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Producing cementitious materials with low CO, emissions is a key challenge for sustainability, considering the
increasing demand for cement and the inefficacy of current industrial solutions. Improving the efficiency of
binder use is mandatory, so that binder replacement by inert fillers with lower environmental loads is an alter-
native, which demands careful control of the rheological behaviour to decrease the water demand of pastes.
Dispersion and packing models are well known, but other less explored parameters of raw materials (surface

ggnvglrtd;ste D) area, density, roughness) and paste (water content, distance between particles) determine the interaction
Filler (D) among particles, affecting the paste's rheological behaviour.
Rheology (A) The aim of this paper is to assess the influence of inert fillers on the rheological behaviour of cementitious pastes.
Particle size distribution (B) Arange of 12 inert fillers with varied aspects was evaluated. The results indicated a good agreement between the
Modelling Casson viscosity and the interference parameter calculated using the interference model.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction Since most of these mineral fine particles do not react with water

Due to the demands in housing and infrastructure of the developing
countries, cement production and related CO, emissions are increasing
steadily; as a result, the industry is under pressure to reduce CO, emis-
sions due to global warming constraints [1,2]. The current strategies
used for decreasing CO, emissions - kiln efficiency, use of renewable
fuels, and clinker replacement by blast-furnace slag and fly ash - have
limits and will not prevent emissions to grow [2-4]. Carbon capture
and storage could double the cement cost [5-7], which would primarily
affect the poorest and neediest countries.

New options based on the improvement of binder use efficiency
must be developed [8]. The partial replacement of clinker and reactive
supplementary cementitious materials (SCMs) by progressively higher
fractions of low-cost, widely available low CO, footprint mineral fillers
is a better option than any calcined materials. The challenge is to devel-
op low-binder products with performances and durability similar to
those of the conventional high binder ones [9]. Limestone filler produc-
tion releases from 26 to 75g CO,/kg of material [10-11] mostly during
the milling process, reducing CO, emissions proportionally to the in-
crease of limestone content [12] and several other mineral fillers can
be added to limestone as low footprint SCMs.
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[13,14], the amount of inert filler must be controlled in order to control
porosity ensuring competitive mechanical performance and durability.
In practical terms, the amount of water needed to achieve appropriate
rheological behavior defines the maximum filler content. This might
be one reason the actual average filler content in cement is around 6%
despite the 34% limit in the European standard [15].

Efficient clinker-inert filler systems must have lower water content
(vol./vol.) than the conventional systems with the adequate rheological
behavior during mixing, transportation, and casting. This can be
achieved by techniques of packing and dispersion of particles [16],
even if packing models do not predict water demand since their unique
aim is to calculate the volume of empty space among the particles. They
usually assume particles as perfect spheres, ignoring surface area, mor-
phology, and particles interactions. Most packing models also ignore the
way the particles interfere on each other's movement during flow in
highly concentrated suspensions. Divergences between predicted
values of porosity and experimental results are assumed to be related
to wall effects and irregularities in particles shapes, so they are consid-
ered in more advanced models [17].

In this scenario, models aiming to predict the amount of water to
provide suitable rheological behavior are of practical interest. More pre-
cisely, both yield stress and viscosity parameters need prediction.

Regarding yield stress, significant progress in predictive models
is observed in literature, as reported by Buscall et al., Kapur et al.,
Scales et al., Zhou et al,, and Flatt & Bowen [18-22]. These researchers
modeled different aspects of the suspensions, including particles size
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Fig. 1. Experimental planning flowchart.

distributions, volume fraction of solids, inter-particle forces, radius of
curvature at particles contacts, etc.

Similar approach for viscosity forecast still need investigation, since
most traditional models are based on packing factors [23-27]. A pro-
posal to overcome this lack is the Particles Interference Model [28],
which succeeded in correlating several physical aspects of particles
and the immersing fluid in order to predict the viscosity of alumina ce-
ramic suspension. This model has not been tested in Portland cement
mixtures.

For this reason, the present paper aims to explore the Particles Inter-
ference Model to predict the viscosity of highly concentrated water sus-
pensions of Portland cement with fillers with different mineralogical
composition, when dispersed with admixtures.

2. Experimental setup

A CEM 142.5 cement and a dozen of different fillers of four distinct
mineralogical characteristics and particles smaller than 63 pm were
tested, as well as 50/50 wt% cement-filler combined systems. The flow-
chart in Fig. 1 summarises the experimental plan, highlighting the ma-
terials characterization testing methods and the rheological evaluation
program,

2.1. Materials

The fillers were named according to their predominant mineralogi-
cal characteristics: “D” = dolomite, “C” = calcite, “Q” = quartz, and
“G” = granite. “Cem1” is the cement CEM [—42.5. All tested materials
were commercially available in the Swedish market.

2.1.1. Chemical and mineralogical and characterization

Table 1 presents the chemical characterization results of the raw
materials based on a semi-quantitative X-ray fluorescence analysis
performed using a PANalytical Axios Advanced instrument. Table 2
presents mineralogical compositions of the raw materials evaluated by

X-ray diffraction analysis using a PANalytical X'Pert PRO instrument
equipped with an X'Celerator detector, as quantified by Rietveld method
using PANalytical Inorganic Structure Database.

2.1.2. Physical characterisation
The powders were evaluated using the following testing methods:

1) particle-size distribution was determined using a Malvern Mastersizer
laser diffraction granulometer, on liquid environment using water,
pre-treatment on ultrasound dispersion for 2 min;

2) specific surface area was determined using the BET method with
Gemini 2375 equipment, Micromeritics;

3) true density of particles was determined using a He picnometer
Quantachrome MVP 5DC;

4) scanning electron microscopy (SEM) images were obtained using a
Quanta 600FEG instrument.

The testing conditions for SEM images were as follows: 1) vacuum
mode—high vacuum; 2) HV—10.00 kV; 3) det—ETD; 4) spot—2.0. The
parameters of Mag and WD were varied.

Fig. 2 shows the particle size distributions of the tested materials.
Table 3 presents values of the specific surface area (BET), the particles
true density, and the calculated shape factor (ShF), herein defined as
the ratio between the BET surface area and the theoretical surface area
[29] calculated from the laser particle size distribution (Fig. 2), assuming
that all of the particles are perfect spheres [30]. A high value of ShF
indicates that particles deviate substantially from a spherical shape as
a consequence of their shape and roughness. A ShF value close to 1 cor-
responds to a spherical, smooth particle. The calculated deviation from a
spherical shape was confirmed by SEM micrographic analysis, as shown
in Fig. 3.

The results shown in Table 3 and Fig. 3 make evident the need for ex-
tending the evaluation of particles beyond only size distribution. As a
consequence, it is necessary to consider other characteristics to under-
stand the rheological behaviour of cement-filler suspensions.

Table 1

Chemical compositions of the raw materials obtained via X-ray fluorescence (X-Ray PANalytical Axios Advanced).
Oxides (%) Cem1 D1 D2 D3 C1 C2 C3 Q1 Q2 G1 G2 G3 G4
Ca0 65.4 30.0 29.3 28.3 53.8 54.7 55.2 - - 1.09 6.45 0.98 3.65
Si0, 189 4.59 445 8.76 2.62 1.69 0.44 98.9 98.1 72.6 54.8 70.5 63.3
Al,O5 3.09 0.39 0.80 0.85 0.41 0.05 0.05 - - 13.8 14.4 14.5 15.5
Fe,05 5.27 0.58 0.53 0.66 0.15 0.11 0.05 - - 1.97 10.70 233 6.53
MgO 0.68 21.40 21.30 21.20 0.19 0.15 0.87 - - 0.32 3.44 0.55 1.83
SOs3 4.19 - - - - - - - - - - - -
K20 0.78 0.05 0.21 0.28 0.05 0.05 0.05 - - 522 2.56 5.68 3.78
Na,0 0.09 0.05 0.05 0.05 0.05 0.05 0.05 - - 324 2.63 2.81 2.84
TiO, 0.22 0.05 0.05 0.05 0.05 0.05 0.05 - - 0.25 1.76 0.22 0.84
Other 0.43 0.19 0.21 0.05 0.18 0.35 0.34 0.95 1.48 0.97 1.69 0.92 0.72
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Table 2

Mineralogical compositions of the raw materials determined by X-ray diffraction (PANalytical X'Pert PRO equipped with an X'Celerator detector) using the semi-quantitative Rietveld

method (PANalytical Inorganic Structure Database).

Material

Compound Chemical formula Cem1 D1 D2 D3 C1 (@) a Q1 Q2 Gl G2 G3 G4
Alite CasSios e
Brownmillerite Ca,FeAlOs >
Calcium sulfate CaS04 0.5H,0 *
hemyhydrate
CalCite Cac03 * * * * e ok o e ok ok EEE LS e e ke ok ok
Dolomite CaMg(COs)s Mk RkRAE RkkkEE B
Quartz Si0, x B N * KRR RRERRE  RRAE KKK RKEE kR
Cristobalite Si0,
Tridymite Si0,
Chalk Mgs(Si,05)2(OH), * *
Albite (Na,Ca)Al(Si,Al)3)g e wwwowwwowe
Clinochlore (Mgz.06Fe1 ssFeq 136Al1 275) * * * * A *

(Siz,622Al1,376010) (OH)s
Microcline K(AISi3)0g TR wwwowwwoow
Muscovite (Ko.g2Nao,18)(Feg,03Al1.97) (AlSiz)0;0(OH), * oo
Phlogopite KMg3Si3Al010(F,0H), * * "
Amphibole Al 5Cas 4Fe4 0,Ko sMgs NaSiy2,8044(0H) 4 * * * - -
Nefeline KNas3(AlSiO4)4
Ortoclase KAISi;Og

Note: 6 stars 2 85%; 5 stars = 50-85%; 4 stars = 30-50%; 3 stars = 16-30%; 2 stars = 6-15%; 1 star = 1-5%.

2.2. Rheological characterization

2.2.1. Mixing procedure and rheological test

The mixing procedure was defined for 2 kg of powder and a
predefined volume of water placed into the mixing bowl. Water content
criteria for pure cement and combined cement-filler systems are de-
scribed in the subsequent sections. The suspensions were mixed for
5 min using the following sequence: 1) add water in the bowl, 2) start
the mixer at low-speed, 3) add powder slowly to the water during low-
speed mixing up to 2 min, 4) increase the speed to high (at this time,
all of the powder has been added), 5) mix at this condition for 3 min.
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After mixing, the rheological tests were performed via a Physica
MCR 300 rheometer using a single-gap cylinder CC27 (outer radius =
14.46 mm, gap = 1.13 mm, sample volume = 19.35 ml, max shear
rate = 300 s~ !, max shear stress = 2800 Pa, cylinder with vertical
grooves). Paste samples (~19.35 ml) were placed into the rheometer
cup for shear stress evaluation under continuously increasing shear
rates from 0 to 200 s~ ' (1 min—acceleration), followed by a decrease
in shear rate from 200 to 0 s~ ' in six steps (200, 150, 100, 50, 25, and
105~ 1) of 30 s each. The recorded shear stress for each shear rate was
the penultimate measurement in each step, when the suspension was
stabilised in the corresponding shear rate.
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Fig. 2. Particle size distribution of the tested fillers compared to cement CEM 1 (Malvern Mastersizer laser diffraction granulometer): (A) cement and calcite, (B) cement and dolomite,

(C) cement and quartz, (D) cement and granite.
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Table 3

Particle true density (He picnometer) (Quantachrome MVP 5DC), specific surface area
(BET) (Gemini 2375, Micromeritics), and calculated shape factor (ShF) of the studied
materials.

Material Particle true density Specific surface area Shape factor
(g/em?) (m*/g) (m*/g/m?/g)

Cem 1 3.20 0.816 2.60

D1 2.82 4.420 5.91

D2 2.82 1.202 4.07

C1 2.70 3.956 5.06

2 2.70 1.361 2.16

a3 2.70 3.195 343

Q1 2.65 0.996 3.96

Q2 2.65 4.052 6.52

G1 2.67 1.665 6.66

G2 2.67 2.290 8.44

G3 2.67 3.810 11.54

G4 2.67 2.824 8.77

Fig. 4 describes the steps of the mixing procedure and rheological
test.

The first rheological tests were performed on pure materials to deter-
mine the optimum dispersant content - a commercial polycarboxylate-
based material (Glenium 51, BASF) - that allows for reaching the lowest
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suspension viscosity. In sequence, cement-filler systems were prepared
and tested with the ideal amount of dispersant.

2.2.2. Pure materials

The lowest water/solid ratio (w/s) to mix each tested system was
defined by gradually adding water inside the fixed mass of powder ma-
terial (2 kg) up to the point where the suspension could be mixed [31]
with no dispersants at a low-speed shear rate in a Hobart mixer. There-
fore, the chosen wy/s provided the highest practicable solid concentra-
tion, thus ensuring adequacy for rheological tests. This procedure also
aims to reproduce practical situations where water content is defined
based on workability.

Subsequently, the optimum dispersant content for each pure mate-
rial was defined by increasing the amounts of admixture (at this point,
w/s was fixed according previous definition) and assessing the viscosity
diminution up to stability, which indicates the optimum dispersant con-
tent (minimum content to reach minimum viscosity), expressed as
weight percentage (wt.%) of the mass of solid. The apparent viscosity
calculated (shear stress and shear rate ratio) at the maximum shear
rate of 200 s~ ' was adopted as the viscosity criteria. Fig. 5 displays an
example of the “dispersant content versus apparent viscosity” graphic
for granite G1.
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Fig. 3. Scanning electron microscopy images of cement CEM 1 and the tested fillers using a Quanta 600FEG instrument. Fixed parameters for all micrographs: 1) vacuum mode—high
vacuum; 2) HV—10.00 kV; 3) det—ETD; 4) spot—2.0. The parameters of magnification (Mag) and working distance (WD) are indicated under each image.
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Fig. 4. Flowchart of the procedure of mixing suspensions and the rheological testing methodology.

For this case, at a dispersant content above 0.25wt.%, the rheological
behaviour measured is considered representative of the system where
particles are individualised moving units flowing inside the liquid,
thus reflecting the particle size distribution measured via laser diffrac-
tion (Fig. 2). The optimum dispersant content (wt.%) and the calculated
specific dispersant content per unit of surface area (mg/m?) are pre-
sented in Table 4 for all of the tested systems, as well as the water/
solid ratio defined for the suspensions. The rheological parameters are
also presented in Table 4.

2.2.3. Blended cement-filler pastes

The 50/50% cement-filler paste viscosities were measured using the
same rheological evaluation continuous flow test procedure described
in Section 2.2.3. The suspensions were prepared with an estimated
dispersant content to ensure the full dispersion of all particles. The cal-
culated dispersant amount was the weight average value between the
optimum polycarboxylate content for the pure individual raw materials,
thus adjusting the dispersant content for the true particle surface area
present in the suspension. This approach is based on the good dispersion
efficiency of the chosen dispersant for all of the fillers and cement at al-
kaline pH [32-34] and the lack of expected cement-filler reactive inter-
action in very short times [35-36]. All blended systems were tested with
wy/s = 0.25, and the compositions with lowest viscosities were also eval-
uated with lower water contents. Table 4 summarises the water content
in each blended tested system, the calculated dispersant amount (wt.%)
and the amount of dispersant per unit of surface area. This table also pre-
sents the rheological parameters for the tested suspensions.

3. Results and discussion

3.1. Water/solid ratio, optimum dispersant content, and rheological
parameters

Table 4 exhibits the water/solid ratio defined for the suspensions
and the measured optimum dispersant content (wt.%). The calculated
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Fig. 5. Example of the optimum dispersant content determination for G1. The shaded area

highlights the minimum dispersant amount (0.25wt.%) for dispersion stability in this
suspension.

specific dispersant content per unit of surface area (mg/m?) is also pre-
sented for all of the tested systems, as well as the measured apparent
viscosity at the maximum shear rate of 200 s~ ! and the yield stress.

Bearing in mind the main objective of the present work, the rheolog-
ical results were further evaluated through Casson's model [37] to de-
termine Casson's viscosity, thus determining the suspension viscosity
not dependent on the shear rate. Table 4 presents confident values
of Casson's viscosity for all the tested system (correlation coefficient
R2~09).

The experimental setup adopted to prepare the suspensions clearly
resulted in a great dispersion of viscosities as visualised in Table 4.
Despite being possible to produce low-viscosity cement-fillers suspen-
sions, this experimental approach enhances the difficulty of using fillers
because no predictability was evident. In fact, the systematic use of
fillers requires predictive models capable of correlating the individual
particle characteristics to the measured rheological parameters.

3.2. Viscosity prediction models

Traditional viscosity prediction models (see Table 5), such as the
models of Krieger-Dougherty, Mooney, and Quemada [23-27], aim to
predict relative viscosity by correlating the volumetric solid content to
a certain critical solid content supported by the suspension. However,
experimentally adjusted parameters are necessary before being able
to forecast the suspension’s viscosities.

Table 4

Water/solid ratio, optimum dispersant content (wt.%), specific dispersant content
(mg/m?), apparent viscosity (Map), yield stress (7,), Casson viscosity (1) of the tested
systems.

System w/s Optimum  Specific ~ map To MNe
disp. disp. (Nm.s) (MPa) (Nm.s)
(wt%) (mg/m?)

Pure Ceml 025 0375 4.60 0.68 412 0.6084
Cem1 0275 0375 4.60 0.49 193 04189
D1 040 1.00 2.26 0.24 0.73 0.2133
D2 030 0375 3.12 0.42 1.01  0.3699
C1 045 1.125 2.84 0.14 476  0.09109
2 030 0.25 1.84 0.28 196 0.259
3 035 0.75 235 0.26 219 02373
Q1 040 0.50 5.02 0.42 0.64 04224
Q2 0425 0.75 1.85 0.11 0.24 0.0782
G1 040 0.25 1.50 0.47 267 04438
G2 040 0375 1.64 0.75 5.01 0.7055
G3 0375 0.50 1.31 0.86 348 0.8178
G4 040 0375 1.33 1.03 594 0.981

Blended Cem1+D1 025 0.688 2.63 1.02 311 0.8478
Ceml1+D1 020 0.688 2.63 3.18 1550  2.679
Ceml1+D2 025 0375 3.72 0.67 1.67 0.5746
Ceml1+C1 025 0.75 3.14 091 544 0.8169
Ceml1+C2 025 0313 2.88 0.53 237 04735
Ceml1+C2 020 0313 2.88 139 418 1.204
Cem1+C3 025 0.563 2.81 0.64 3.17 0.5541
Cem1+C3 020 0.563 2.81 1.61 543 132
Ceml1+Q1 025 0438 4.83 0.89 140 0.7062
Cem1+Q2 025 0.563 2.31 0.76 505 0.6453
Ceml1+G1 025 0313 2.52 1.04 229 09569
Ceml1+G2 025 0375 241 1.28 218 1.078
Ceml1+G3 025 0438 1.89 142 6.07 1.259
Ceml1+G4 025 0375 2.06 135 2.03  1.104
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Table 5
Equations of the viscosity predictive models of Krieger-Dougherty [23], Mooney [24],
Eilers [25], Quemada [26], and Robinson [27]. Table extracted from [38].

Reference Equation

Krieger and Dougherty [27] N, Vadl o 2p o
" br

Mooney [28] N, Yaexp3 b

Eilers [29] N vatkb 1 lalg_:%pz
Quemada [30] nvaol 1 2p 2
Robinson [31]

N Y1 b 4 8—fb

M = relative viscosity; [n] = intrinsic viscosity; ¢ = solid content; ¢r = critical solid
content.

Despite the search for understanding what governs critical solid
content [38], these experimental models are not yet based on the funda-
mental properties of particles and liquids that compose the suspensions
because the experimental parameters must be defined for each set of
combined materials, thus preventing them from being considered true
predictive models.

An attempt to develop a predictive model to explain the great range
of obtained viscosities is based on calculating the mean interparticle
separation distance (IPS) of the suspensions using the equation pro-
posed by Funk and Dinger [39-40]:

0 d ogd
2 1 1
1, —_—
PSYAvsa® v, T0py

alp
where VSA = volumetric surface area (m?/cm?), calculated by the prod-
uct of specific surface area SSA (m?/g) and solid density ps (g/cm?);
Vs = volumetric solid fraction on suspension; and P, = pore fraction
in the maximum packing condition calculated using the Westman and
Hugill model [39,41].

According to these authors, the viscosity diminishes by increasing
IPS, due to the larger space for particle motion in well-dispersed suspen-
sions. This condition reduces shearing energy dissipation due to particle
interactions.

The characteristics of the pure materials are presented in Figs. 2
and 3 and Table 3. Information about the pure and blended suspen-
sions is presented in Table 4. Fig. 6 displays the blended particle size
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N
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distributions, and Table 6 presents the measured and calculated charac-
teristics for all of the granular systems considered according to the vol-
umetric proportion of the materials in the blended systems, including
the calculated IPS values of the tested suspensions. It is unmistakable
that fillers exert an influence on the surface area, particle density, and
particle packing porosity, thereby affecting the IPS.

Fig. 7 presents only the correlation of IPS and Casson's viscosity, but
a similar trend would also be perceived for apparent viscosity, given
the proximity between the measured and the calculated viscosities, as
shown in Table 4. In fact, it is possible to establish a linear relationship
between both viscosities with a coefficient of 0.86 and a standard devi-
ation greater than 0.99. In view of the comprehensive significance of
Casson's model, their values will be adopted for outlining the following
discussions.

As seen in Fig. 7, there is a poor correlation in viscosity due to the
increase in IPS. In fact, below 0.4 pm, the IPS displayed no relationship
regarding the viscosity. The observed lack of a trend is reasonable
because assuming the mean distance among all of the particles (IPS)
as a sort of degree of freedom regarding mobility neglects the well-
established knowledge that demonstrated the existence of steric inter-
ference on a suspension’s particle mobility when the ratios of the
diameters among the particles are less than 10 [39,42], even in well-
dispersed systems. In fact, only particles with a diameter less than
one-tenth that of the larger particles do not interfere with the movement
of the coarser ones; in these cases, the fines are considered as part of the
fluid.

As stated by Farris [42], the viscosity of a multimodal suspension can
be modelled as a combination of the unimodal viscosities defined by
each particle within the system, if the relative sizes are adequate to
prevent interaction between large and fine particles, hence ensuring
that each size is completely independent of the other.

Despite the veracity of this statement, two critical aspects must be
highlighted. The first aspect is the need of experimental parameters to
describe viscosity of suspensions in which the particle diameter ratio
is below 10 [39,42], in order to measure interparticle interference
in suspension mobility. The second aspect is that even to predict the vis-
cosity of the unimodal suspensions through traditional rheological
models, there is a requirement for experimental measurements to define
the equations parameters. Consequently, it is possible to infer that the
current knowledge for viscosity description of multimodal suspensions
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Table 6

Suspensions characteristics: water content (vol.%), particles density (g/cm?), specific surface area (SSA) (m?/g), volumetric surface area (VSA) (m?/cm?), calculated minimum porosity

(vol.%), interparticle separation distance (um), and shape factor.

System Water content (vol.%) Density (g/cm?) SSA (m?/g) VSA (m?/cm?) Porosity (vol.%) IPS (um) ShF

Pure Cem1 4445 3.20 0.82 2.61 14.26 0.49 2.60
Cem1 46.81 3.20 0.82 2.61 14.26 0.55 2.60
D1 53.27 2.82 442 12.60 16.63 0.15 591
D2 46.09 2.82 1.20 343 18.34 0.37 4.07
1 54.67 2.70 3.96 10.60 19.27 0.18 5.06
(@) 44.57 2.70 1.36 3.65 15.58 0.34 2.16
a 48.40 2.70 3.20 8.56 18.54 0.17 343
Q1 51.46 2.65 1.00 2.64 16.62 0.65 3.96
Q2 52.97 2.65 4,05 10.74 23.23 0.15 6.52
G1 51.65 2.67 1.67 4.45 14.40 041 6.66
G2 51.65 2.67 2.29 6.11 12.10 0.31 8.44
G3 50.03 2.67 3.81 10.17 14.23 0.16 11.54
G4 51.65 2.67 2.82 7.54 10.58 0.25 8.77

Blended Cem1+D1 42.98 3.01 2.62 7.89 13.94 0.15 425
Cem1+D1 37.62 3.01 2.62 7.89 13.94 0.11 4.25
Cem1+ D2 42.98 3.01 1.01 3.04 1643 0.37 3.33
Cem1+Cl1 42.18 2.92 2.39 6.96 14.50 0.16 3.83
Cem1+C2 42.18 292 1.09 3.18 14.10 0.36 2.38
Cem1+C2 36.85 2.92 1.09 3.18 14.10 0.26 2.38
Cem1+C3 42.18 292 2.01 5.85 14.00 0.19 3.01
Cem1+C3 36.85 2.92 2.01 5.85 14.00 0.14 3.01
Cem1+Q1 42.03 2.90 0.91 2.63 15.44 041 3.28
Cem1+Q2 42.03 2.90 243 7.06 18.72 0.14 4.56
Cem1+G1 4213 291 1.24 3.62 13.66 0.32 4.63
Cem1+G2 42.13 291 1.55 4.52 12.89 0.26 5.52
Cem1+G3 4213 291 231 6.73 14.10 0.17 7.07
Ceml1+G4 42.13 291 1.82 5.30 12.36 0.22 5.68

by combination of unimodal suspensions viscosities cannot be consid-
ered as a true predictive model.

3.3. Sub-suspensions IPS distribution

An alternative model merging both the predictive concept of IPS
with the particle interaction concept of Farris [42] is probably more ca-
pable of predicting the viscosity of multimodal suspensions. Such a
combined approach was first introduced by Pileggi et al. [28] in alumina
suspensions.

The central concept supporting this model assumes that a specific
particle does not interact with other particles 10 times larger or 10
times smaller than its diameter. Conversely, the hard-solid interactions
that affect the mobility of this particle in suspension, such as collisions,
friction, and blockage, occur uniquely within ten times its diameter.

Consequently, the rheological behaviour of well-dispersed suspen-
sions may be comprehended as an assembly of several sub-suspensions,
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Fig. 7. Correlations of Casson's viscosity versus IPS. Green triangles are pure materials of
w/s = 0.275-0.45; red squares are 50/50% cement-filler systems of w/s = 0.25; blue circles
are 50/50% cement-filler systems of w/s = 0.20. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

each composed by the liquid phase and the particles around each specific
particle size within the diameter ratio interval of ten times. Fig. 8 displays
such a concept by plotting the effective particle size distributions around
some exemplified diameters (125, 75, 45, 22.5, 11.25, 5.63, 2.37, 1.0, 0.5
and 0.25pum) of the cement tested in this work.

Each sub-suspension, defined for specific diameters, comprises the
particles in its interference range size distribution immersed in the
total liquid phase of the full suspension. Consequently, it is possible to
calculate the specific particles and suspensions characteristics in each
sub-suspension: the volumetric solid content (Vy;), the volumetric sur-
face area (VSA;), the calculated pore fraction in the maximum packing
condition according to Westman and Hugill model (P,;) [39,41], and
the suspension dimensionless relative density (dens.i), which is the
suspension density relative to the liquid density. Fig. 9 exemplifies this
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—o—d11,25 d5,63 —@—d2,37 —e—dl1,0
—e—d0,5 —e—d0,25

20
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% diameter (vol.%)

0 1 10
Diameter (um)

100

Fig. 8. Unitary particle distribution for some specific diameters (125, 75, 45, 22.5, 11.25,
5.63, 2.37, 1.0, 0.5, and 0.25 pm) of the tested cement considering the Farris 10x
diameter ratio for particle interactions.
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Fig. 9. Sub-suspensions characteristics for the tested cement: volumetric solid content Vsi;
volumetric surface area VSAi (m?/cm?); calculated pore fraction in the maximum packing
condition according (Poi); suspension relative density dens.i.

concept for the tested cement, but this approach is applicable for any
suspension.

The convergence between the predictive IPS model with the particle
interaction concept of Farris positively arises by calculating the IPS for
each particle diameter sub-suspension. For that purpose, Eq. (1) is re-
peated for each sub-suspension using their specific characteristics,
which are presented in Fig. 9. Indeed, Fig. 10 shows the calculated IPS
distributions of the tested systems as a function of particle diameter.

In fact, each curve in Fig. 10 describes the IPS sub-suspension dis-
tributions for each cement, filler, and water combination, thus deter-
mining the available liquid space distribution around each particle's
diameter. As observed, there is a great diversity in the IPS profiles
and the IPS levels, so confirming the unique impact of the characteristics
of each filler on the cement-based suspension. In contrast, the systems
tested with distinct water content have similar profiles but with distinct
IPS levels, as observed for the pairs Cem1 and Cem1 (0.275), Cem1 + C2
and Cem1 + €2 (0.2),Cem1 + C3 and Cem1 + C3 (0.2),and Cem1 + D1
and Cem1 + D1 (0.2).

It is also evident that the intermediate-sized particles' space for mo-
bility is smaller than that of the particles with superior and inferior
diameters. This feature is due to the absence of neighbouring particles
10 times larger or 10 times smaller than the diameter in these extremes.
In view of this result, one might infer that the extreme particles in the
size distribution have greater mobility than the intermediate ones.

However, this would be a mistaken inference because it would be as-
sumed that similar spaces offer the same mobility potential for particles,
independent of their differences in size. Furthermore, it would also be
assumed that the energy dissipation phenomena that rule each particle
movement have no influence on the suspension flow.

Therefore, more important than uniquely evaluating the IPS distri-
butions is to relate the sub-suspensions distances with the characteris-
tics that affect energy dissipation during the movement of particles.
More precisely, surface forces and mass forces are the central forces
governing energy dissipation. For that reason, aspects regarding friction,
drag, collision, blockage, inertia, density, attractive/repulsive forces,
among others, must be considered to understand particles movement
capacity in the available space defined by IPS and consequently predict
the viscosity of suspensions.

Pileggi et al. proposed this broad insight in the Particles Interference
Model [28,32], which succeeded in correlating several physical aspects
of particles and the immersing fluid to predict the viscosity of alumina
ceramic suspensions.

3.3.1. The concept of interference (INT) and the viscosity
The basic idea that defines the interference model is the establish-
ment of the spatial conditions for particle mobility by comparing the

particle size and the mean free path among the particles defined by
the IPS. According to this concept, larger particles require a larger IPS
than smaller ones to have similar freedom conditions. This idea is easily
comprehended in the schematic drawing in Figs. 11(A) and 12(A),
where the same IPS is available for monosized particles with different
diameters. In the first case, the particle size is larger than the IPS, thus
hindering the movement of particles, independent of the IPS value
(Fig. 11), and consequently increasing the energy dissipation and
viscosity. In contrast, the particle size is smaller than the IPS in the sec-
ond case (Fig. 12(A)), thus enabling particle mobility with a lower prob-
ability of energy dissipative interactions due to particles collisions,
friction, liquid-solid drag disturbances, and instant localised capillary
bridges, among others.

In addition to the spatial analysis, the interference model also evalu-
ates the dissipative aspects regarding particles movement according to
Stokes law [43] by calculating the potential decay distance travelled
by a particle immersed in a liquid phase. The distance dg that a parti-
cle with diameter D, and density ps runs freely until stillness when
projected horizontally at a speed vy in a liquid with viscosity m is de-
scribed in Eq. (2).

s
T8y @p

do Yavg [ DI»27 0
where doy = distance travelled until the stillness (um); vy = launching
particle velocity (um/s); D, = particle diameter (um); ps = solid den-
sity (g/cm?), and 1 = dynamic viscosity of the liquid (g/um.s).

According to Eq. (2), it is possible to suppose that highly viscous
liquids reduce the distance travelled by particles, thus diminishing the
probability for hard solid contacts, independent of the particles size
and IPS. In contrast, low viscous liquids facilitate particles movement
and their inertial effects, thus enhancing the probability of collision
among particles. In fact, the liquid viscosity impacts on the energy dissi-
pated as heat during flow and particles movement.

Bearing in mind such concepts, the degree of freedom for the mobil-
ity of particles may be inferred by a proposed dimensionless parameter
named dynamic interference (INT4), which was defined as the ratio
between the maximum distance (dg) that a particle launched at a
certain velocity vo may travel until the particle is stopped and the mean
distance to other particles, as calculated using the IPS model. Eq. (3) de-
scribes the dynamic interference (INT4) of monomodal suspensions as
follows [32]:

D?
1 p Ps
INTy4 Yavg [ s 18|']f fo5]>]

where vy = launching particle velocity (um/s); D, = particle diameter
(um); IPS = particle separation distance (um); ps = solid density
(g/cm?), and 1 = dynamic viscosity of the liquid (g/um.s).

The dimensionless dynamic interference includes both extrinsic and
intrinsic aspects of the suspension. However, the intrinsic characteris-
tics of the suspensions can be identified through dividing INTq4 by vo,
thus defining the natural interference (INT,,) of the system by Eq. (4)
[32].

2

D
b Ps
INT, /A—IPS 180, AP

This equation determines the time required to overcome a unit of
distance (time/distance). In effect, the involved parameters consider
the mobility potential of the particles regarding their spatial freedom
degree and the inertial effects. Therefore, INTy permits predictive com-
parisons among different suspensions, independent of their shearing
conditions.

However, the adequacy of this model for viscosity description of
monomodal suspensions is only possible by introducing an experimental
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Fig. 10. Calculated IPS for each diameter sub-suspension considering the interference interval ratio of 10x: (A) cement and calcite, (B) cement and dolomite, (C) cement and quartz,

(D) cement and granite.

Fig. 11. Schematic representation of the suspensions of particles of diameter larger than IPS: (A) initial condition where all particles are equally distant by the IPS, with the arrow indicating
the movement direction of the mobile particle; (B) mobile particle stopped before collision (green IPS layer indicates the absence of collision) with the others; (C) mobile particle hard
solid collision (red IPS layer indicates movement blockage) with the others; (D) overlapping IPS layers decelerates the mobile particle and induces movement to the others;
(E) mobile particle moves freely among the others due to their movement of separation. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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(A) (B)

(E)

Fig. 12. Schematic representation of suspensions of particles with diameter smaller than the IPS: (A) initial condition where all of the particles are equally distant by the IPS, with the arrow
indicating the movement direction of the mobile particle; (B) mobile particle stopped before collision (green IPS layer indicates absence of collision) with the others; (C) mobile particle
moves among the others without being affected by the IPS layers overlapping; (D) mobile particle moves among the others while being affected by the IPS layers overlapping; (E) mobile
particle moves freely among the others due to their movement of separation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

parameter (H) to consider other energy dissipation sources and the ex-
perimental conditions to measure viscosity. The final interference
model is then proposed in Eq. (5) [32].

2

INT vaHx 2. _Ps &b
IPS "~ 18n,

The suspension constant H was proven to be related to the number
of particles per unit of volume, the surface area, the solid density, and
the liquid viscosity. The physical meaning of the suspension constant in-
volves the suspension capacity of energy dissipation in terms of heat
during the experimental measure of viscosity, but it still requires further
investigation.

The expansion of the interference model from monomodal to multi-
modal systems is possible by adopting the sub-suspensions concept for
particle interaction. In fact, the bulk interference in a multimodal system
accounts for each single-diameter interference value, assuming that the
IPS is calculated inside its sub-suspension, while considering its volu-
metric contribution in the suspension. This statement addresses the
mixing law for bulk properties so that the interference for multimodal
suspensions (INT,;) was proposed to be the sum of each diameter natu-
ral interference multiplied by its volumetric contribution in the suspen-
sion, as seen in Eq. (6).

m
INT, %45 x [ INT; Bb
Y4l

where x; = volumetric content of particle with diameter D;, INT; =
Natural Interference calculated for particle D; assuming the IPS calcu-
lated inside its sub-suspension; m = number of size diameters.

However, the concept of sub-suspensions alters the comprehension
of the natural interference in Eq. (4). In effect, each particle flows inside
its sub-suspension, so that the sub-suspension density affects its inertia
in the system. For that reason, the particle solid density (ps) must be
related to the sub-suspension density by adopting its dimensionless
relative density (p;). Moreover, to retain the natural interference time/
distance concept, the inertial effect from the liquid phase (water) also
must be discounted by assuming the kinematic viscosity (1), which is
defined as the ratio between the dynamic liquid viscosity (7)) and its
density (piq) [32]. Therefore, the natural interference (INT;) calculated
for a particle with a certain diameter Dy; is described in Eq. (7)

2

D::
1, pi Pr
INT; /41—P5i 0 18n, a/p

where Dp; = particle with diameter D;, IPS; = particle separation distance
in the sub-suspension defined around the diameter D;, p, = dimensionless
relative density, n« = kinematic viscosity of the liquid.

The interferences of the pure and blended systems tested in the
present work were calculated using the sub-suspensions characteristics
previously presented. First, Fig. 13 displays the linear relation between
the natural interference (INT,;) and the Casson viscosities. In fact, vis-
cosity increased with INT,;, but three distinct major trend curves
could be fitted according to the water/solid ratio of the suspensions.

Such divergences were predictable because natural interference
INT,,; does not consider the experimental H parameter, which is suppos-
edly associated with the energy dissipation phenomena in suspensions
that are activated as a result of the experimental setup adopted for mea-
suring viscosity. To improve viscosity prediction, Fig. 14 demonstrates
the very good linear correlation between interference (INT,) and
Casson viscosity when INT,; is adjusted by the H parameter calculated
to minimise deviation from the linear function.

Therefore, the interference of multimodal suspensions is finally de-
scribed by Eq. (8):

m
INT, aH('S x; (1 INTy B8b
ival

where H = experimental dissipation parameter; x; = volumetric
content of particles with diameter D;; INT,; = Natural interference
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Fig. 13. Casson's viscosity versus Natural interference (INT;). Green circles are pure
materials of w/s = 0.275-0.45; red circles are 50/50% cement-filler systems of w/s =
0.25; blue circles are 50/50% cement-filler systems of w/s = 0.20. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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calculated for particle D; assuming the IPS calculated inside its sub-
suspension; m = number of size diameters.

To confirm the physical significance of this linear relationship, it is
necessary to determine the H adjustment parameter regarding the char-
acteristics of the suspensions. Indeed, the calculated values of the H ad-
justment parameter displayed a good relationship with the volumetric
solid content in the suspensions, as shown in Fig. 15.

The rate of H increase was small for the lower solid content but in-
creased exponentially at high concentrations. This result endorses this
experimental parameter as the one that accounts for the energy dissipa-
tion in terms of heat in the interference model, as originally described.
This hypothesis assumes the increase of hard solid contacts, such as col-
lisions and surface friction, by increasing the amount of solid particles in
sheared suspension and the decrease of the heat dissipation capacity
caused by the lower water content.

As observed, the shape of the H x volume solid content curve is sim-
ilar to the concentration dependence of viscosity in the well established
models presented in Table 5 [23-27]. Assuming this fact, it can infer that
the interference model estimate viscosity from fundamental measured
characteristics of the particles and liquid, without the need to assume
values for the intrinsic viscosity and the critical solid concentration.
Moreover, it is possible to use the interference theory to calculate the
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Fig. 15. Relationship of the experimental energy dissipative parameter with the volume
solid content.

critical solid content or the intrinsic viscosity that are usually supposed
in viscosity predictive models like those from Table 5. This possibility
enlarges the field for comprehension regarding the physical significance
of both parameters, but the true significance of the H parameter contin-
ue to demand investigation.

4. Concluding remarks

The increase in the efficiency of binder use is required for the future
low CO,, society. Binder optimization by replacing part of the clinker
with inert supplementary cementitious materials (SCM) has enormous
potential to supply the cement-based materials that society needs while
reducing the environmental impacts. However, the wide range of differ-
ent fillers available worldwide can make this replacement very difficult
because they have very different characteristics (size distribution,
shape, density) that affect the rheological behaviour when combined
with clinker.

Although not a complete theoretical model, the interference concept
demonstrated good performance to describe the Casson viscosity of 27
suspensions tested in this work, including pure and blended pastes
using 11 different fillers. Considering that the interference values are
calculated based on the fundamental characteristics of the suspensions,
it is possible to infer its adequacy as a predictive model, once the exper-
imental relation between the dissipative parameter H and the solid vol-
umetric content was established.

In that sense, this model estimates the viscosity of suspensions based
on the different aspects of the liquid phase (density and viscosity) and
the particles, including density, viscosity, size distribution, surface area
and its determining factors, such as shape, roughness, and porosity.
For that reason, the interference model is an important tool capable to
enhance the use of innovative supplementary cementitious materials
in cementitious suspensions.

Even if the results are not definitive, the results presented herein are
encouraging. If used properly, the proposed interference model is capa-
ble to collaborate with CO, mitigation in the production of cement-
based materials. Based on its accuracy of the viscosity prediction, this
model enables a systematic method for selection of SCMs in clinker re-
placement because it allows the estimation of the water demand for
achieving the particles mobility necessary to a demanded viscosity.
This conclusion is certainly important because the final properties of
cement-based materials in hardened state depend on the water content
used during its processing in the fresh state.
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