divided into four chapters. Chafiteonsists of an overview of the concrete industry
and its impact on the environment, as well as tiygortance of reducing cement to produce eco-
efficient cement-based materials. Moreover, Chaptshows the research objectives and thesis
organization. Chapter 2 presents a detailed liteeateview of the following topics: concrete mix-
design, particle packing models, mobility parangtand rheology. This chapter also provide a
summary of various techniques currently used in fiell to estimate and describe both
pumpability and rheology.

Chapter 3 consists of a journal paper, which fosusethe appraisal of mobility parameters on
the rheological behaviour of low cement contenttarst

Chapter 4 summarizes the conclusions of the wodkpaavides for suggestions, limitations, and

future work yet to be completed.
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Chapter 2. Introduction

2.1. Concrete mix-design

As mentioned in Section 1, overall use of concasta building material continues to dwarf other
construction building materials due to its interggtmechanical, economical and production
characteristics. Concrete is a phasic material czegh of; water, powders, aggregates (fine and
coarse) and is arranged in a variety of methodsdbas input design parameters. The mixture
proportioning and the ratios between the aggregatesubject to rigorous empirical tests and
methodologies to achieve the desired design paeamdtigure 2.1 [1] shows the intermediate
design process based on certain desired inputsttendutcome of mix design parameters.
Normally, the inputs values are: strength (i.e.,dyJRBlump (mm); and durability (i.e., minimum
w/c) whereas the output values are quantities df @ayredient (i.e. cement, water, fine aggregate,
coarse aggregate in kghmThe empirical mix-design methodology most usethe American
Concrete Institute (ACI) method, in which tablegeveeveloped based on amelioration techniques
and field testing to facilitate the mix-design ainwentional concrete [2—4]. However, many
researchers suggest that mix-design and propangidaimore of an art form which is very unique

from one production plant to another [4—6].



INPUT OUTPUT

' Mix design Materials Production
requirements characteristics technology
Physical dimensions Maximum_ Maximum nominal | Controliing relationships |
of concrete element aggregate size aggregate size

| Construction methods

— General trends: from published sources. .
- Slump (approximate +
Workability indicator of workability) ZE
Alvoritfai it Percent air void T 'an| i
Ir e ainme parameters A +1

LA 1A

i

| Service environment Durability C‘i’;';f’w/gﬁa ai
with specifics from u*d experience!

| Structural design Structural and fé. fr: fsps Ec Mixture proportions

mechanical properties AT -

Water kg/m3 (lb/yd3)
Cement kg/m3 (Iblyd3)
Fly ash kg/m3 (Ib/yd3)
Coarse aggregate kg/m3 (Ib/yd3)
Intermediate aggregate kg/m3 (ib/yd3)
Fine aggregate kg/m3 (Ib/yd3)
Air content %
Air-entraining admixture ml (fl oz)
Water-reducing admixture ml (fl oz)

Figure 2.1: ACI mix design input vs output.

The ACI method begins by assessing the exposurélitamms, and selecting the strength
requirement [1]. The mixture proportions are theespribed based on; 1) desired workability
(i.e., slump); 2) fineness of sand; rodded volurheoarse. Use of mix optimization procedures
commonly used to relate the mix proportions andyesggsmall tweaks to mix design [7,8]. The
use of the ACI method considers the physical packimd resistance to bleeding and segregation
in their works, by analyzing the solid volume of toarse aggregate as the primary step in defining
the water/paste volume. Finally, the remaining sodde filled with sand (called the absolute
volume method). According to many authors ACI prése robust method that incorporates for
skeleton packing through the use of the absoluiienve methodology in the coarse fraction [2,9].
Some of the drawbacks of this method are: 1) ldckddressing shape of aggregates; 2) lack of
accountability for packing in the fines portion; r@liance on minimum w/c achieve durability
(furthermore not accounting for packing in fineg)definition of slump for fresh state description.
The shape of aggregates is accounted using in istmat classifications, crushed or natural,
which define their production method rather thamirthimpact to packing density (and

consequently impact to workability. Kosmatka ndtest a 25kg/rhis used when a natural coarse
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aggregate is used, irrespective of its actual dmurtion to lubricant requirement. From a
sustainability aspect, the indifference to packmthe fines (PSD <100m, cement replacement
and reduction), is a large drawback, and the virimpacts can drastically change the fresh state
behaviour [2]. Jiao [10] noted highly variable fiestate impacts in published works when fines
packing was unaccounted for. John proposed udiagsfas a part of binder content to account for
the increased packing enhancement, but works hace slisproven this theorization [11,12].
Wasserman noted that the minimum cement contemidnadpact on the durability of the concrete
[13]. Furthermore, Hooton investigated the presomp requirements for minimum w/c in
addressing durability and noted its inefficiencg][lLastly, the use of slump to define workability
drastically underestimates the varying application$ie concrete manufacturing process. Banfill
noted that [15] slump was not correlative with pumgp ability, and proposed additional
rheological parameters, notable viscosity, whick baen gaining increasing popularity. ACI
304.2R notes slump provides a very limited capafdtyestimating pump pressures [16]. Most
designers use ACI as a first attempt and includéaictory specific modifications based on input
materials. The use of alternative mix design meshmay offer a solution to some of the issues
related with popular mix design methodologies. Ragknodel mix design has been growing in

recent years due to its focus on improved packirgpth the fines and coarse.

2.1.1. Particle packing models and their usein concr ete mix-design

Although several particle packing model technigaesavailable in the literature, all of them aims
to increase system’s packing densi#éygation 2-1); hence reducing its porosity. Particle packing

models can be classified as: discrete and contsuou

Py =— Equation 2-1
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Where: Pq is the packing densityy and Vs are the total volume and the volume of solids,
respectively.

Discrete models estimate the porosity through siolu of finer discrete sizes (i.e., gap-graded),
thus increasing the packing. Furnas pioneered id@ale approach to packing models using a
binary blend of materials with distinct sizes [19}:MWorks by Aim addressed the excess porosity
when larger particles on the smaller particlesufiothe proposed wall effect (Figure 2.2) [19].
When the finer particles were unable to fit inteads in coarser particles, the loosening effect
was additionally noted by Powers [17,18]. Workdayrard, noted that experimental porosity of
packing models required an additional compactiforefi.e., energy imparted to obtain maximum
packing) and this further deviates the applicatmnvorkability of discrete packing models [2].
While able to achieve very high packing densitdiscrete models present some drawbacks: 1)
discrete models do not represent reality; 2) gauled models are prone to segregation; 3) discrete
models require heavy computation efforts when asireg the number of discrete size classes.
Romano noted elevated packing densities when cangpeontinuous models to Furnas’s discrete
model [20]. Various authors have noted that gapleplasystems are prone to segregation, which
poses a serious risk for pumping applications [1&2]. Fennis postulated that increasing the
number of multi-modal sizes would significantly iease computation efforts for optimizing
packing density [23]. In spite of the problemsitfigcdiscrete models, their application is more
common in literature, [2,17,24-27] (Table 2.1), leeer, Fennis’s concluded that continuous

models were much more practical and simpler t@¥ol[23].
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Table 2.1: Various packing models, discrete andicoaus.

SNo Year Models Packing system Effect on packing
Binary Ternary Multi- Wall  Loosening Compaction
modal  effect effect effect
Discrete approach
1 1929 Furnas .
2 1967 Aim and Goff .
3 1969 Powers . .
4 1977 Toufar, Klose & Born . . .
5 1986 LPDM . . .
6 1994 SSM . .
7 1997 Modified Toufar . . .
g8 1999 CPM . . . .
9 2000 Modified LPDM . . . .
Continuous approach
1 1907 Fuller and Thomson .
2 1930 Andreassen .
3 1997 Modified Andreassen .
® - < - )/
| —r—Loosening effect
A ) -
. —
" 3
)

to

12
L
[ ]
[
[ )

-+

gAggregc,rz:lle wall effect

Wall effect

Container wall effect

Figure 2.2: Various system impacts in discrete parkiodels[2][2][38][38].

Contradictory to discrete models, continuous plartgacking models assume that there exists
infinitely many sizes to achieve the desired filieffect [28]. The origin of these types of models
was based on the work of Thompson and Fuller irl88¥ [28] and aptly named Fuller’s “ideal”
curve (Equation 2 2). Andreasen proposed the existence of a similaatydition, also known as
granulation image, which presents that regardlessdale analyzed, the same particle distribution

can be seen as shown in Figure 2.3 [28-31].
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Figure 2.3:Depiction of the similarity condition @ntinuous packing models.

Andreasen’s original equation, and his combinedifigs determined that the maximum packing
density occurs when the distribution modulisis between 1/3 and %2 [19,28]. The increase in
the distribution modulus increases the quantityetditive coarser materials. This has shown to
pose problems in fresh state behaviour, and fay@ate workability, a distribution modulus of 0.2
to 0.3 generally produced more workable and floeabixtures in works of refractory castables

(Figure 2.4) [32].

by
Where: CPFT is the cumulative percent finer thanjsithe particle size of"iparticle in the

CPFT = (Df) Equation 2 2

assemblage, Dis the largest particle size, ands the distribution modulus.
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Shaping technology

Dist. modulus

Slip casting and spray drying
Plastic forming

Refractory castables

0.19-0.21
0.20-0.26
0.2-03

0.22-0.26
0.26
0.28-0.30
0.32-0.42
0.3-0.7
0.33-0.5
0.37

>0.5
0.8-0.9

Dry pressing

Figure 2.4: Andreasan distribution modulus n asditggested applications.

Further works by Funk and Dinger noted that theesgsporosity was not reflected by only the
maximum particle size, and they proposed the MedifAndreasan ModelEguation 2 3,

Equation 2 3), which incorporates for the finest particle sizehe distribution.

(D7 — D Equation 2 3

CPFT = —f——
(D = D5)

Where: B3is the smallest particle size, and q is the digtidm modulus. Funk modelled the system
porosity of the continuous distribution using a uter simulation based on the Westmann and

Hugill model (Equation 2 4) [33].

Vo = a1xq Equation 2 4
Var = x1 + azx;
-1
Vi X + a;x;
j=1
n—1
V, = Xj + apXxy
j=1
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Where ais apparent volume of'size particle in mono-dispersion,ig the mass fraction of th@ i
particles, \4 is the apparent volume df Bize particles, n is the number of particle sizes| V4

is the maximum value of % A modification to the original algorithm [28] csiders infinitely
many particle sizes in continuous distribution éstisg of a system. Funk used an small class
sizes ratio (i.e.,1li<V2) and modelled the packing density of the contirsupacked particles.

They calculated the system porosity)(&s perEquation 2- 5t0 Equation 2- 7.

b1 1 \%%7 Equation 2- 5
o (CSR)
1 Equation 2- 6
a; = P_
f

Equation 2- 7

Where PRis the packing factor, CSR is the class size fagtwveen successive particle class sizes,
and R is the system porosity, which can be determineenddombiningEquation 2 4to Equation

2-7.

The results of Funk noted an absolute minimum dist@ibution modulus (q) equal to 0.37, but,
low values for system porosity (less than 5% faiide PSD ranges) are apparent between 0.2 and
0.4 [28]. An important consideration is that theqsity mentioned by packing models are noted
to be in the maximum packed condition, which igwiit any kind of lubricant and a completely

dry system in perfect conditions.
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Figure 2.5: Distribution modulus n (q in this pgpand corresponding porosity.

With respect to practical applications, packing elechave been successfully implemented to
reduce the carbon footprint as well as produce Ipigtiormance concretes [34—-38], refractory
castable [39,40]. While their use has shown to mm@renmentally friendly, there are some
drawbacks to their applications in concrete: 1)ral g values (i.e., 0.37) demonstrate poor fresh
state performance); 2) appraisal of the workabhig shown to be difficult. Romano noted that a
distribution modulus of 0.37 resulted in undesieatbesh state behaviour (i.e., increased mixing
energy) [20]. Similar results were obtained by ¥@if41]who observed a 0-slump concrete with
a distribution modulus of 0.37. Various works haalso noted that use of lower distribution
moduli improve the flowability of the mixtures [¥2]. In works by Yousuf [34] Works by Grazia
[43] proposed the use of additional parametersaftiressing the difficulty in appraising the
rheology of highly packed systems. Additionally,rremt works into various workability
parameters still focus on the slump of a mixturdjolv was shown not to be related to the

application of a concrete mixture.
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2.2. Rheological behaviour of concrete

Besides the mechanical properties and durabiligradteristics, the slump of a fresh concrete
mixture is a primary design parameter due its dpgkaf field applicability. As early as 1918 with

Abrams [6], the workability of the fresh concretextares was designed according to a slump
(consistency) of a material. This evaluation igrently still used in most mix-design

methodologies due to its simplicity and availapilibr rapid testing. Roussel [44] attempted to
correlate the slump to various concrete placiniyitiets and noted that the slump test was lacking
information to adequately describe the applicabitif the concrete mixtures (Table 2.2). The
approximate shear rate of the slump test is clws@rs:. Figure 2.6 [45] shows the various types

of behaviours possible in fluids, and the base titoise relationship is shown iBguation 2- 8

Table 2.2: Estimated shear rates for various coag@lacement activities.

Approximate
maximum shear
Flow pattern rate (s~ 1)
Mixing truck 10
Pumping 20—40
Casting 10

A Shear-thickening
Bingham

Shear-thinning
(pseudoplastic)

Shear stress, 7

Newtonian

. Viscosity
Yield stress

Shear rate, y

Figure 2.6: Various types of rheological behaviounst shear rate.
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When addressing the rheology of a any mixture #meeal constitutive relationship is governed
by Equation 2- 8 (Newtonian liquid);

T=f) Fquation 2- 8
Where;t is the shear stresgis the shear rate, af@ ) denotes the possibility for non-linear non-
Newtonian mixtures. Additionally, fluids with a yeestress (i.e., energy required to initiate flow)
are considered Bingham fluids (Equatio ffom Table 2.3). The curvature (i.e., non-lineaat
the mixtures) describes the behaviour with resp@dhe increasing shear rates. Mixtures that
require a decreasing and increasing shear strestiastion of increasing shear rates are labelled
shear thinning and shear thickening, respectiv&hear thickening is linked to increased particle
jamming, whereas shear thinning is related to peetel flow patterns in mixtures [46].
With the advent of various types and applicatimg., no-slump, pumped, self-consolidating,
roller-compacted, etc.), distinct models (e.gndbiam, Herschel-Bulkley, Modified Bingham

model) describe the shear stress of a fluid ati@tyeof shear rateg/(, Table 2.3) [47-50].

Table 2.3: Various rheological models for estimatid shear stresses

Name Equation Equation Reference
Bingham T= 19+ kgy Equation 2-9
Modified Bingham | t= 74+ p,y + cp? Equation 2-10
Her schel Bulkley T= 19 + kygy" Equation 2-11

Where:t is the shear stressg, is the yield stressgkis the viscosity constant of Bingham anid
the shear-ratayp is the modified Bingham viscosity, c is the modifiBingham constant -k is
the viscosity constant of Herschel-Bulkley and rflesv behaviour factor, which is n<l1 for
suspensions presenting shear thinning behaviounahdor shear thickening ones [51].

The Bingham Model, Equation 2-was the commonly accepted model for describirgstiear
stress of concrete in relation to the shear r@epuritis [52] postulated that for us in SCC'’s, véhe

mineral and chemical additives are commonplacetréaitional Bingham model was insufficient
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at higher shear rates. Further works have empldyeiodified Bingham model, Equationl1®;
adequately describing the flow behaviour at indreashear rates [53,54]. Works by Larrard noted
negative yield stresses in Binghamian estimatiom$ postulated that the Herschel Bulkley
(Equation 211) model would better describe fresh concrete medupbserving <1% deviation
from the measured data [48]. Various works inclgdmghly packed systems have noted shear
thinning behaviours at shear rates between 0 a&1d56,56]. In densely packed PPM'’s the use of
mobility parameter has been suggested to appitaastili rheological picture by various authors

[43,57-59].

2.3. Mobility parameters

As mentioned in Section 2.1.1, the increasedipgakensity in particle packing model designed
concrete mixtures can lead to problems in the fetate [34,35,60]. In addition to being highly
packed systems between the Alfred distribution rhegluof 0.21 to 0.37, their resultant
rheological implications acts are not well undeost$28,32,34]. The idea of fluid thicknesses
governing the viscosity of a paste (with negligipleld stresses) has been proposed in various
fashions as early as 1988 by Shaugnessy and @&afkut most research on the topic is based
around physical testing of individual powders whealds a high experimental load per ingredient
addition [62,63]. This has been experimentallytegated by many researchers over the years and
various proposed methods of mobility parameteredbasn measured values are used in the
determination of Kwan’'s [64] water film thickness (WFT) approach as well as in the
determination of an iteration of theter-particle separation distance (IPS) model from Hao [65]
which showed an improved correlation with resphketgredictive values. The original derivation
of the IPS parameterEquation 2- 12) was used to increase transport efficiency andebet

understand the flowability of coal-water slurrielshagh concentrations [28]. The proposed
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parameter is based around the differentiation oftipes of water; pore fluid forming the packed

system, and fluid used as lubricant to allow foveroent between particles.

1 1 Equation 2- 12
Vi 1- Pof
Where; VSA is the volume solids are&/on?, Vs is the solids volume, andyHs the system

porosity as defined by the WH algorithndguation 2 4). Pileggi’'s work [66] use of IPS
demonstrated a correlation when the solids fraatiaa kept constant.

Furthermore, works by Romano et. al [20] showedpibssibility of use of a particle separation
distance similar to IPS for use in the aggregatiiri@rmed thenaximum paste thickness (MPT,
Equation 2- 13). The main difference between the IPS and MPTesanalyzed force regime of
the aggregate size, justified by works of Darby &adris’ particle size interactions[67,68]. By
size contribution, the force regime of the IPSasayned by surface forces, whereas the MPT is

governed predominantly by gravitational/frictioatces.

MPT =

2 ( 1 1 > Equation 2- 13

VSA, E_l_Pofc

Where; VSA is the coarse aggregate volume surface arécifm), Vscis the solids loading
considering the paste volume fraction as inteasfitiiid, and Brcis the WH Equation 2 4) system
porosity of the coarse aggregates.

The understanding between the relationship to hieelogy of the concrete mix is still evident.
The authors Innocentini [69] shows the two mobipgrameters in conjunction with one another

in Figure 2.7.
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Castable structure

Surface forces:
dominant regime

Gravitational
forces: dominant
regime

. Aggregate L ] Matrix

Figure 2.7: IPS and MPT from Innocentini.
Silva and Bonadia [70,71] noted that the increa®f®RT( 2.58 to 60.5, and 81.1 to 111uB,

Porosity

Distance

respectively) increased the flowability and atttémithis to the decrease in particle collisions.. .
The values for IPS (0.2 and 0.81), and MPT (0.B8)lyielded different rheological behaviours
as measured by the mixing energy applied [29,43prR&/ by Menezes [58] who a strong
relationship (R=0.94) between slump and the combined mobility matars (MPT and IPS).
Rebmann [72] proposed a predictive model using aR& MPT for mixing torque, and final
viscosity (RSE of 0.98 and 0.91, respectivelyThe use of mobility parameters in concrete mix
design to appraise eco-efficient mixtures, to tkeetlof this authors knowledge, has not been
comprehensively evaluated in increasingly eco-effitmix design of highly packed systems. The
inclusion of limestone fillers has shown promiseffectively replacement cement, and its impact

on the mobility parameters in the fresh and hardestate is to be evaluated.

2.4. Theuseof inert filler in cementitious mixtures

Currently, the use of inert fillers are limitedaoound a 8% overall replacement of binder phase
globally [11,73]. In North America, ASTM C33 limite 15% of limestone filler [74,75] The use

of limestone fillers in concrete presents an irgBng opportunity to reduce the environmental
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impact since their production is closely linkediwihe cement and aggregate production, and the
non-calcined limestone does not produce the saméda@as cement [76—79]. Inert filler addition
into cement based systems are usually accompanyedhtee primary effects: 1) the

nucleation/filler effect; 2) dilution effect; and the packing effect [80].

2.4.1. Filler/nucleation effects

One of the first investigations into the nucleateffect was in 1976 by Soroka observing the
reactivity of calcareous fillers from fine sandlumions [81]. In 2014, Berodier et al. [82] coined
the term “filler effect”, whereby the additional cleation sites promoted the formation of CSH
when fine (PSD < cement) limestone fillers wereomporated. The supplementation using
limestone fillers increased the rate of heat gdimraas compared to other inert fillers such as
quartz [82]. The filler effect was further invesitgd by Kumar on the hydration rate of C3S
confirmed that limestone fillers increased nucleatof CSH [83]. The inclusion of these
calcareous filler materials was further investigaby Bentz in 2015, and further observed that the
various phases impacted the nucleation of CSH gmamnthe surface of the limestone [84]. The
importance of the various impacts on the strength raicrostructure are to be balanced when
design concrete mixes, as various researches Hexensthat higher inclusions than current
standards may not be detrimental to concrete arse p@portunity for efficient cement use
[76,84,85].

While the filler effect was apparent at lower voksnof replacement, it was also noted that

elevated levels of inclusion, a further effect, e&nthe dilution effect was apparent.
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242 Dilution Effect

The impact of dilution on the strength of the caterrelates to the degree of hydration noted in
the cementitious materials. Cyr [86] observed akexhreduction in strength at replacement rates
of up to 75%. This was attributed to the increasgpiace between clinker hydration products, with
a 13% increase in hydration degree of clinker graising only 30% inert fillers [82,87]. This was
further explained by which described the free watsd as lubricant around the inert particles as
hydration water for the clinker [88]. This theorasvlinked to the microstructure by Bonavetti's
effective wi/c ratio, which did not account for thikker enhancement through porosity reduction

[89,90].

2.4.3. Packing Effect

Strength of materials is closely tied to the pdsosf materials [22,91], and the enhanced packing
through use of materials finer than cement enhéme@hysical skeleton and reduce the capillary
spaces available for hydrate formation. The ina@damcking density through fine inert materials

addition in the range of 10-15% has shown to ecd#ime mechanical performance of the concrete
[85,92-95]. This effect is further optimized in PRNs the physical optimization provides less

space for hydrates, combined with the aforementi@iilarity condition promoting efficiency

of final product.

2.44. Limestonefillers and rheology

Jiao’s comprehensive review [10] surveyed the ddemestone fillers in concrete and showed
varying impacts on the rheology on specifically assibasis (Figure 2.8). Zhang noted a decrease

of viscosity and yield stress up to 10% mass reprant of limestone filler [96].
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Figure 2.8: Various rheological implications be@o$increasing limestone replacement.

Vance noted a variable increase depending on tiypimestone fillers (finer or coarser than the
respective cement). Adjoudj [97] noted decreasdsoth plastic viscosity and yield stress as a
result of 30% cement replacement with limestonlerfiat the same w/f ratio. The significant
differences between the various studies were ragdaking the PSD, SSA, and furthermore the
packing density of the mixtures, which is accourftgdn the combination of PPMs and mobility
parameters. The previously mentioned works meretjuded for the limestone fillers at various
rates, and a general conclusion was that the imtécfe spacing, as affected by the various
inclusions were the dominant factors in understagndhe resultant impact to the workability

[10,98].
2.5. Hardened state evaluation of packed concrete mixtures

While mobility parameters are predominantly relatethe fresh state, some works have examined
the hardened state as well. Works by Innocentii] [valuated the permeability, drying

temperature as a function of both mobility paramsefee., IPS, and MPT) and noted they were
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interrelated to the porosity/durability of the nratAlternatively, works by Romano et al [99] also
showed a marked relationship between the MPT aadpthrosity, notably at constant paste
volumes (constant IPS). Works of Shadkam [100gsgtigated the durability and noted that an
increase in MPT provided a reduced transport céipafor electrical ions and water. The work
also noted that the paste density was an impgotaimeter, and that the MPT alone was not able
to predict the transport properties. Furthermdre use of the predictiv®Sement (Equation 3-14)
dilution measurement [12] has also been showrdtanaiorrelating the compressive strength with
inert fillers as a consideration for the distate@tween cementitious grains [82] in a packed
system. This methodology accounts for the increpse#ting density from PF when compared to

the pure cementitious counterparts[86].

IPScement *

w__ 2 . ( 1. 1 > Equation 3-14
f VSAcement VS(cement) 1- POf(cement)

Where: IP%mentiS the spacing between the cement grains deriveitady to the IPSwi/f is the
water to fines ratio considering the inert limegt@s part of the fines fractiolV,SAcements the
volume surface area of the cement powder ficmP, Vscemenis the volume of cement,
considering the filler and water as the systemibalnt, RtcementiS the WH porosity as calculated
in Equation 2 4[28]. The combined use of the dilution measurement towadcfor the decreased

cement content will be examined for sustainabilising an eco-efficiency measurement to

evaluate its ability to assess the environmentghichto resulting mixtures.
2.6. Eco Efficiency/BI factor

To evaluate the eco-efficiency, the most commoslgduto evaluate the cement efficiency is the
binder intensity () [101]. The brelates the embodied energy [102] for a unit vawhconcrete

is based on the final concrete mix design and argunitary characteristic (typically MPa). It has
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been well determined that the concrete in-efficydies in the realm of the conventional concretes
[11,101,103], where-by, at lower strengths, theefficy drops significantly (increased.bEven
strategic mix design methods [104] promote stremgtiove 50 MPa with low bi (~5 kg-hMpa

1, with conventional strengths and high comparabivier 40 MPa mixtures (bi >10 kg:frMpa

1. To define eco-efficiency on a moving scale, déer bounds of 20 and 40 MPa typically have
bi of 15 and 8 kg.mM.MPa?, respectively. Works [94,105] in this regime hden accompanied
by limited success, but typically employ high quiaes of admixtures (>2% by mass of cement),
which can offset the sustainability of a desirecdtome. Furthermore, works by [62] propose a 20
— 40% quantity of optimal cement replacement bytifibers can provide a 40% reduction to
embodied energy while maintaining desired charesties. Figure 2.9 shows the binder intensity

of various mixtures, with the red line the benchikrfar conventional concrete mixtures.
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Figure 2.9: Binder intensity for worldwide mixture.
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Chapter 3. Investigation the Impact of Mobility Parameters on the
Rheological and Hardened Behaviour of Low Cement
Content Concrete Mixtures

Derick Asirvatham?, Mayra T. de Grazia!, Leandro FM Sanche?

!Department of Civil Engineering, University of Ofta, Ottawa, Canada
Abstracts
Literature demonstrates an increasing demand far-eéiiency in concrete production
worldwide. Variable outcomes in fresh and hardesties have been demonstrated when
proportioning concrete mixtures using limestonkerfd (LF) content and particle packing models
(PPMs). To better understand highly packed systeme)ve concrete mortar fraction was
developed and the mobility parametergdef-particle separation distance - IPS) andmaximum
paste thickness - MPT) are employed. The mixtures were developi#ld eement content ranging
from 480 to 221 kg/fhand filler content up to 245 kgAriTime dependent rheological profile and
mortar slump flow, in addition to fresh pH, anddhatemperature are performed in the fresh state.
The compressive strength, ultrasonic pulse velppityosity, and surface electrical resistivity are
used to assess the hardened state and microsaludtaracteristics. Results suggest that the MPT
contributes to understanding rheological properfies., flow behaviour factor, torque, and
viscosity) of the mortar mixtures appraised, sutjggsts use in concrete mix design would be an
effective measure in supplementing PPM mix desifprs eco-efficient concrete mixtures.
Additionally, conventional mortar strength modets ribt account for a filler effect, and a novel
dilution measurement IRSentiiS employed to appraise the physical effect ohiwiglumes of inert
limestone replacements. Then, binder intensityxmnias applied to confirm the eco-efficiency of

the mixtures.
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3.1 Introduction

Pressure is mounting in the construction industryréduce its carbon footprint. Concrete
production corresponds to upwards of 8% anthropiegearbon dioxide emissions; hence,
improving concrete mixture efficiency is a focusaohumber of recent research programs [1,2].
Portland Cement (PC), which is one of the main petecmixture components, is the most
contributive to the embodied energy of a concrebeture, accounting for 90% of its carbon
footprint [3].

Amongst the possible solutions, two distinct pi@giwhich have shown effective are presented
hereafter: a) using high volumes of supplementayaentitious materials (SCMs) [4,5] and
limestone fillers (LF) [6—8] as a PC replacemefptimizing concrete mixtures through the use
of advanced mix-design techniques (e.g., Partialkking Models - PPM) [9,10]. While SCM use
has been largely studied and applied, the incrgagincrete demand outpaces the production of
SCMs [7,11]. Conversely, LF has shown to be onthefmost promising type of inert filler due
to its proximity to concrete plants and abundaraybieing a by-product of limestone aggregate
production [6,8]. Use of upwards of 15% has denratesti negligible impacts to concrete [12],
however, increasing conventional mass based repke approaches have shown variable
impacts in both the fresh and hardened states.ukéigt with fine LF noted a microstructural
enhancement due to the filler effect and the amldivf nucleation points [13]. However, at
increasing replacement levels, a mechanical ditutias also noted. The use of PPMs offers a
methodology for efficient limestone replacementotlyh the enhancement of the physical

orientation of the system. However, these aforeroeeatl packed systems generally present
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challenging fresh state performance and trial-amdr@&xperimentation is required for improving
fresh properties [14—-16]. Mobility parameters (elgterparticle Separation Distance — IPS [17]
and Maximum Paste Thickness [18] — MPT) have a gmocklation to the fresh state behaviour
(i.e., mixing energy and slump) of highly packed@®te mixtures containing high amount of LF
[19,20], however, the investigated ranges betwderementioned studies present barriers to
understanding the impact of each parameter. Fustinelies are required to present ideal ranges
for IPS and MPT for each application (i.e., yietdess and viscosity) of eco-efficient mixtures

developed using PPM and high LF.
3.2. Literature Review

A description of the important terminology is depéd in Table 1 to facilitate the flow of the text

employed in this research.

Table 1: Description of acronyms used in the bamlgd of this research.

Acronym Represents

fc Compressive strength

T Shear stress

n Viscosity

IPS Interparticle separation distance

IPScement Interparticle separation distance of
cement particle

MPT Maximum paste thickness

MPT LarrARD Maximum paste thickness as
defined by De Larral

PC Portland cement

Por Dry porosity of system

SCM Supplementary cementitious
material:

SSA Specific surface area

Vs Volume of solids suspended in
lubricant (water

Vsc Volume of solids suspended in
lubricant (past)

VSA Volume surface area

w/f Water-to-fines
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3.2.1. Eco-Efficient Concrete Mixtures and Use of Limestoa Fillers

Distinct methodologies can be applied to measueeethivironmental impact of cement-based
materials. Purnell et al. [21] investigated thatienship between mix-proportions, performance,
and its contribution to C&emissions and observed that the binder phase gsesséhe highest
contribution to the environmental impact. Damiri2R] proposed the use of binder efficienty) (

to quantify the embodied energy [23] of cement Hawaterials based on the amount of binder
required to achieve a single unit of performancemonly compressive strength in MPa). In this
context, the conventional concrete mixtures (egmpressive strength < 40 MPa) have elevated
binder intensities. Concrete mixtures with desigfre®0 and 40 MPa havebaof 15 and 8 kg.m
3.MPal, respectively. The reducdxlimproves a materials’ ecological benefits, andethod to
decrease binder content is to replace PC using\tfle worldwide use of LF represents only 8%
of overall PC consumption [24] previous studies 283 suggest that limestone filler replacement
ratios below 15% has negligible impacts to a caecn@xtures performance. Additionally, when
im-properly mix-proportioned, the addition of lintese filler impact was not well understood in
the fresh (e.g., slump and flowability [27,28]) ahdrdened states [13,29] (e.g., compressive
strength, filler effect, dilution effect, nucleatigites) of cement-based mixtures. To better et@lua
the limestone filler impact in the material freshdahardened state properties, several studies
[30,31] classify the limestone fillers into two egbries: performance and replacement fillers. The
former one is composed of fillers with particleesistribution (PSD) smaller than PC, in which
improves packing density [32], enhances nucleafi33], and changes water demand [34];
whereas replacement fillers have PSD similar to &1, increases cement dilution [35,36] with
negligible impact to the fresh state [34]. The gnogosage of replacement and performance filler

is also a factor for improving the sustainabilificoncrete mixtures. Using a 46, 20% (replacement
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and performance limestone filler, respectivelypdRe [37] produced eco-efficient cement-based
materials witha bi of 5.5 kg.m?.MPa’ (compressive strength of 28 MPa). After improvihg t
hardened state with optimal performance filler eobexperimentally, a mechanical dilution was
performed using replacement fillers to further re@lthe cement content, further highlighting the
need for efficient mix proportioning methods of R&placement. Additionally, the evaluation of
mechanical dilution at high replacements has preshobeen accounted for using the water-to-
fines (e.g., water to the mass of powders rati); [@]. Since the limestone filler are inert masgyi
when w/f is adopted as similar values of watergaient ratios (w/c), the material compressive
strength is negatively affected. However, thiststyg increases the amount of free water in the
system reducing the resistance to flow in the figake. This balance between fresh and hardened
state is a common issue amongst existing eco-cienam@xture models [16,38,39] and
enhancement of the system porosity through PPMgeam solution to balancing both the fresh

and hardened state properties.
3.2.2. Particle Packing Models

Previous studies show that eco-efficient concreteures can be developed using PPM while
calculating the optimum content of performance epdacement filler resulting in enhanced fresh
and hardened state characteristics [16,37]. PPMigided into two main categories: discrete and
continuous. Discrete models represent distinascéazes with a methodology for calculating the
packing density [40], whereas continuous modelsiciem an infinite number of class sizes with a
similarity condition in the entire range [17]. Atthgh both categories of PPM aim to optimize
system packing density (Equation 3-1), authors lsaggested that real aggregate blends are better

represented by continuous models [9,16,41].
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Equation 3-1

Where: Pq is the packing densityy and Vs are the total volume and the volume of solids,
respectively.
One of the newest continuous PPM methods, the meddA&ndreasen model (also known as

Alfred’s model),was developed by Funk and Dingéf] [ibh 1980 as shown in Equation 3-2..

D9 —D{ Equation 3-2
D/ — D¢
Where: Dis the particle size in question, CFRBTthe cumulative percent finer than D, &hd s

CPFT =

is the largest and smallest particle size in tretesy, respectively, andig a distribution factor.
Based on computational analysis, it was calculdtatiAlfred model highest packing occurs at a
distribution factor of 0.37 yielding a system ggrosity of 2.8% based on the Westmann and
Hugill model [42]; however, packed systems are exdible between a distribution factor of 0.21
and 0.37 [17]. The use of the Alfred model are prethantly focused around the dry packing and
a 30% reduction irb was noted in mixtures with no mechanical char&sties loss and an
enhanced microstructure [9,10] when using a g-factd®.37. Conversely, a g-factor of 0.22 is
recommended to improve concrete flowability sirtaesults in a higher fines content and lower
amount of coarse aggregates. Previous studiesA&tempt to define distribution factor ranges
for a desired system workability, however thisssally a range of distribution factors which offer
a trial and error approach.iiera [14] also developed eco-efficient concretedei@mploying a
0.34 distribution factor due to negligible diffeoms in packing density between the 0.37 to 0.34
distribution factor. Although this study is focused Alfred model, literature shows that eco-
efficient mixtures can be produced with varyinghiag models resulting inla of 11 kg.m>.MPa

L (nofillers - 25 MPa) [9], andla of 3.5 kg.nm*.MPa? (with fillers and admixtures - 43 MPa) [10].

It is important to note that both aforementionaddss noted potential difficulties in fresh state
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with the reduced theoretical system porosity; have@razia’s [10] Alfred model based on eco-
efficient mixtures required considerably less adome contents to achieve lowlaras compared

to other eco-efficient mix design methods [14,15,3he variance between the PPMs and their
potential application [45,46] suggests a need foadditional link between PPM and rheological

behaviour.

3.2.3. Mobility parameters and the fresh state properties of

cementitious materials

In concentrated suspensions, particle interactiares critical in determining the material’s
rheology (i.e., viscosity, yield stress). Genergthe rheological behaviour [14,16] of a suspension
is affected by a number of factors, including tbéds volume fraction [47,48], specific surface
area (SSA) [49], and PSD [50]. With the aforemamid criteria in mind, Funk [17] and Bonadia
[51] developed the mobility parameters to quantifie spacing distance. These mobility
parameters, especially in concentrated suspengiuag help assess the fresh state behaviour of
highly packed mixtures. The mobility parametersdiveded into two distinct force regimes.: The
IPS [17] addresses the surface and capillary fav€gsirticles smaller than 150n, (Equation 3-

3) and the MPT [18,51] defines the distance ofiglas larger than 150m where gravitational

forces are critical (Equation 3-3).

2 (1 1
IPS = —(=-— Equation 3-3
VSA(VS 1_Pof> quation

Where:VSA is the volume surface area of the fines fractitictvis measured with BET @),
Vs represents the solid volume fraction, &d represents the dry predicted porosity baseden th

Westmann ad Hugill Algorithm [42].

1 1 .
MPT = ( EE—— > Equation 3-4

VSA\Vse 1— Py,
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Where: theVSA: refers to the volume surface area of the coarsgidra(PSD > 150um)Ysc
which is the solid volume fraction considering thed the paste phase, and:Prepresents the
dry predicted porosity based on the Westmann adllFlgorithm [42].

The IPS is governed by surface and capillary fonegreas the coarser aggregate particles (MPT)
are governed by gravitational forces [18]. Previsuslies observed a good correlation between
the mobility parameters, slump [19,52,53], and ngxenergy [20,54]. Rebmann [20] used ranges
of IPS(0.11 and 0.1pm) and MPT (4 and 1@m) to relate mixing torque. Grazia used ranges of
IPS (0.36 to 0.81um) and MPT (0.26 and 1.58m) comparing the increasing of mobility
parameters to increased mixing energy. The impléatien of the mobility parameters has shown
to be effective in appraising limited aspects @abacrete mixture’s workability; however, to the
best of the authors knowledge mobility parametaenges that target application (i.e., yield stress

and viscosity) have not been well defined.

3.2.4. Mobility Parameters and the hardened state propergés of

cementitious materials

Hardened concrete can be considered a bi-phaserighatomposed of cement paste and
aggregates. When high amounts of filler are emplpgedilution measurement in both the paste
phase and aggregate is required to appraise thactmp the hardened state. The M&dd
(Maximum Paste Thickness as defined and calculatédirrard [55]) considers this approach and
assesses the spacing between two intermediannplédeg., aggregates). Innocentini [56] noted
that the IPS was able to appraise the permeatliy range of MPT (i.e., 55-11/n) investigated
offered little additional impedance. Using a ran§&S of 0.27 to 0.90m, Rengifo [35] observed

a correlation between particle separation distaméesementitious grains and hardened state,

addressing the cement-filler blends. (calculatibiP&ementcan be found in the Rengifo [35]) The
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need for further investigation into the particlstednce ranges and their hardened state properties

is defined by the limited works that employ a cami@nal range for their use.
3.3. Scope of the Work

As stated in Section 3.2, further studies are reguio appraise the range and ability of mobility
parameters to assess the rheology of eco-efficenmtentitious materials. In this context, this
research will use PPMs and high amounts of limestitier to produce eco-efficient cement-based
materials. A total of twelve concrete mixtures wdeeloped through Alfred model and four
distinct levels of cement content (i.e., 324, 281 and 150 kg/A). This study is divided into two
phases: 1) optimization of physical packing withantl with limestone fillers at constant w/c and
2) comparison between mixtures employing decreasamgent contents (i.e., 250, 200 and 150
kg/m®) at a constant workability (i.e., varying admixuior 200mm slump flow) and varying
mobility parameters: IPS (0.51, 0.46, 0.42 #0n) and MPT (0.37, 0.34, 0.32 Q). Itis
worth noting that main goal of this research ifurther understand the mobility parameters on the
fresh state performance of cement-based matettedsefore, to reduce the variables this study is
targeting the mortar fraction of the concrete migtupresented above. The fresh state was
appraised using a slump flow test and a rheologicafile (i.e., yield stress and viscosity).
Furthermore, the hardened state was evaluated ussgompressive strength, Archimedes
porosity, electrical resistivity, and pulse velgciEinally, a new equation was proposed to predict

the compressive strength of eco-efficient mortattures.
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3.4. Materials and Methods
3.4.1. Materials Characterization

Two inert carbonate-based fillers were used asoephent for a GU type cement. The PSD of the
two fillers (ASTM 1797 Type A) of varying finenessid cement (CSA A3000 Type GU) were
obtained using laser diffraction data from Hydrd@8. To assess the cement based mixtures’
fraction of particles < 4750 um, a natural fine @ggte with maximum diameter of 4.75 mm was
selected and classified as per ASTM C33 [57]. Taeige size distribution of the materials is
shown in Figure 3.1. The SSA of the cement, carteofibers and sand fraction were assessed
using the Brunauer-Emmett-Teller method (BET) ahgsgcally adsorbed N Table 3.2present
the PSD and physical characterization (i.e., spegravity, SSA, and VSA), respectively, of the
materials used. To improve the fresh state of megutwo distinct water reducing admixtures
were used: a) lignosulfonic acid salt based midyeawater reducer (MR), and b) plasticizing
polycarboxylate based superplasticizer (SP). Tinebtoation of the two admixtures were used to

improve homogeneity without an excessively doshmgrixtures [35,58,59].

35%

—— Cement
30% - Performance Filler
Replacement Filler

25% 1 Fine Aggregate

20% -
15% A
10% A

5% - = /\

0% — . =/ .
0.1 1.0 10.0 100.0 1000.0 10000.0
Particle Size(m)

Discrete Particle Size Distribution (%)

Figure 3.1: Particle size distribution of mortangmonents.
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Table 3.2: Material characterization data

Material Specific Gravity SSA VSA
(g/cm?) (m?g) (m?/cmd)
Cement 3.17 1.0C 3.17
Replacement filler 2.6¢€ 0.9C 2.3¢
Performance filler 2.€ 3.7C 9.€2
Fine aggregate 2.7¢4 0.92 252
3.4.2. Mix Design Procedure

Although a g-factor of 0.37 yields lowest theoratisystem porosity (2.8%), previous studies
found fresh state issues could be overcome by gimgiawo q factors [10,60]. In this context, a
total of twelve concrete mixtures were designeagigilfred model with 2 distinct distributions
factors (q=0.34 for PSD < 150n and q=0.31 for PSD > 150n). The resultant systems yield a
dry porosity of 3.0 £0.1% according to the Westraad Hugill model [42].

Additionally, the twelve concrete mixtures wereth@r divided into two phases. Phase 1 evaluated
the impact of optimal cement replacement consideréduk eco-efficient (i.e., 324 kg#meplaced
with limestone filler to 250 kg/Aof PC) with constant w/c (i.e., 0.60, 0.56, 0.5Me three w/c
represents a range of conventional concrete midiength (25, to 30 MPa). It is worth noting
that the optimum performance filler content of 13¢s determined using a method of least
squares to achieve the designed g-factor (0.34ecwhereas the replacement filler was used to
obtain the cement contents mentioned abdnehe second phase, the cement content was further
replaced by the replacement limestone filler toi@ah the desired eco-efficiency (i.e., 250, 200
and 150 kg/rif) with constant free water contents (148, 137 a8 Rg/n?). The free water
contents selected additionally represent the vgrgiobility parameters based on previous studies

[9,10,35]; IPS (0.51, 0.46, 0.42 +Qrh) and MPT (0.37, 0.34, 0.32 +Quh).
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As per conventional mix-design methodologies, thhecantent of the concrete mixtures was
maintained at 2% for all mixtures and admixtureteats were added based on the total mass of
fines (i.e., cement and fillers). As mentioned Ibefdo eliminate a single variable (i.e., coarse
particles > 4750um), the volumetric ratios of the material fractibeing investigated was
maintained. The final mixture designs for the moftactions are shown in Table 3.3. It is worth
noting that the mixtures were named using the Yalg convention: cement content relative (i.e.,
324, 250, 200, 150 kgffy) free water content (i.e., 148, 137 and 129 Rgkpresented by H, M,

L, respectively), and w/c. For example, the mixt82©-0.60H contains 320 kg/m3 of cement, a

w/c of 0.60 and a relatively high IPS and MPT.

Table 3.3: Mix design for the eco-efficient coneretixtures being evaluated.

Mix Name Cement Filler— P Filler— P Sand Water wic MR SP
kg/m?3 kg/m?3 kg/m?3 kg/m?3 kg/m?3 % %
o | 320-0.60H 463 - - 1,501 278 060 - -
§ 324 -0.56M 471 - - 1,529 264 0.56 0.08 0.08
o | 328-0.52L 481 - - 1,559 250 052 0.20 0.15
250 -0.60H 370 60 46 1,615 224 0.60 0.20 0.50
% 250 -0.56M 373 61 51 1,647 209 056 0.40 0.60
250 -0.52L 375 62 55 1,673 197 0.52 0.90 1.00
200 -0.74H 297 60 109 1,623 220  0.74 0.30 0.50
200 -0.69M 299 61 115 1,656 205 0.69 0.80 0.40
g? 200 -0.64L 300 62 119 1,681 193 0.64 1.00 1.00
3 150 -0.97H 222 60 172 1,639 214 0.97 0.30 0.50
™ | 150-0.89M 223 61 178 1,671 199 0.89 0.60 0.70
150 -0.84L 224 62 182 1,695 188 0.84 1.00 1.00

Note: Filler - P and Filler - R refer to performanand replacement limestone fillers,

respectively.
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3.4.3. Fabrication and testing methods

Twenty litres of mortar were fabricated for eachximie tested. Limestone was mixed with PC in
advance and added to the sand before adding veetiee mixture. First, the fresh state tests were
performed then, twelve 100 x 200 mm cylinders waleicated for each mixture to appraise the
hardened state behaviour [61]. After 24 hours bfi€ation, the cylinders were demoulded, and
specimens moist cured with relative humidity of 95%86 and temperature of 22°C + 2°C until

testing.
3.4.4. Fresh state assessment

All concrete ingredients were mixed in a pan miXdre fresh mixture temperature (+0.1°C) and
the pH were assessed at the end of a 10- minuiagnperiod for each mortar mixture using litmus
strips (0.5 pH). For this study, the fresh statgpprties of the samples are appraised using two
methods (i.e., slump flow and a rheology). The gutaw was measured using a mortar slump
cone (ASTM C1810 [62], 50 mm upper diameter, 100 bottom diameter and 150 mm height).
The added mixture volumes were rodded to removesvand promote homogeneity of samples.
The conical sample mould was slowly elevated witbhmstant speed over 5 seconds, and the final
diameter was measured with the aid of a circulaasueng template. Additionally, the rheological
appraisal (i.e., yield stress and viscosity) waggomed in a rotation speed controlled I1BB
planetary rheometer with two rotation radii (iiener rotation radius of 40 mm, outer rotation 68
mm radius) [63—65] and an H-impeller with a 132 whiammeter and 92 mm height. A mortar bowl
with 233 mm height and 262 mm diameter (Figure &@3% with the width of evaluated mortar
flow comparable to that of concrete [63]. It isrttonoting that although IBB output values (i.e.,

G — torque in N.m and H - viscosity in N.m.s) amg presented in fundamental units, previous
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studies [63,66,67] have noted that the they cdedlaearly to the fundamental units (e.g-
shear stress in Pa and- viscosity in Pa.s).

In addition to the yield stress, the rheologicalfie data was evaluated with a two-cycle process
to evaluate the material’s viscosity [68]. First,increase in shear-rate up to approximately 0.7 s
! followed by a decrease period at the same stepgEgure 3.2b). The resulting curves represent
the comparative change in shear stress with respatiear rate and the evaluation of viscosity is
performed. The evaluated mixtures were in a sinsibgudition during the second descending cycle

and the rheology (i.e., yield stress and viscosiig$ appraised of this ramp [69,70].
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~— 51mm clearance over blade
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Figure 3.2: a) revised Mortar IBB Rheometer dimensiand b) Rheometer 2-cycle testing shear ranfjlgoro
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After the initial consistency and rheology was assd, a time-dependent evaluation was
performed. The yield stress (slump flow) was agadiagain at 15, 30, 60, 90 and 120 minutes
and the Equation 3-5 was used to compare the slosspn a relative fashion. Additionally, the

rheology of the mixtures (i.e., yield stress anscusity from rheometer) were subjected to the

same tests after 15 and 30 minutes.

Slump Loss = M % Equation 3-5
(D, — b)

Where:D; is the initial mortar slump flowg:is the mortar slump flow measure at timandb is

the base diameter of the cone (100 mm).
3.4.5. Hardened State Evaluation

The surface electrical resistivity and the ultrasqgoulse velocity (UPV) were tested on three
cylinders at 28 days, whereas the compressivegtref these cylinders was gathered at 7, 14
and 28 days as per ASTM C39 [71]. The surfacerdat resistivity (ER) was measured using a
device based on the Wenner probe as per AASHTO-13982]. Four probes located in a straight
line (and equally spaced) apply a current fromaheer probes to the mortar sample surface and
the potential drop is measured by the interior psob

The UPV was measured as per ASTM C597 [73]. Theattoyu 3-6 relates the speed of the pulse

to through the hardened mortar sample to dynamutuhag of elasticity (E).

Equation 3-6

t\* A+ -2
=) -
L 1-w
Where:t is the time for a constant wavelength to travénsdength of the cylindet, is the length
of the cylinderp is the density of the concrete, an$ the dynamic Poisson’s ratio (0.2 mm/mm).
The apparent porosityAP) was obtained using Archimedes method [74] at &3sdAt each age,

a cylinder (100 mm diameter x 200 mm height) waisicto three sections. The sections were

dried at 60°C until a constant massjnThe samples were then submerged (in wateryataum
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chamber. After 24 hrs, the samples were removed ftee vacuum chamber and the immersed
mass () and the wet mass (fwere measured. Equation 3-7 was used to calcillatepparent

porosity of each mixture.

m,, —m; . :
AP (%) = (W—‘> * 100% Equation 3
w — Mg 7
3.5. Results
3.5.1. Slump, slump loss, pH and fresh density

Table 3.4 shows the results for the pH, temperaftesh density, and air content. As temperature
may affect most of the fresh state propertiesptiteh temperature was measured and was within
22.0 £ 2°C for all mixtures appraised, regardlelsthe cement content selected. Moreover, one
may notice that most mixtures (9 out of 12) preserat pH of 12.5. Only 328-0.52L displayed a
0.5 increase of pH and the two mixtures with loweeshent content and w/c (150-0.97H and 150-
0.84M) yielded a pH of 12. Mixtures with a 38% retlon of cement content, yielded similar
alkalinity. Regarding the fresh density, a sméfiledence was seen between the all the groups
which had on average achieved 2292 Kgamd standard deviation of 27 kg/m

Additionally, Table 3.4 presents the IPS and MPIEwated for the 12 cement-based mixtures
appraised. The ratio of materials in the fines (RSI>0um) remains constant, therefore the IPS
does not change when compared to the full ranganticles in the mixture. However, the relative
volume of the coarse patrticles (4750 um to 19000empved results in an varied paste thickness
(i.e., the measured Maximum Paste Thickness ewalueiction). The MPEhown in Table 3.4
corresponds to the evaluated mixtures in this st@dypreviously mentioned, the initial mortar
slump flow of all mixtures was maintained at 2003mm. Moreover, the higher the mobility
parameters (MPand IPS), the lower the quantity of admixtures nexglifor the target slump. For

example, 320-0.60H did not require any admixtureengas 324-0.56M and 328-0.52L required
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0.16% and 0.35%, respectively. Although G2 hasstéme w/c of G1, on average 1.0% more
admixture was required to achieve the target slulup to the lower mobility parameters.
However, Phase 2 mixtures (G2, G3, G4) requireithdas dosage mobility parameter grouping

(0.8%, 1.2% and 2% for the respectively H, M, Latthieve the target slump flow.

Table 3.4: Fresh state properties of the varioudurgs.

Fresh Batch Mortar
: . MR SP IPS MPT Slump
Mix Name pH Density Temp

3 o (%) (%) (um) (um) Flow

(kg/m®)  (°C) (mm)
320 -0.60H 12.t 2262 22.1 - - 0.92 0.54 20¢
324 -0.56M 12.t 226: 21.7 0.0¢ 0.0¢ 0.8t 0.4¢ 18t
328 -0.52L 13.C 226( 23.2 0.2C 0.1t 0.7¢ 0.4¢ 19t
250 -0.60H 12.5 229: 20.5 0.2C 0.5C 0.5¢ 0.4C 19t
250 -0.56M 12.5 2311 20.¢ 0.4C 0.6C 0.4¢ 0.3¢ 187
250 -0.52L 12.5 232( 21.2 0.9C 1.0C 0.4t 0.3¢ 197
200 -0.74H 12.5 228¢ 20.¢ 0.3C 0.5C 0.51 0.4C 19C
200 -0.69M 12.t 231¢ 20.7 0.8C 0.4C 0.4¢ 0.37 197
200 -0.64L 12.5 233( 22.t 1.0C 1.0C 0.4z 0.3t 19C
150 -0.97H 12.t 225¢ 23.7 0.3C 0.5C 0.4¢ 0.3¢ 192
150 -0.89M 12.C 228: 20.¢ 0.6C 0.7C 0.4¢ 0.3¢ 19¢
150 -0.84L 12.C 2317 21.7 1.0C 1.0C 0.4 0.34 18t

Figure 3.3a and b present the slump loss of Ph4&d lnd G2) and Phase 2 (G2, G3, and G4)
mixtures, respectively.

It is worth noting that G2 results were repeated-igure 3.3a and b to facilitate the visual
comparison between group with same w/c and w/feesvely. From Figure 3.3a, one can see
that G1 had lower slump loss than G2 after 15 neswidditionally, 320-0.60H and 324-0.56M
only achieved 100% slump loss after 120 minuteseredss 328-0.52L and all G2 mixtures
achieved 100% slump loss after 60 minutes. Wherpeoimg mixtures with lower cement content,
Figure 3.3b shows that all mixtures lost 100% cstesicy by 60 minutes. However, 250-0.56M
and 150-0.84L, had 100% slump loss by 15 minutesellver, mixtures with higher w/f presented
less slump flow loss over time. However, at ther@@ute, mixtures with middle w/f (250-0.56M,
200-0.69M, 150-0.89M) displayed the highest slutopioss (average 93%), while mixtures with

high and low MPs presented an average slump lo84%fand 84%, respectively. Alternatively,
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the decreasing cement contents (250, 200, 150%kglich not directly impact the consistency loss

at 30 minutes as the losses presented less thawv&@dbility amongst the cement contents.

a) b)
0% & —&— 320-0.60H 0% ¢ —e —250-0.60H
\ —— 324-0.56M \‘ —o— 250-0.56M
328-0.52L 250-0.52L
20% 1, —e — 250-0 60H o 20% 7 '_‘ — —200-0.74H
2 \ —e— 250-0.56M S _\ \ _—- ggg-g-gghﬂ
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Figure 3.3: Slump Loss in a) Phase 1 mixtures arithlase 2 mixtures.
3.5.2. Rheological Behaviour
The raw data from the second descending cycleprasented for Phase 1 and Phase 2 in Figure
3.4a and Figure 3.4b, respectively. Mixtures witHounestone fillers (cement content 320 kdfm
presented with a linear relationship between thatian rate and the torque. Non-linear shear rate
behaviour (e.g., decreasing shear stress at hétjlear rates) was apparent with the increasing eco-
efficiency (i.e., reduced cement content from 2650 kg/mi) as demonstrated in the Figure
3.4b. To facilitate the comparison of the mixtuFggure 3.4c, d, presents the torque values at low
and high shear rates for all mortar mixtures aesg@nted. As previously mentioned, the initial
slump flow was kept constant for all mixtures, whiesulted in a similar yield stress for all
mixtures ranging from 1.3 N.m to 2.4 N.m (Figuréc3.However, in Figure 3.4d, one may notice
that the mixtures presented different final torqueasured at higher shear rate regime (<87 s
Although same w/c was selected, mixtures with 3@4nk cement content had a lower variability

of final torque (ranging from 3.8 to 7.4 N.m) thaixtures with 250 kg/mhcement, which varied
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from 9.1to 17.5 N.m. In Phase 2 (mixtures with edree water content and varying admixtures),
the final torques increased as a function of tke fvater decrease (i.e., H, M, L). Expect, 150-
0.84M, which is developed with middle range fredexapresented similar torque (19.4 N.m) to
250-0.52L (low water) and 200-0.64L (low water). idover, mixtures with higher cement content
(250 kg/nd) yielded lower final torque than (200 kginand (150 kg/r}), except for mixture 250-

0.56M (15.2 N.m) compared to 200-0.69M (13.1 N.m).
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The initial torque and final torque measured abPahd 30 minutes is presented Figure 3.5. One
may note that mixtures with no limestone replacdnimaa a marginal increase (on average 0.3
N.m) in the initial torque when compared from B minutes test. Although mixtures with 250
kg/m® of cement were developed with same w/c, 250-.0.56M 250-0.60H had a significant
initial torque increase after 30 minutes (3.6 ar@N.m, respectively). In Phase 2, mixtures with
the highest cement content (250 kéymepresented the largest initial torque increase @5 and

30 minutes. Although a clear increase trend initiii@l torque is seen in Figure 3.5a, at higher
shear rates (0.7% Figure 3.5b shows a marginal change after 30 tefmuSimilar to trends
observed in the initial torque, mixtures withouplezed limestone (cement content of 320 Ky/m
presented a slight increase of 0.5 N.m at highrstages (0.7°$). Nevertheless, when comparing
the final torque after 30 minutes of mixtures wstime w/c, mixtures with 250 kgfmesulted in
more than twice the torque of those without anyebtone filler. In Phase 2, eco-efficient mixtures
(G2, G3, and G4) appears to not follow a cleardretiowever, analyzing mixtures with same
cement content, the lower the free water (i.eMHnd L) the lower the final torque, except 150-

0.89M at 30 minutes test.
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3.5.3. Compressive Strength

The compressive strength of the mortar mixturesaped is presented in Figure 3.6. In general,
all mixtures yielded 82% (SD 6%) and 91% (SD 3%fio&l compressive strength after 7, 14
days, respectively). After 28 days, mixtures camtag 22% less cement content, same w/c, and

~105 kg/ni of limestone filler (i.e., mixtures with 320 to@&g/n?), showed the promising ability
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of producing eco-efficient mixtures since it resdlbn average 12% higher compressive strength.
The physical enhancement is further exemplifiethieycomparison of 328-0.52L and 250-0.56m,
which resulted in similar 28-day compressive stter{g40 MPa) even though the w/c increased
from 0.52 to 0.56 and the cement content decrefaisgd328 to 250 kg/f Regarding mixtures
with cement content of 200 and 150 kg/mie 28-day compressive strength ranged from @7.9
37.0 MPa and from 13.4 to 24.1 MPa, as expectedstsignificantly lower than G1 and G2 results
due to the increased w/c (from 0.74 to 0.64 anthf@97 to 0.84, respectively). Moreover, the
eco-efficiency potential of Phase 2 mixtures wagl@w as 250-0.6H and 200-0.64L yielded

similar compressive strengths (~37 MPa) with a 1@4rebse of cement content and increase of

wi/c by 0.04.
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Figure 3.6: Compressive strength over time fomaltures.
3.5.4. Physical properties

Figure 3.7a presents the capillary porosity anthserER of evaluated mixtures. Since porosity is
direct proportional to the paste microstructuralgy, similar trends between the porosity and the

ER were observed, where the lower the porosityhtgkeer the mixture ER. For instance, in G1,
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328-0.52L yielded porosity and ER of 10.5% and KJd.cm, respectively, while 320-0.60H
achieved 9.2% and 7.8%cm, respectively. Proving the efficiency of the-dgendly mixtures,
250-0.52M and 250-0.60H achieved on average 18%ri@orosity and 14.5% higher ER than
G1 with same w/c due to their enhanced microstracithe only exception was found on the
comparison between 328-0.52L and 250-0.52L, in ikie latter one presented a slightly lower
porosity (reduction of 2.0%) and surface ER (deseeaz 0.9 K.cm). In Phase 2, as expected due
to the high w/c on mixtures with low cement contéimé¢ porosity increased, and the ER decreased
as a function of the wic.

Moreover, Figure 3.7b shows the dynamic moduluslasticity (MoE). Similarly to ER, UPV
results from Phase 1 (cement contents of 320 afckgb) follow the same trend where the
lower the porosity the higher the UPV. Mixturestwite same wi/c (i.e., 0.60, 0.56, 0.52) presented
similar MoE, ranging between 35, 37 and 38 GPgeetsvely. Moreover, the regardless the
cement content, eco-efficient mixtures (G2, G3, @4dJ achieved similar MoE of 37.5 GPa with
standard deviation of 2.37 GPa. Furthermore, uniikee ER and porosity, when comparing
mixtures with same free water (i.e., H, M and bg samples yielded MoE of 34.9, 38.0, and 39.6
GPa, respectively. Moreover, from Figure 3.7b, oray notice that the MoE of mixtures in each
distinct range of free water (i.e., H, M and L) apgs to increase (34.9, 38.0 and 39.6 GPa,
respectively with a COV less than 0.2%) independétite microstructure (w/c). Therefore, when
mix-proportioning eco-efficient mixtures with higher content. the MoE has a direct relationship

to w/f instead of w/c, where the higher the wi/f tber the MoE.
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3.6. Discussion
3.6.1. Rheological models for describing the mixtures’ be&viour

Cement-based materials can be classified as Binghaae! [75] (Equation 3), where there is a
linear relationship between shear stress and saaf76]. However, previous studies [27,76—78]
show that eco-efficient cement-based materialsldped with PPM and high volume of limestone

fillers are frequently classified as non-linearahleehaviour, in which are better represented by
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Modified Bigham (Equation 3 [79] and/or Herschel-Bulkley model (Equatiori@-[75]. Itis
worth highlighting that the IBB rheometer output® anot in fundamental units; hence, for
comparison purpose of this papet,, andy are presented in torque, initial torque, and romat

units, respectively.

Table 3.5: Compared rheological models.

Name Equation Equation Referencs
Bingham T= 19+ kgy Equation 3-8
Modified Bingham | 7= 7o+ p,¥ + cp? Equation 3-9
Herschel Bulkley T= 19+ kyg¥" Equation 3-10

Where:t is the shear stress, is the yield stressgkis the viscosity constant of Bingham anis

the shear-ratayp is the modified Bingham viscosity, c is the modifiBingham constant -k is

the viscosity constant of Herschel-Bulkley and rflesv behaviour factor, which is n<l1 for
suspensions presenting shear thinning behaviounahdor shear thickening ones [77].

Table 3.5a and b present the three rheological lmaaenpared to cement contents of 320 and
250 kg/nt experimental data, respectively. It worth notihgttsimilar trends were observed for
cement contents of 200 and 150 k§/hence, their graphs are not presented here. Asamsee,
Herschel Bulkley model is the one that better repnés the rheological behaviour of eco-efficient
mixtures developed with PPM. The rheological bebawiof twelve mixtures appraised at O
minutes presented average minimum square error [MSE.86, 0.40 and 0.29 for Bingham,
Modified Bingham, and Herschel Bulkley, respectwéls expected, Bigham model presents the
higher MSE, as the mixtures presenting a non-lisbaar-stress shear rate trend. Although the
two models able to predict non-linear behaviouneakd lower MSE, when analyzing individual
mixture, the Herschel Bulkley (HB) MSE was lowelaththe Modified Bingham ones. G1
mixtures presented lower MSE of 0.1 and a linedrighlighted by the flow behaviour factor (n

=1). Mixtures with decreasing cement content hacheerage MSE of 0.35. Moreover, cement
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contents of 250, 200 and 150 kd/showed increasing non-linearity as the flow bebawvfactor

(n from Equation 3t0) was 0.92, 0.89, and 0.64, respectively. Thereftire increase of the

limestone content results in a general rise in rsti@éaning behaviour. Moreover, the analysis

show that HB model better represents rheologichhbeur of the studied mixtures at 0, 15 and

30 minutes.
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Figure 3.8: Rheological models comparison (BinghitB,and HB) in a) Group 1 and b) Group 2 mixtures.

The real viscosity profile (Figure 3.8) was calteththrough the derivative of HB model at O
minutes, as it was concluded to be the model ¢ brepresents the analyzed data. The viscosity
profile shows the importance to appraise the riggodd behaviour of mixtures to analyze their
viscosity at appropriate shear-rate. G1 mixturess@mt approximately the same viscosity
regardless of the shear-rate applied; however,urast presenting lower w/f (gray ones) had a
higher viscosity at 0.1s(low shear-rate) than at 0.7 ¢high shear-rate). At 0.7 -smixtures with

320 kg/n? yielded an average viscosity of 4.0 N.m.s , whilixtures with same w/c and lower
cement content (250 kgAryielded a viscosity more than twice higher. Azig Figure 3.9b, it

is clear that mixtures with same free water pressimilar viscosity at 0.7'sbeing 8.8, 14.8 and
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17.6 N.m.s for H, M and L, respectively. Mixture(t8.89M was an exception as it presented
viscosity similar to mixtures with lower w/f. Théoge, one may conclude that 150-0.89M
achieved a threshold value of 51.8% of filler ie thixture, as it started to impact the viscosity.

Similar results were observed by [34,80-82], whbeeviscosity increased when 20% or more of

filler is added.
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Figure 3.9: Real viscosity of non-Newtonian mixtalculated through Herschel-Bulkley model, wharhasel
and b) Phase 2 mixtures are presented.

3.6.2. Analyzing the rheological behaviour through mobility

parameters

A correlation between the increasing HB flow bebavifactor (n, denoting the linear dependency
on the shear rate) was observed with the mobibixameters (MPT and IPS), regardless of the
cement content (Figure 3.10a). It is worth notihgtt150-0.97H (red triangle in Figure 3.10),
which has MPT of 0.3m, may be considered as an outlier to the trendh®it it, the linear
relationship between flow behaviour factor and rishparameters presents 4 & 0.83 and MSE

of 0.27. The shear-thinning behaviour was alsomeskby Yahia [76] and Varhen [82] in cement-
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based materials, when a w/f above 0.33 is selewtbith agrees with this study where the wi/f
ranged from 0.40 to 0.47.

Figure 3.10b shows the relationship between mglphirameters and initial and final torque at 0.1
and 0.7 ¥, respectively. Regardless the w/c and wi/f, all tomgs appraised have a strong
correlation (R of 92) with IPS and MPT at high shear-rate ('Y, A linear behaviour was found
for yield stress (torque at shear-rate of 0t which is expected as the slump flow of all mietsi
were kept constant.

Figure 3.10c shows the true viscosity at thea®d 0.7 3 as a function of MPT. Mixtures in low
and high (0.1 and 0.7*sshear-rate regimes demonstrated a notable ctoreta MPT with a R

of 0.83 and 0.92, respectively. It should also lmed that these behaviours were largely
independent of the w/f. Although Menezes [19] clatiess mobility parameters with slump results,
the current study is in agreement with Rebmann, [B4]ich predicted the final torque and
maximum apparent viscosity using mobility parameté&dditionally, the influence of the filler
content (i.e., percentage and type) is capturedti®y mobility parameters as the five
aforementioned rheological behaviours (flow behawiparameter, initial and final torque, and
initial and final viscosity) are proportional toetimobility parameters.

It worth noting that the admixtures has a predomiimapact on the surface force regime explained
by IPS [83]; and the present study maintained slfiawp constant (similar yield stress). Therefore,
at low shear-rate regimes, the collision force megiof the fine aggregates explained by MPT
would govern. Additionally, [84,85] studied a higange of solids content (i.e. percentage of
cement, filler, and aggregates to the total volumued it was concluded that above a critical
concentration (65%), mixtures are governed by difgctional forces (MPT) instead of the

hydrodynamic force regime (IPS), agreeing withdherent study as the solids content is between
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77% and 81%. Moreover, Damineli [86] used distartiounts of admixtures to obtain maximum
dispersion for a given IPS and it was concludetigimce admixtures are not accounted in the IPS,
the mixtures viscosity did not present correlatioth IPS. It agrees with the present study, where
admixtures were employed to maintain a constamtedsson (slump flow), which leads again to

the understanding that initial viscosity of montaixtures would relate to the MPT instead of IPS.
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3.6.3. Compressive strength and binder intensity

The hardened strength of cement-based materialadgionally defined by Abrams law, which
relates the space available for hydrates and iraplaetporosity and microstructure of the material
[87—89]. Additionally, the compressive strengthingersely linked to the porosity (i.e., higher

strength generally having lower porosity). Althouitis research is focused on the workability
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condition, the optimized PPM’s particulate spac{ng., spacing between cement grains, and
hydrated product distances) develops of the spamingepts for hardened state [55,90], although
its focus is on the fresh state. The w/f conceptpleyed as a workability condition descriptor as
discussed in Section 3.4.2) has been mentioned pssible method to evaluate the reduced
spacing for hydrate formation by John [6], anddbserved relationship in the second phase (i.e.,
the phase with fillers) does not show a link betwie w/f and compressive strength or porosity.
This may be due to the selection process of resemed to support their hypothesis. Figure 3.11a
demonstrates no relationship between the compeestigngth and solely the wif in this research
data set. The wi/c ratio traditionally observed pted much better relationship to the compressive
strength, although there was a noted variation éetmthe mixtures with and without limestone
fillers. Figure 3.12b shows the relationship betw#ee w/c and the compressive strength of the
mortars. Although w/c well predicts pure cementl austainable mixtures separately, the
compressive strength of high limestone filler replaent sustainable cement-based mixtures is

not accurately addressed.
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Figure 3.11: Compressive strength vs. a) w/f and/b)compared between Phases.
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Traditional mortar strength laws does not accowntifiert filler effects (e.g., dilution effect,
nucleation effect, and packing effect) and theusidn of varying types of fillers (i.e., performanc
and replacement) is not addressed in the dilutiodeh of Cyr [89]. Novel research into w/c
suggests that available cement particulate distf@ijecombined with decreased porosity [35]
through filler packing may explain the increasedchamical capacity. In this context, an
alternative method used to predict compressivengtneof PPM mixtures developed with high
limestone filler content is proposed by [35], whére compressive strength has an exponential
relationship to IP&mentwsi Similarly to IPS, IP&menappraises the distance between particles [92],
but in this case only cement particles are consilisplids of investigation. The limestone filler
effectively acts to both increase the spacing {idii) and fill the pores (filler) while not geneirag
C-S-H to improve compressive strength. Furthermatgen the impacts of the coarse spacing
based on Larrard’s hardened state parameter [85¢@nbined there is an improvement in the
relationship in the hardened state. Figure 3.12twstthe aforementioned models (i.e., daont

and MPTarrard).
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As previously mentioned, the binder intensity tactor can be used to appraise eco-efficiency of
materials. Figure 3.13 shows the relationship betvize and compressive strength achieved per
mixture. Moreover, exponential lines were presenddaghlight the cement content used for each
group. The mixtures with 373 kgfmmement content achievésdon average of 9.1 kg:AMPa?
(STD 0.86). These mixtures were classified as rsastainable than the pure cement mixtures in
which bi was on average 13 kgXiviPa®! (STD 0.94). Moreover, mixtures developed with
300kg/n? had abi ranged from 5.4to 7.2 for compressive strengtiween 37.0 and 27.9 MPa.
Therefore, 200-0.69M and 200-0.64L achieved sinttanpressive strength than control mixtures
(320-0.60H and 324-0.56M, respectively) withba36% lower, highlighting the ability of
producing sustainable mixtures with the presenteddasign method. However, G4 mixtures may
have reached the filler percentage limit, as theis similar or higher than 200-0.74H, but the
compressive strength is significantly lower. Altigbuthis work presents study of conventional
mortar strength (< 45 MPa), previous studies [98tavalso able to produce sustainable mortar
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with difference PPM approach to focus on high gjtematerials (>45 MPa). Moreover, previous
studies [94] used on average 606 kyyphcement to produce mortar with compressive gtien

between 25-45MPa [94], highlighting the important¢éhe mix-design presented in this study.
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Figure 3.13 : Sustainability appraisal of mortaximies.
3.7. Conclusion

The current research aimed to appraise the fei@agibflusing mobility parameters to predict the
fresh state of mortar mixtures designed using P&disaining high limestone fillers content. The

main findings of this research are presented hieeaf

¢ Replacing cement content by limestone filler enleartbe mortar hardened state properties
when same w/c was selected.

¢ Five rheological parameters (i.e., flow behavioargmeter, torque at low and high shear
rates, and viscosity at low and high shear ratgajionship of eco-efficient mixtures could

be appraised using mobility parameters.
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3.8.

[1]
(2]
(3]
[4]

[5]
[6]

[7]

(8]
(9]

[10]

[11]
[12]
[13]
[14]

[15]

[16]

MPT directly correlates to the low shear rate migtuiscosity of highly packed mortar
systems with similar initial consistency, regardle$the cement content.

Further cementitious replacement (up to 48%) wdspwedicted through a combined use
of a dilution measurement (IR®en) and w/f as compared to Abrams law.

Potential for eco-efficiency was noted with redans of cement content upwards of 22%

yielding improved mechanical and microstructuraf@enance.
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Chapter 4. Conclusion and futur e recommendations

4.1. Conclusions

Eco-efficiency of concrete is lacking in convenabnoncrete mixtures with mechanical strength
between 20-40 MPa. While representing most of treete supplied, this area of research has
limited focus due to its inherent inefficiency gmeference of increased strength in research. The
use of particle packing models to enhance the pg¢ldombined with effective dilution using
inert limestone fillers has produced eco-efficieahcretes with limited applicability due to its
high resistance to flow. Optimized mixtures witke tiechniques required a better understanding
without requirements for excess physical experiagon for wider spread application. Methods
used in slurry pumping, combined with optimal useetatively abundant waste by-products, was
appraised in the fresh state using mobility paransanh the paste phase (inter-particle separation
— IPS) and aggregate phase (maximum paste thickn®H2T). The combination of the two
parameters are evaluated in the mortar phase¢ssai®e concrete rheology in a step wise fashion
similar to previous highly experimental works wghomising results (UHPC). In this research,
the ability for mobility parameters to assess tieotogy of concentrated concrete mortar fraction
of increasing eco-efficiency was appraised. Usidgnixtures, and a time dependent rheological
analysis 5 rheological descriptors were correlatg¢dhe flow behaviour, 2) high shear rate shear

stress; 3) low shear rate shear stress; 4) highr shge viscosity; and 5) low shear rate viscosity.

¢ Five rheological descriptors were assessed basetalnlity parameters and a strong

correlation was observed.
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¢ Independent of cement content, and water to salidse fines, the mobility parameters
provided an improved correlation to the rheologaegcriptions.

e Cement contents of 250, 200 and 150 kjwere employed to assess the increasing eco-
efficiency and were able to produce concrete mdréations within a range of 36-45, 27-
37 and 13 -24 MPa, respectively. The hardened state assessed using a dilution
measurement which accounts for the hydrate forrapage available in the system.

e The eco-efficiency of the mortar fraction was beswd 0.3 and 5.4 kg faMPa* for 21
and 37 MPa. This is well below the 15 and 8 k§MPa' apparent in typical concrete
mixtures.

e The aforementioned mixtures employed up to 48% o¢neplacement with inert materials
and were successfully able to achieve desired cessjme strength that is well defined by

a dilution parameter.

4.2, Futurerecommendations

A major goal of this research was to increase tuylof knowledge in eco-efficient cement-based
materials research for various applications. Altfiothis work brings new insight to the field of

mobility parameters, further investigation and etation is required for wider use.

¢ Investigation into the concrete phase would be ltggcal next step to evaluate the
contribution of successive phases

e Durability related parameters would be importaspeially in considering the freeze-
thaw exposure conditions in Canadian climates

e This study focuses on the fresh state of inert S EKktension to reactive SCM’s and their

successive contribution to the time dependent dggolvould be necessary
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Development of a formal performance-based mix desigthodology that incorporates
sustainability concepts
Site development with concrete producers to evaltlte feasibility of the proposed in a

real-world application would be beneficial to thevdlopment of the mix design.
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