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ARTICLE INFO ABSTRACT
Keywords: This study investigates the role of fine particles in governing macroscopic behaviors of suspensions, in particular,
Fine particles fraction cement-based pastes. Granulometric analyses were performed on both raw and binary systems of Portland

Granular characteristics
Settling

Storage modulus
Hydration kinetics

cement with limestone filler re-grinded or not (LF2, LF1), and fly ash (FA) at various substitution rates (0-100 %
vol) to modify fine particle content and identify a particle size threshold. Based on granulometric analyses, a
threshold of 5 pm was justified and chosen for subsequent investigation. Suspension stability was assessed using
Turbiscan Lab, measuring both settling velocity and supernatant clarity. The results indicate that systems with a
higher fine fraction, such as those with LF2 (97.6 %), exhibit enhanced stability, as evidenced by significantly
reduced settling velocity compared to LF1 (54.4 %) that demonstrates moderate stability, and FA (34.4 %) that
displays pronounced instability. Rheological measurements were performed on raw and 50 % binary systems,
and the results revealed that systems with a higher fine fraction exhibit a higher storage modulus G’, notably LF2
compared to LF1 and FA, and OPC-50LF2 compared to OPC-50LF1 and OPC-50FA, indicating a denser structural
network. Additionally, systems with a high fine fraction displayed a lower percolation threshold confirming the
enhanced ability of fine particles to form interconnected networks. Isothermal calorimetry further showed that
replacing 50 % of OPC with LF2 and LF1 leads to an increase in the intensity of the main hydration peak by 58 %
and 47 %, respectively, compared to pure OPC, indicating that the nucleation-precipitation effect is more pro-
nounced when more fine particles in the system.
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1. Introduction

For several industrial applications, fine particles of powder mate-
rials, as raw materials or end products, and their granular characteristics
govern material properties and performances. In concrete industry,
given the increasing demand for cement and its expanding applications,
reducing its environmental impact has become imperative. In 2022,
global cement production reached approximately 4.1 billion tons, ac-
counting for almost 8 % of global CO, emissions [1]. The cement in-
dustry is exploring several approaches to mitigate emissions, including
the substitution of clinker with supplementary cementitious materials
(SCMs) derived from minerals and industrial by-products, the use of
alternative fuels from biomass, and the development of low-carbon ce-
ments containing minimal clinker content. Modern cementitious mate-
rials increasingly incorporate high levels of clinker substitution through
the addition of SCMs such as fly ash, slag, silica fume, pozzolans, and
limestone fillers. Their incorporation into the concrete mixture offers
significant environmental and performance benefits for various cement
applications such as 3D printable concrete and self-compacted concrete.
Furthermore, these materials exhibit diverse reactivities, ranging from
inert to pozzolanic or latent hydraulic properties, and can be either poly-
dispersed or mono-dispersed. Their fine particles content significantly
influences both the fresh and hardened states and can influence the
dosage and the efficiency of chemical admixtures for cementitious
materials.

In a powder or suspension, particle size is a key parameter influ-
encing flowability, reactivity, and overall behavior [2,3]. The physical
and chemical properties of particles (for reactive systems) can vary
significantly with particle size, it is, thus, an important factor affecting
the performance and efficacy of the final products.

The definition of “fines” can be context-dependent within related
fields. In the context of aggregate classification for concrete, “fine
aggregate” is characterized as particles that are smaller than 4.75 mm in
diameter (No. 4) referring to ASTM C33 / EN 12620, while particles
passing through the 75 pm (No. 200) sieve are categorized as “fines” or
“mineral filler” referring to ASTM C117 / EN 933-1 [4]. In cement
manufacturing and quality control, the fineness of the material is typi-
cally evaluated based on the amount of material retained on a 45 pm
(No. 325) sieve “ASTM E11” [5]. In powder technology, ISO 12103-1
classifies the particles less than 10 pm as “Ultrafine Test Dust”, and
the particles less than 80 pm as “Fine Test Dust”. This standard was
initially created for testing automotive cabin air filters, illustrating such
classification for specific applications [6].

In the pharmaceutical industry, fine particles which are generally
micro-sized particles (1-10 pm), can impact the drug delivery and effi-
cacy, ensuring that the drug can be effectively absorbed into the
bloodstream [7]. Obviously, in soil mechanics, particles are classified
according to their engineering behavior, in the case of “clay”, upper
particle size limit is 2 pm, and it ranges from 2 to 63 pm in the case of
“silt” [8,9].

In construction materials, fine particles are generally between 1 and
100 pm, ultrafine or submicronic particles are less than 1 pm, and
recently, nano-particles are less than 0.1 pm [10]. Indeed, there is no
single, accepted definition for the term “fine particles” across the
different fields, which highlights the need for establishing parameters
specifically relevant to cement-based materials.

In cement-based systems, variations in particle size can directly
affect phenomena such as flowability, sedimentation behavior, packing
density, and hydration kinetics [11-13]. For instance, fly ash, a common
SCM, generally consists of spherical particles ranging from 10 to 100 pm
in diameter [5]. Limestone fillers, another common addition typically
have a mean particle diameter (d50) ranging from a few micrometers to
coarser grades [14]. Silica fume, which belongs to a finer category of
materials, contains a significant fraction of sub-micron particles and has
a mean particle size of approximately 6 pm [15]. In addition, Ordinary
Portland Cement OPC, usually with a mean particle size in the range of
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10 to 20 pm, has a broad particle size distribution (PSD) [16]. Several
studies have demonstrated that the reduction in the median particle size
of fly ash in blended cement pastes leads to increased consumption of
calcium hydroxide, resulting in a denser microstructure, higher heat of
hydration and shortened induction period [17,18]. Similarly, the fine-
ness of limestone has been shown to significantly affect the hydration
reaction, since a higher specific surface area of limestone powder pro-
vides more nucleation sites [19] [15]. In addition, Jiang et al. [20] have
demonstrated that limestone powder could accelerate the hydration
reaction of cement-limestone paste due to its fine particle size. Recently,
it has been proven that optimizing the particle size distribution of
limestone powder can compensate for the dilution effect associated with
high-volume limestone substitution (up to 50 %) [19,21]. Additionally,
packing density is influenced by particle size. An optimal proportion of
fine particles can enhance packing efficiency, reduce voids, and promote
a denser microstructure [22].

Furthermore, physico-chemical stability is an important property for
many cement-based applications, such as self-compacting concrete SCC,
and 3D printable concrete. In fact, the resistance of a cement suspension
against settling depends on a precise equilibrium between forces oper-
ating on the particles. Factors like PSD, shape, and density of the par-
ticles play an important role in governing the settling behavior of the
suspension. Additionally, the inter-particle forces such as Van der Waals
attractions, electrostatic repulsions, and additional chemical effects play
also an important role alongside liquid phase properties [23]. The
agglomeration of particles leads to faster settling making the suspension
less stable. The DLVO theory helps explain stability by highlighting the
balance between attractive Van der Waals forces and repulsive electro-
static forces [24].

Fine particles can play an important role in determining the prop-
erties of cementitious materials. This study aims to provide a funda-
mental understanding of how fine particles, often overlooked in
traditional approaches, govern the macroscopic behavior of cement-
based suspensions. However, the absence of a universal definition for
fines particles required an adapted approach to define the fine fraction
by selecting a reference fine powder based on the PSD of the raw pow-
ders. Consequently, the influence of fine particles fraction was then
evaluated across three critical aspects: physico-chemical stability,
characterized by settling velocity and supernatant clarity; rheological
behavior, examined at different solid volume fractions through the
evolution of storage modulus G’; and hydration kinetics, analyzed
through calorimetric measurements. Furthermore, the proposed exper-
imental approach can be extended to a broad range of particulate sus-
pensions, both reactive and inert, such as those for ceramics, coatings,
the paper industry, and cosmetics, where fine particles play an impor-
tant role in determining macroscopic behavior and performance.

2. Materials and methods

The raw materials used in this study were an Ordinary Portland
Cement CEM I 52.5R (OPC) supplied by Lafarge Holcim, a fly ash (FA)
from Cemex, and a limestone filler, LF1, from Omya BL. We selected
these three systems to cover different granularity and reactivity, as OPC
the reactive one, fly ash, a moderately reactive and spherical shape, and
LF1 as a quasi-inert system.

Binary cementitious systems were prepared by partially replacing
Portland cement with each of the two SCMs (LF1, and FA). The volu-
metric replacement percentages investigated were 5 %, 25 %, 50 %, 75
%, and 95 %.

2.1. Particle size distribution

The particle size distribution (PSD) of the powders used in cemen-
titious systems is a critical parameter that strongly influences the overall
behavior [25,26]. In particular, fine particles play an important role by
filling the pores between coarser particles, modifying the rheology, and
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providing additional nucleation sites for cement hydration [27,28].
However, their efficiency also depends on their availability and their
dispersion state. Considering the significant implications of the particle
size distribution (PSD), it is important to gain a deeper understanding of
the underlying physical and chemical mechanisms governing cementi-
tious suspensions.

A well-defined measurement protocol was developed to minimize
errors, ensure repeatability, and capture the “representative” distribu-
tion of fine particles. Suspensions of each powder (raw materials and
binary mixtures) were prepared at a solid volume fraction of 15 %. This
solid volume fraction was chosen to ensure representative sampling and
consistency with conditions used for turbidimetry measurements (see
section 2.5), allowing for direct comparison across different character-
ization techniques. A measured amount of powder was mixed with
deionized water using a planetary agitator (Stuart SS30) at 500 rpm for
10 min to achieve uniform dispersion. While an alcoholic medium
(isopropanol, ethanol, methanol) is preferred for cementitious powders
to prevent solubilization [29] [30], this study required a different
approach. As settling kinetics measurements were conducted in deion-
ized water (section 2.5 — we can note that in presence of cement,
deionized water is quickly changing into interstitial ionic liquid due to
the chemical reactivity of cement), we chose to use deionized water as
the carrier liquid medium for PSD analysis as well. This allows for a
direct and relevant comparison between the initial particle size and the
observed settling behavior. For comparative purposes, the analysis was
also conducted using ethanol as carrier liquid medium, and the results
are presented in Appendix. Following initial mixing, the suspension was
diluted tenfold (x10) with deionized water to optimize measurement
conditions for laser granulometry. The diluted sample was then sub-
jected to further agitation using a magnetic stirrer for 5 min to maintain
dispersion and prevent particles settling. PSD measurements were per-
formed using a laser granulometer (LS 13320 Beckman Coulter). These
measurements were performed in triplicate with three independently
prepared suspensions for each sample to ensure repeatability and ac-
curacy. An optical model consisting of a real part (calculated as the
weighted sum of the refractive indices of components based on their
percentage [31]) and an imaginary part (typically provided by the
granulometer manufacturer or from literature [29]) was used for each
system. The specific optical model parameters employed for each ma-
terial are detailed in Appendix. The PSD of raw materials is presented in
Fig. 1.

It appears that Portland cement OPC exhibits a main peak at 8.5 pm,
with 50 % vol of its particles are finer than 77 pm and 98 % vol are below
23 pm. The limestone filler LF1 has a main peak at 4.9 pm, with half of
its particles smaller than 5.1 pm. Fly ash, on the other hand, exhibits the
broadest particle size distribution, with a main peak at 8.5 pm and 50 %
vol of its particles are smaller than 9.1 pm.

——LF1
5 T ——Flyash
—O0—0PC
4
S
]
539
H
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Fig. 1. Particle size distribution of raw powders.
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The measurements are extended to binary systems at substitution
rates of 5 %, 25 %, 50 %, 75 %, and 95 % by volume. Specifically, this
investigation aims to understand the mechanisms governing granular
structuration linked to agglomeration and dispersion phenomena in
these systems, to control the fine particles content and highlight their
role. These results are discussed in section 3.1.

2.2. SEM observations

SEM observations using Quanta 200 FEG (FEI) were performed using
an adapted protocol to achieve an even dispersion of particles on a
lamella. This approach is required for visualizing the morphological
characteristics of raw powders [32]. The first step is to place a drop of
liquid (deionized water) in the center of an ethanol-cleaned lamella,
resulting in a clean, uniform surface for particle dispersion. A drop of the
diluted solution (prepared in the same way as for Laser granulometric
measurements) is then added to the liquid drop, ensuring that the par-
ticles are evenly distributed across the slide. To remove excess liquid,
lightly touch the drop’s edge with a clean, dry piece of absorbent paper.
This enables selective absorption of excess liquid, allowing us to observe
the granular diversity of particles/agglomerates/aggregates in the
suspension.

The cement particles (Fig. 2-a,b) exhibit an angular and irregular
shape with sharp edges and corners due to grinding operations. Lime-
stone filler particles (Fig. 2-c,d), with particle shapes close to those of
cement particles, reveal that the individual particles adopt a cubic
crystal or prismatic grain shape. Finally, the fly ash particles (Fig. 2-e,f)
are predominantly spherical with smooth surfaces, a result of the high-
temperature combustion process in coal-fired power plants.

2.3. Bulk density and specific surface area

The bulk densities of the powders (raw and binary systems) are
determined using a helium pycnometer “Micromeritics AccuPyc 1330”.
The bulk densities of binary systems were measured to assess the ho-
mogeneity of the blended mixtures. The results showed consistent values
between the measured density dexp and calculated density dcac, deter-
mined using the volume fraction and the density of each component,
across all systems with a standard deviation less than 0.1 g/cm?, con-
firming its homogeneity at the macroscopic scale (Fig. 3).

Specific surface area SSA is determined using the BET method. Fly
ash exhibits a relatively high specific surface area (4.69 m?/g) compared
to the other powders. The results are presented in Table 1.

2.4. Selection of the fine fraction

Limestone filler LF1, as a “quasi-inert” material with granular char-
acteristics close to OPC, was selected to highlight the impact of fine
particles without any chemical effects, while LF2 produced by grinding
LF1 (90 s for each 150 g batch, using ring mill grinder) was used to
modify and better control of fine content in the system. PSD measure-
ments were conducted for LF2 powder, using the same protocol in sec-
tion 2.1. The results are presented in Fig. 4. Characterization revealed
that the resulting LF2 powder exhibits a main mode at 3.3 pm with half
of its particles are smaller than 2.6 pm. We can also note that 97.6 % vol
of particles are finer than 5 pm, which corresponds approximately to the
dsp and main mode values for LF1. The grinding process applied to
produce LF2 resulted in an even higher specific surface area of 6.79 m?2/
g. The results are presented in Table 1. For these reasons, LF2 will be
considered as a reference fine powder with nearly all particles finer than
5 pm. Therefore, 5 pm is adopted as a threshold to define the fine
fraction in this study. Therefore, this choice of 5 pm as a threshold is not
an arbitrary but a suitable criterion representing the upper boundary of
our reference fines, (LF2).
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Fig. 2. SEM images of raw powders, (a; b) Cement, (c; d) LF1 and (e; f) fly ash.
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Fig. 3. Measured and calculated densities of binary systems.

100

Table 1

Granular characteristics of raw powders.
Material Portland cement LF1 LF2 Fly ash
%vol of particles <5 pm 16.9 54.4 97.6 34.4
dy (pm) 0.28 0.2 0.24 0.1
dso (pm) 77 5.1 2.6 9.1
dog (pm) 23 25 6 95
dinean (pm) 8.6 7.5 2.7 18.9
Main mode (pm) 8.5 5 3.3 8.5
SSA per (m°/g) 1.43 0.99 6.79 4.69
Density (g/cm’) 3.14 2.73 2.73 2.38

2.5. Settling kinetics measurements

Settling behavior of raw and binary systems has been monitored
using a Turbiscan Lab from Microtrac-Formulaction France. This device
employs a vertical light scanner with a near-infrared light source (A =
860 nm) that scans the analysis tube containing the suspension sample at
40 pm intervals following a choice of specific time sequence: every 30 s
during the first 3 min, then every 1 min for the next 12 min, every 5 min
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Fig. 4. PSD of limestone filler 2 (LF2).

for the subsequent 50 min, and finally every 10 min for the last 70 min.
The transmitted and backscattered lights are detected at 0° and 135°,
respectively, relative to the incident beam [33,34]. A suspension for
each raw and binary system, with a solid volume fraction of 15 %, is
prepared by mixing the amount of powders with deionized water using
the same mixing protocol used for granulometric measurements (section
2.1), (10 min at a low speed (500 rpm) to ensure proper wetting of the
powders and to prevent the formation of foam and air bubbles). While
mixing, the analysis cell (internal diameter: 25 mm, height: 55 mm) is
filled with 20 ml of the suspension using a micropipette and introduced
immediately into the Turbiscan. The samples prepared are immediately
analyzed, and the results are discussed in section 3.2.

Fig. 5 presents an example of a sedimentation column along with the
corresponding transmission and backscattering profiles captured over
time. With increasing time, the suspended particles gradually migrate
toward the bottom of the cell, forming (for all systems) a sediment with a
sharp front between the supernatant and the sediment formed. The
turbidity of the supernatant is assessed by determining the percentage of
transmitted light (%T) within the supernatant zone using the 10-min
scan to determine the mean %T value. While the settling velocity
(Vsey) is determined as the slope of the evolution of sedimentation front
over time. For consistency, Vset and %T are evaluated at a fixed time
point, 10 min after the start of the analysis. The results will be discussed
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in section 3.2.

2.6. Rheological measurements

To highlight the influence of fine particles (< 5 pm) on the rheo-
logical properties, suspensions of each powder and binary blends with
50 % vol of replacement were prepared at varying solid volume frac-
tions. Rheological measurements were conducted using a rotational
rheometer (AR2000Ex from TA Instruments) equipped with a four-blade
vane geometry (internal diameter: 28 mm; outer cup diameter: 30 mm).
After a pre-shear phase for 30 s at a rotational shear rate of 100 s, an
oscillation strain sweep from 0.0001 % to 100 % was performed with a
frequency of 1 Hz at a constant temperature of 25 °C. The typical
response consists of three domains including the viscoelastic domain,
the yielding domain, and the flow domain [35] [36]. The results will be
discussed later in section 3.3.

2.7. Hydration kinetics measurements

The heat evolution of fresh cement-based pastes was measured using
an isothermal calorimeter TAM Air (TA Instruments). Binary pastes of
OPC with limestone filler (LF1 and LF2) and fly ash were prepared at
substitution rates of 0 %, 5 %, 25 %, 50 %, 75 % by volume. The water to
binder ratio was fixed at 0.4 for all mixtures. Approximately, 10 g of
each paste were carefully transferred to glass ampoules, which were
then sealed to prevent evaporation during the measurement period. The
measurements were performed at a constant temperature of 25 °C.

Measurements began several minutes (about 5 min) after the
moment of initial contact between deionized water and powder parti-
cles. Heat flow was recorded continuously for 72 h. Two parameters
were monitored to characterize the hydration kinetics, the cumulative
heat release after 60 h Q(60 h) in J/g OPC, and time required to reach a
cumulative heat release of 200 J/g OPC (T200) in hours, as illustrated in
Fig. 6. The impact of fine fraction on these two parameters will be dis-
cussed in section 3.4.

3. Results and discussions
3.1. Granular structuration in binary systems

Granulometric measurements were also conducted on binary systems
with the same protocol (section 2.1). A comparative analysis was

awi]

_‘. | x/"/ /
T ) S Supernatant l =S5 e
\ J - ,AJ e
o \
B |
. f Sediment \
1 T T '-\\k i
Height of column (mm)
Sediment Supernatant Air

Fig. 5. Example of Turbiscan settling profiles for a cement-based suspension.
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Fig. 6. Typical normalized cumulative heat release for OPC paste, E/C = 0.4,
and graphical representation of followed hydration parameters.

performed between the experimental distribution (Gexp), measured
directly by laser diffraction granulometry to capture the experimental
particle size profile of the blended system, and the expected distribution
(Gealo), calculated as a combination of each experimental distribution.

Fig. 7 illustrates an example of the two distributions (Gexp and Gealc)
for the binary mixture OPC-25LF1 (75 %OPC + 25 %LF1). A close
agreement is observed between the experimental and expected PSDs for
the OPC-25LF1 system. Furthermore, to systematically highlights the
evolution of PSD that reflects the granular modifications, four gran-
ulometric thresholds were defined within the distributions, firstly, the
submicronic fraction (particles less than 1 pm) or f(1 pm), the size-gap
fraction (particles less than 2 pm) or f(2 pm), the limestone-main
mode fraction (particles less than 5 pm) or f(5 pm), and the OPC-main
mode fraction (particles less than 10 pm) or f(10 pm). For each
threshold, the experimental (fex,) and calculated (fc,c) cumulative vol-
ume fraction of fines were determined for all binary systems. The results
for the OPC-LF1 system are presented in Fig. 8.

Fig. 8 shows a strong correlation between fey, and f.ac across all
substitution rates and for all selected thresholds. It appears that for the
very fine fractions f(1 pm) and f(2 pm), no significant change is observed
in their evolution with increasing substitution rate. This indicates that
these fine fractions are not sensitive to substitution rate and are there-
fore unsuitable as control parameters for the fine fraction modification.
On the other hand, more significant change is observed for f(5 pm) and f
(10 pm), suggesting that these thresholds are more sensitive to substi-
tution and are more suitable for controlling and modifying the fine
fraction. Consequently, for the remainder of this paper, the fine fraction
is precisely defined as the particle size fraction smaller than 5 pm for all
systems, with their respective values presented in Table 2.

3.2. Influence of fine fraction on settling behavior

The stability of cement-based suspensions is notably influenced by
the complex interplay among density, particle size distribution, inter-
particle forces, and chemical reactivity. Sedimentation behavior or
settling of particles/agglomerates occurring under gravitational force in
the continuous medium is characterized, in this study, by settling ve-
locity and the percentage of transmitted light through the supernatant
after 10 min, as detailed in section 2.5.

Fig. 9 provides a comparative visualization of the stability behavior
observed through the different raw powders and their fine fraction as
defined above. A suspension of Alumina powder (100 % corundum, dsg
= 2.5 pm, and fexp(5 pm) = 86 %) was used for comparison demon-
strating a well-dispersed system where fine particles remain suspended
without significant agglomeration phenomena, sedimentation or clari-
fication. As the fine particle fraction plays a crucial role in determining

Powder Technology 468 (2026) 121632
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Fig. 8. Experimental and calculated fine fraction for the system OPC-LF1.

suspension stability, Alumina and LF2, with the highest fine fraction,
exhibited the lowest settling velocity (2.2 and 19.6 mm/h respectively),
indicating that fine particles effectively reduce gravitational settling,
thereby enhancing suspension stability. However, contrary to Alumina,
which shows excellent stability (without supernatant during the time
analysis), LF2 displayed the supernatant with the highest %T at 10 min
(68.1 %) after 10 min (low settling velocity: 19.66 mm/h). It is impor-
tant to note that the supernatant height of LF2 was relatively negligible
after 10 min, confirming its overall good stability despite the
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Table 2
Fine fraction for raw and binary systems used for the rest of this study.

Fine fraction (%) (< 5 pm)

% substitution LF1 LF2

Fly ash
0 16.9 16.9 16.9
5 18.8 20.9 17.8
25 25.3 37.1 21.3
50 35.7 57.3 25.7
75 45 77.4 30.1
95 52.5 93.6 33.6
100 54.4 97.6 34.4
—0-0PC Fine fraction
(%)
——LF1 20 i
i 100 . Supernatant after 10 min
o
——FA 3 Y0
0 0%
—&— Alumina 000
000
Supernatant after 10 min
o
it T
O 4
v
Vset % Tat 10

(mm/hr) min

% Transmitted light

Supernatant height

Time

Fig. 9. Comparative stability relating the fine fraction (< 5 pm), settling ve-
locity Vset, and supernatant clarity (%T at 10 min) for the different
raw powders.

supernatant clarity. However, the presence of the supernatant suggests
that, despite its low settling velocity, a small number of fine particles in
LF2 might either be settling or forming loose agglomerates that allow
light to pass through.

Furthermore, OPC and LF1, which both present nearly similar
granular characteristics, show comparable and moderate settling ve-
locity (69.8 and 61.1 mm/h respectively). The slight difference in Vet
can be attributed to the difference in density, where LF1 has a lower
density than OPC (2.73 and 3.14 g/cm® respectively) and fineness
(where LF1 is finer than OPC). In these systems, “hindered settling” is
the dominant mechanism. This behavior points to a balance between
competing processes: partial agglomeration and coarser particles that
facilitate settling, and residual dispersion that maintains fines in sus-
pension. Nevertheless, the lower supernatant clarity for OPC (26.5 %),
suggests that weakly bound agglomerates or partially dissolved cement
particles (which decrease in size) may contribute to increase the
turbidity of the supernatant. The lower sedimentation velocity for LF2
compared to LF1 can be attributed to the high fine fraction for LF2
resulting in a lower supernatant height at the same sedimentation time.

On the other hand, Fly Ash, with its comparatively lower fine frac-
tion, demonstrated the highest settling velocity, reinforcing the notion
that fine particles contribute to stability by slowing sedimentation.
Additionally, Fly Ash also exhibited lower supernatant clarity compared
to other powders. Indeed, Fly Ash particles rapidly form dense ag-
glomerates (see Fig. 2-e) that settle quickly while leaving residual fine
particles suspended that are not trapped into the agglomerates. There-
fore, a partial “hindered settling” mechanism is taking place.

The influence of fine fraction on settling behavior of binary systems
(5 %, 25 %, 50 %, 75 %, and 95 % of substitution) was also monitored.
Fig. 10-a shows that the settling velocity for OPC-LF1 binary systems
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increases slightly (from 78.5 to 97.3 mm/h) with fine fraction, while the
supernatant clarity remains nearly constant when increasing fine frac-
tion (i.e. increase of LF1 content). This trend indicates moderately stable
behavior due to the nearly similar granular characteristics of OPC and
LF1. This also suggests that the fines from LF1 in the presence of OPC
particles promote the formation of small, denser agglomerates (see
Fig. 11-a) that settle faster than the individual components. However,
for the binary system OPC-LF2, Fig. 10-b, shows a significant decrease of
settling velocity (from 68.3 to 20.1 mm/h) when significant increasing
in fine fraction (i.e. increase of LF2 content). We can note that Vset and
supernatant clarity of binary systems OPC-Limestone filler show con-
stant values when fine fraction achieves about 50 %. This may suggest a
saturation point where the benefits of additional fine particles on sta-
bility become less pronounced, indicating an optimal fine particle con-
tent for achieving a stable suspension. On the other hand, OPC-FA
system, Fig. 10-c, appears to be the most unstable system, with settling
velocity that increase significantly and supernatant clarity relatively low
and decrease dramatically. This behavior is explained by the tendency of
coarser Fly Ash particles and agglomerates to settle quickly (see Fig. 11-
b), while a significant portion of the fine particles (from both OPC and
FA) remains suspended. These suspended fine particles are not effec-
tively incorporated into the rapidly settling agglomerates, resulting in a
highly turbid supernatant. This highlights that not all fine particles
contribute equally to stability; their effectiveness is highly dependent on
their interaction with other particles and their propensity to form stable
networks rather than loose, rapidly settling agglomerates.

3.3. Impact of fine fraction on the rheological properties

The evolution of storage modulus G’ for raw powders pastes (LF1,
LF2, and FA) over fine fraction is illustrated in Fig. 12. At the same solid
volume fraction, and at low oscillation strain (within the linear visco-
elastic region LVR), LF1 and FA suspensions show lower G’ comparing
to LF2 suspension. This suggests that LF2 suspension has a more rigid
network structure. The reason behind the greater G’ of LF2 compared to
LF1 lies in the difference in the fineness, as LF2 possesses a high fine
fraction. Fine particles, due to their larger specific surface area, lead to
an increased number of particle-particle contacts and enhanced inter-
particle forces (e.g., van der Waals forces, electrostatic interactions).
These forces contribute to the formation of a more rigid network within
the suspension resulting in a higher storage modulus. Furthermore, OPC
has a high G’ due to the ongoing chemical changes and cannot be
compared with the inert systems. Interestingly, a clear correlation
emerged between the storage modulus G’ (represented by the mean
value of G’ within the LVR) and the fine fraction across all tested solid
volume fractions for LF1, LF2, and FA systems. As shown in Fig. 12-a,
LF2 with a fine fraction of about 97 %, contributes to stronger inter-
particle forces resulting in a more rigid network and greater G’
compared to LF1 that has a fine fraction of about 54 %. Additionally,
binary systems with 50 % OPC (Fig. 12-b) also show a strong correlation
with fine fractions for all solid volume fractions. Consistently, systems
with the highest fine fraction exhibited the highest G’ values, while the
system with the lowest fine fraction (FA) showed the lowest G’. This
means that an increased proportion of fine particles enhances the ri-
gidity of the network of interacting particles. In fact, the fine particles
act as additional points of contact and interaction, increasing the overall
connectivity and stiffness of the particle network. Moreover, it was
observed that the percolation threshold, which represents the critical
solid volume fraction from which the suspension exhibits a minimum
rigidity (or yield stress [23]), correlated well with the fine fraction.
Systems with a higher fine fraction exhibited a lower percolation
threshold, meaning that a rigid network could form at a lower overall
solid volume fraction. This is because the increased number of fine
particles facilitates the formation of a connected pathway more easily,
leading to a higher G’ even at relatively lower solid concentrations. This
implies that fine particles are highly efficient in building a load-bearing
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Fig. 10. Evolution of settling velocity and supernatant clarity over substitution rate for a) OPC-LF1, b) OPC-LF2, and c¢) OPC-FA systems.

structure within the suspension, which is crucial for applications
requiring early structural integrity or shape retention, such as 3D
printing of cementitious materials.

3.4. Influence of fine fraction on hydration kinetics of cement-based
suspensions

The results in Fig. 13 show the heat flow evolution of cement paste
with 50 % vol of limestone filler (LF1 and LF2). Following the dissolu-
tion peak (first 30 min), all systems entered in a dormant period fol-
lowed by the acceleration phase which is mainly associated with the
hydration of tricalcium silicate (C3S) and the formation of calcium sili-
cate hydrate (C-S-H), while the secondary peak is generally attributed to
the hydration of aluminate phases. It was observed that the addition of
limestone fillers significantly accelerates the hydration process. This
acceleration effect is highly reported in literature [19,37-40]. When 50
% of OPC was replaced by limestone fillers (LF1 and LF2), a significant
increase in the intensity of the peak was observed. Notably, OPC-50LF2
exhibited the highest peak intensity (5.7 mW/g of OPC) compared to
about 5.3 mW/(g of OPC) for OPC-50LF1, and 3.6 mW/(g of OPC) for
OPC system. This represents increases of 58 %, and 47 % for OPC-50LF2
and OPC-50LF1 respectively relative to the raw OPC system. These
differences can be explained by the nucleation effect of limestone, but

both limestone fillers (LF1 or LF2) are rather fine, compared to OPC
particles size distribution, to create nucleation sites. Limestone particles,
even if relatively coarse compared to the very fine fractions, provide
additional surface area that acts as heterogeneous nucleation sites for
the precipitation of hydration products, particularly C-S-H. This
increased availability of nucleation sites accelerates the formation and
growth of hydration products, leading to a faster overall reaction rate
and thus a higher heat release rate.

In order to highlight the impact of fine fraction on hydration kinetics
of cement-based pastes, T200 and Q60 were determined and plotted
with the fine fraction. The results for OPC-LF1 and OPC-LF2 systems (0
%, 5 %, 25 %, 50 % and 75 % of substitution) are illustrated in Fig. 14 (a
and b respectively). The cumulative heat release after 60 h (Q60),
normalized to 1 g of OPC, systematically increased with increasing fine
fraction (and substitution rate) for both systems. Fine particles provide
additional surfaces for the heterogeneous nucleation of hydration
products. According to [38], several explanations for the increased
nucleation, they reported that the arrangement of the calcium atoms
(resulting from the slight dissolution of limestone) on the surface of the
calcite surface provides a “templating” effect which facilitate the
nucleation. As we can see, this nucleation-precipitation effect is more
pronounced for OPC-LF2 system, the difference here can be attributed to
the difference in fineness of LF2 compared to LF1, as both share the same
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Fig. 11. SEM images showing agglomeration between (a) OPC and LF1 parti-
cles; (b) OPC and FA particles.

chemical composition. The difference in Q60 for OPC-LF1 and OPC-LF2
is illustrated in Fig. 15. The finer particles in LF2 offer a significantly
larger number of active sites for heterogeneous nucleation, leading to a
more rapid and extensive formation of hydration products. Other re-
searchers have reported that the adsorption of calcium ions (from the
pore solution) on the surface of limestone particles facilitates the for-
mation of “stable nuclei” and consequently a large amount of C-S-H
nuclei on the surface of limestone particles [41]. This highlights the dual
role of fine limestone particles: providing physical nucleation sites and
potentially influencing the local chemistry to promote the formation of
stable hydration product nuclei. The increased rate of hydration, as
evidenced by higher cumulative heat release, is beneficial for applica-
tions requiring faster strength development and reduced construction
times.

4. Conclusion

In this study, an approach has been developed to highlight the role of
fines particles, often overlooked in traditional characterization methods,
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in governing the macroscopic behavior of cement-based suspensions.
The absence of a universally accepted definition for fine particles in
cementitious systems necessitated a careful selection of the fine particle
threshold; a 5 pm threshold was chosen and rigorously justified based on
comprehensive granulometric analyses across all systems. Subsequently,
we highlighted the influence of fine particles fraction on three funda-
mental aspects relevant to advanced applications such as 3D printing
and self-compacted concrete:

(i) The physico-chemical stability of the suspensions was signifi-
cantly impacted by fine fraction. An increased fine particle frac-
tion led to reduced settling behavior and enhanced supernatant
clarity. This phenomenon can be attributed to several synergistic
mechanisms. The larger total surface area provided by the fine
particles promotes the formation of agglomerates that trapped
water, effectively reducing the free water content and increasing
the viscosity of the suspension.

(i) The rheological behavior of the cement-based suspensions was
markedly influenced. An increase in the fine particle fraction
resulted in a significant increase in the storage modulus. This
observation is primarily due to the increased particle-particle
interactions. Fine particles, with their high surface area,
contribute to a more extensive network within the suspension.
This increased interaction leads to the formation of a more rigid
and interconnected microstructure, which in turn enhances the
elastic response of the material, as reflected by the higher storage
modulus.
The hydration kinetics of the cementitious system were acceler-
ated. An increased fine particle fraction induced an increase in
the cumulative heat flow, indicative of enhanced nucleation-
precipitation. Fine particles provide a significantly larger num-
ber of nucleation sites for the precipitation of hydration products.
This increased surface area acts as a template for the heteroge-
neous nucleation of calcium-silicate-hydrate (C-S-H) and other
phases, thereby accelerating the overall hydration process. The
proximity of these nucleation sites also facilitates the rapid
growth of hydration products, leading to a more efficient con-
sumption of reactants.

(iii)

Beyond their typical function as fillers, these results collectively
highlight the critical role that fines particles, and their critical dosage
can play in controlling the macroscopic behavior of cement-based sus-
pensions. For instance, in 3D printing, the enhanced physico-chemical
stability and increased storage modulus provided by fine particles are
important for maintaining shape accuracy and preventing collapse
during layer-by-layer deposition. Similarly, in self-compacted concrete,
the improved stability and rheological properties ensure flowability
without segregation, while the enhanced hydration contributes to early
strength development and reduced formwork pressure.
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Appendix A
A.1. PSD of cementitious suspensions

A.1.1. Determination of the refractive index for the studied systems

There are 3 fixed wavelengths for PIDS: L1 = 450 nm, L2 = 600 nm, and L3 = 900 nm (Laser granulometer supplier). For each system, a specific
model was created with 3 different refractive indices corresponding to each wavelength.

For binary mixtures, the following expression [42] is used to calculate the refractive index:

n= Z mi*ni
Where:
e n: refractive index,
e mi: masse percentage of element i,

e ni: refractive index of element i.

Appendix B
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Table 3
Refractive index (real part) at wavelength 450 nm.

Substitution rate (%vol) OPC-LF OPC-FA
0 1.75 1.75

5 1.747 1.742
25 1.732 1.71

50 1.714 1.665
75 1.694 1.612

(continued on next page)
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Table 3 (continued)

Powder Technology 468 (2026) 121632

Substitution rate (%vol) OPC-LF OPC-FA
95 1.676 1.565
100 1.672 1.552
Table 4
Refractive index (real part) at wavelength 600 nm.
Substitution rate (%vol) OPC-LF OPC-FA
0 1.752 1.752
5 1.748 1.744
25 1.731 1.71
50 1.708 1.662
75 1.683 1.607
95 1.662 1.557
100 1.657 1.543
Table 5
Refractive index (real part) at wavelength 900 nm.
Substitution rate (%vol) OPC-LF OPC-FA
0 1.754 1.754
5 1.749 1.746
25 1.730 1.71
50 1.704 1.66
75 1.676 1.603
95 1.652 1.55
100 1.646 1.536
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Fig. 18. Evolution of storage modulus G’ over strain for pastes at a solid volume fraction of 48 %.
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