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Mesostructure evolution of cement pastes with addition of superplasticizers 
highlighted by dispersion indices
Caroline Autier, Nathalie Azema ⁎, Jean-Marie Taulemesse, Laurent Clerc
Centre des matériaux de l'Ecole des Mines d'Alès, 6 avenue de Clavières, 30319 Alès cedex, France
a b s t r a c t
One of the parameters that condition the workability of concrete is the dispersion state of cement paste. Water trapped into the agglomerates does not 
contribute to flow properties and fine particles forming agglomerates are not available for packing optimization. Therefore, superplasticizers have been 
developed to disperse particles, thus increasing the flowability of the material for the same water/cement ratio. Using the complementarity between scanning 
electron microscopy (SEM) and laser granulometry, dispersion states of cement pastes were characterized. The different kinds of particles and their meso-
with the flow behavior of pastes. This comparis
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1. Introduction

Packing and flow properties of mortars and concretes control work-
ability in the fresh state along with the strength and durability of these
materials at hardened state [1]. Both parameters are strongly depen-
dent on the dispersion state of cement paste composed of water,
cement, mineral additives and admixtures. More precisely, the disper-
sion state impacts concrete workability through trapping of water in
the agglomerates which does not contribute to flow properties [2]. Fur-
thermore, fine particles involved in the agglomerates are not available
anymore to increase maximum packing [1]. Superplasticizers (like
polycarboxylate or lignosulfonate) have been developed for years in
order to increase particle dispersion, thus improving the rheological
properties of the material [3,4].

Many studies correlate the superplasticizer adsorption on mineral
particleswith the rheological behavior of the suspension [5–8]. However,
cement pastes are very heterogeneous systems by their chemical and
crystallographic composition and their granular characteristics. More-
over, cement particles are chemically reactive with water, thus
increasing heterogeneity and leading to an evolution of the particles
characteristics. These are the reasons whymany studies were conducted
on pure synthetic phases, inert model systems, like magnesium oxide
[9,10], or by modeling [11,12]. Granular aspects and their influence on
materials properties are poorly researched [13–18] and only a few
Azema).
studies developed a morpho-granulometric approach based on
granulometry and scanning electron microscopy techniques [19–21].
Theymainly focused on particle shape and surface, and the characteriza-
tion of the dispersion/agglomeration phenomena by identifying the
different granular populations and associated transfers of particles was
studied qualitatively [22,23].

A recent review of J. Stark [24] on cement hydration andmicrostruc-
ture analysis confirm that a high number of studies are connected to
cement hydration. Those concerning microstructure are focused on
hardened cement paste, mortar or concrete and not on cement paste
during dormant period.

The aim of this work is to have a better understanding of the granular
and the physicochemical phenomena that occur during this slow chemi-
cal reaction period, without taking an interest in chemical characteriza-
tion of the different cement phases which have been particularly well
studied. In this objective, we propose to explore the mesostructural
scale of these systems and their evolution, with all its complexity, by
working on Ordinary Portland Cement (OPC) pastes during dormant pe-
riod when the chemical reactivity is slow [24,25]. In these conditions, the
study of physicochemical phenomena is favored over hydration reactions.

As a first step, different granulometric populationswere identified in
a unadmixtured paste, using the complementarity of scanning electron
microscopy (SEM) and laser granulometry.

With the object to make a complete identification and designated an
appropriate liquid as suspendedmedium, different granular characteris-
tics of particles and agglomerates were characterized using several
media like air, deionizedwater, ethyl alcohol and synthetic pore solution.
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Fig. 1. Chemical structure of a polycarboxylate.
In addition, several dispersion states of the paste were also generat-
ed using different amounts of polycarboxylate-based superplasticizers
of different structures in order to underline the evolution of the particle
size distribution, reflecting the meso-structural organization [26].

According to these results, dispersion indices were introduced and
related with the flow behavior of the corresponding pastes. Our aim
was to establish a relationship between the evolution of the meso-
structural organization of a fresh cement paste and its rheological
behavior. The dispersion indices should allow us to have a better under-
standing of the influence of superplasticizers (amount, molecular
structure…) on rheological behavior of a cement pastes. This multi-
scale approach of experimental characterization may be easily applied
to other studies characterizing the influence of surfactants on dispersion
phenomena in several fundamental and industrial areas.

2. Material and methods

2.1. Materials

An Ordinary Portland Cement (OPC) of class CEM I 52.5 N provided
from Calcia of which chemical and granular characteristics are
presented in Table 1 was used for this study. The oxides proportions
were determined by X-ray fluorescence. The different specific area
characterizations (namely Blaine fineness and specific surface areas by
laser granulometry) show similar values about 0.4 m2/g, and a B.E.T
specific surface area value equals to 1 m2/g. Therefore, the chosen
cement particles show no area porosity, and a few agglomerates in the
powdery state.

The polycarboxylate-based superplasticizers were provided by
CHRYSO Company. A generalized chemical structure is shown in Fig. 1.
The molecule is a polymer of methacrylic acid partially esterified with
methoxy-terminated polyoxyethylene groups (PEO). It is believed that
adsorption occurs via the carboxylic acid groups and the dispersion is
given by the PEO grafted chains because the unfolding of the PEO in
the pore solution generates steric repulsion. The efficiency of poly-
carboxylates is dependent on the side chain length and the grafting
ratio on the backbone [27–29]. The four polycarboxylates studied are
called AA, A, B, and C later on this paper (Fig. 1).

The ester grafting ratio (m/n) increases from 10% to 40% between
the PCE AA and C while PEO length (p) is fixed.

2.2. Paste preparation

As shown in Fig. 2, the mixing equipment consists in a twisted
mixing anchor blade adapted to a Stuart, SS 30 mixer and a stainless
steel beaker. The cement suspensions were prepared by adding the
powder to deionized water and admixture in the beaker, and then by
mixing at a speed of 185 rpm during 20 min in order to work during
the dormant period (this period lasts twohours for the cement studied).
Pastes were kept under stirring throughout the analysis. Cement sus-
pensions were prepared with 200 g of cement and a water to cement
ratio (w/c) of 0.5 (including the amount of water provided by the
admixture).

This ratio was imposed by the mixing equipment which is not pow-
erful enough tomix unadmixtured paste with lower w/c. The ratio used
Table 1
Different specific surfaces of the cement powder.

Cement characteristic Value

B.E.T. specific surface area 1.1 m2/g
Blaine specific surface 0.4 m2/g
Specific surface area by granulometry

• Deionized water
• Dry way

0.3 m2/g
0.4 m2/g
is closer to self-compacting concrete (SCC) applications where
superplasticizers are also widely used than high-performance concrete
(HPC). Each polycarboxylate was tested with weight dosages of
0.025%, 0.05%, 0.08%, 0.1% and1%of dry activematterwith respect to ce-
mentweight. These ratios cover the ratios used in the concrete industry.
2.3. Granular characterization

Granulometric characterization of powder and pastes was per-
formed using a LS 230 laser granulometer (Beckman Coulter) of which
analytic range extends from 40 nm to 2 mm. The differential particle
size distribution of the pastes and of the cement powderwas investigated
in deionizedwater, pure ethyl alcohol, a synthetic pore solution and in air,
in order to study the influence of the media. We can note that the pore
solution used is a salt aqueous solution containing the main ions present
in the liquid phase of the cement paste (gypsum: 2.1 g.L−1, potassium
sulfate: 8.7 g.L−1, sodium hydroxide (50% solution): 14.1 g.L−1). The op-
tical model used for cement materials has been computed for a refractive
indexwith a real part of 1.7 and an imaginary part of 1. The analysis time
was 1 min for all themedia used and the speed of pump is reduced to the
minimum in order not to destroy the agglomerates. A previous study
allowed checking that the analysis time is much lower than the dissolu-
tion rate of the cement in deionizedwater for diluted suspensions. There-
fore, the adequacy of this liquid media to the study of the admixture
influence was checked (Section 3.2). The particle size distributions
obtained were expressed in a percent by volume and are normalized to
100%.

The granular characterization was completed with a microscopic
analysis performed using a high resolution environmental electronic
microscope Quanta 200 FEG from FEI Company. A specific sample
preparation technique was developed in order to identify the different
granular kinds of particles and their agglomeration state. Pastes were
Fig. 2. Procedure of implementation of the cement pastes.



diluted at about 1%weight in a liquid (deionizedwater or ethyl alcohol)
and submitted to a low magnetic stirring (in order to preserve the
agglomerates) during 1 min. A drop of this suspension was deposited
on a liquid dropwhichwas already disposed on a glass slide. The excess
water is absorbed which causes a gradient of particle sizes, without
destroying the agglomerates formed. The finest particles and agglomer-
atesmove toward themore dilute area,whereas the larger remain local-
ized in the concentrated area.

We can remark that the advantage of this preparation method is
allowing a distinction between the individual particles and the agglom-
erates formed. Then these microscopic observations will be more easily
compared to granular characteristics obtained by laser granulometry.
However, no difference has been noted by SEM observations in the
agglomeration states of pastes due to superplasticizer concentrations.

2.4. Fluidity of cement paste

The rheological behavior of the pastes was characterized using a
stress-controlled shear rheometer (AR 2000, TA Instrument). In order
to minimize sedimentation effects on the rheological measurement,
vane geometry was chosen (diameter 28 mm, height 42 mm). The
temperature was fixed to 25 °C. A pre-shear at 50 s−1 was performed
during 30 s before the measurement. Then, steady state flow steps
were performed from 5 s−1 to 125 s−1. The rheology of cement-based
materials was described by the yield stress determined with the
Binghammodel applied between 30 s−1 and 125 s−1. Each formulation
of paste was analyzed on five different samples.

3. Results and discussions

3.1. Identification of granular populations in unadmixtured paste

Particle size distributions of the cement powder and cement pastes
in different liquid media are shown in Fig. 3. These systems are very
polydisperse. Indeed, their size ranges from sub-micronic dimensions
(finest particles observed by SEM show a diameter about 0.1–0.2 μm;
50–60 nm by laser granulometry) to a maximum size of around
200 μm.

Moreover, the particle surface in SEM micrographs appears smooth
andwithout roughness in good agreementwith the low values of specific
surfaces measured.
Fig. 3. Distributions of powder and p
Note that ethyl alcohol appears to be a dispersant medium (usually
used in industrial control), in contrast to aqueous media (deionized
water and pore solution almost similar) and analysis performed by the
dry way. Indeed, the main mode is around 25 μm in aqueous media
and in air, whereas it is only around 10 μm in the alcohol medium
(Fig. 3–Table 2).

The comparison between themaximumdiameter on the particle size
distributions in ethyl alcoholic medium of powder (40 μm) and paste
(60 μm) allows underlining a slight attrition phenomenon during the
implementation of the paste. Indeed, ethyl alcohol is a dispersant medi-
um, this dispersion concerns unit particles. Microscopy observations
performed on the same samples confirm this hypothesis. Moreover the
cement paste analyzed in alcohol media shows an important sub-
micronic mode resulting of particle dispersion or hydrate precipitation
(acicular particles that have been only observed in alcohol at this age
of the paste). The submicronic particles can originate from those
already existing in the granulometric distribution of powder and those
that may be produced by attrition during paste preparation. Table 2
shows that deionized water seems to be an interesting suspending
fluid for studying the influence of superplasticizers on themesostructure
because of its initial agglomerating properties.

The initial unit particles of cement show a modular and angular
shape, whereas hydrates show a specific (cubic or acicular with a
shape factor length/diameter of 2) crystalline shape (Fig. 4c). The
surface of the particles appears smooth according to the low values of
specific surfaces. As we mentioned in the introduction, the identifica-
tion of the crystalline phases was not investigated in this work.

Agglomerates present in the dry powder correspond to the associa-
tion of sub-micronic particles ormicronic particles on particles of several
tens or even hundreds of microns (Fig. 4a). Their dispersionwould affect
only slightly the size distribution for particles greater than the mode. In
this study, the agglomerate is defined as the association of (unit or
agglomerated) particles linked together by weak physical bonds (Van
der Waals forces).

Cement paste analyzed in aqueousmediumallows observing another
agglomeration phenomenon corresponding to the association of parti-
cles, smaller than the main mode, associated with each other (Fig. 4b).

Furthermore, the particle size distribution is similar to the distribu-
tion of the powder to which are added new cubic crystalline phases
around 1 μm. These phases are characteristic of hydration products,
like the acicular hydration products of length 0.3–0.7 μm located on
the particle surface, which are well dispersed in ethyl alcohol (Fig. 4c).
aste analyzed in different media.
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Table 2
Granulometric characteristics of powder and paste analyzed in different media.

Main mode (μm) Spreading (d98–d0,1)
(μm)

Number
of samples

Average Standard
deviation

Average Standard
deviation

Powder (dry way) 26.6 1.3 64.9 19.1 6
Paste in deionized water 24.6 1.9 92.9 11.8 5
Paste in pore solution 23.9 2.1 61.0 5.6 4
Paste in ethyl alcohol 11.9 1.6 33.3 5.7 4
Powder in ethyl alcohol 15.0 1.5 47.0 12.6 4
By their shape and paste age they may be assimilated to Ettringite
[23,30,31].

Smaller agglomerates have a micronic size and are constituted of
few sub-micronic entities like the cubic hydration products or the
modular and angular particles resulting from attrition (Fig. 5a and 5b).
Interactions between sub-micronic particles and micronic particles
with particles of several tens or even hundreds of microns are always
present (Fig. 5c). There are also agglomerates constituted of unit parti-
cles of ten microns. However, it is difficult to determine agglomeration
or aggregation (chemical bonds between particles) is involved because
the cohesion between particles appears to be strong (Fig. 5d).

SEM snapshots of the paste diluted in ethyl alcohol display the
presence of many acicular sub-micronic particles that correspond to
the appearance of new populations with a mode located at 0.3 μm.
Furthermore, cubic crystals are present in greater numbers and small
agglomerates are almost non-existent in the diluted area (Fig. 4c). How-
ever, microscopic observations show the presence of agglomerates of
several hundred microns in the concentrated area (Fig. 4d), that do
Fig. 4.Granular distributions of a) powder on block, b) unadmixturedpaste diluted in deionized
d) unadmixtured paste diluted in ethyl alcohol (concentrated area).
not show by laser granulometry in this medium. These agglomerates
are constituted by particles of the order of several to 10 μm.

This comparative analytical approach using laser granulometry and
SEM allowed to identify and differentiate the different particle popula-
tions, agglomerated or not. The results are summarized in Fig. 3.

3.2. Influence of the superplasticizers on dispersion state

It is possible to define the granular populations influenced by the
addition of a superplasticizer by comparing the particle size distributions
of an admixtured paste analyzed in deionized water and the reference
distribution chosen on the basis of the previous results; namely, the
unadmixtured cement paste analyszed in deionizedwater (agglomerant
medium)which shows themore important spread size (93 μm). Indeed,
the addition of polycarboxylate causes a shift of the particle size distribu-
tion toward smaller diameters (mode evolves from 25 μm to around
20 μm). This influence is shown in Fig. 6.

As a first step, the presence of two singular points, noted TD and TA
(D for dispersion and A for agglomeration) can be noticed and corre-
spond to the intersections of the two distributions. These points, like
isobestic points, highlight mass transfers between the different areas
they enclose [26]. The first area, noted A4, corresponds to the granular
population that disappears under the influence of the superplasticizer;
it thus characterizes dispersed agglomerates. A part of this dispersed
population, observed by microscopy (Fig. 7), moves to the area noted
A2. However, for some formulations, the presence of an area, noted A3,
the mode of which is located near 150 μm, can be observed. Its origin
may be twofold: either it comes mainly from some unit particles that
were not ground down by attrition, initially present in the cement and
sampled randomly (do not forget these distributions are expressed in
volume which strongly overestimates the largest particles, especially
water, c) unadmixturedpaste diluted in ethyl alcohol (diluted area of thepreparation), and
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Fig. 5. Types of agglomerates observed in paste diluted in deionized water, a) between unit crystallized particles, b) between unit crystallized and modular particles, c) between
sub-micronic particles on a particle of the mode, and d) strong agglomeration of micronic particles.
with a logarithmic abscissa scale), or it comes froma phenomenon of re-
agglomeration. Because of the samplingmethod (mid-height and equal
distance of the side and the middle of the beaker) and the presence of
this population when the sample is first sieved to 63 μm, it is possible
to assert that it is mainly constituted by agglomerates and not unit par-
ticles unaffected by attrition. However, it is difficult to determine the
Fig. 6. Identification of dispersion phenomena cause
size fractions which constitute them because these agglomerates were
not observed by microscopy.

It is necessary to integrate the probability of re-agglomeration phe-
nomena in the influence of superplasticizer. Indeed, just a low proportion
can impact the particle size distribution because of the overestimation of
the largest particles, and thus may influence the dispersion index.
d by the addition of 0.1% of polycarboxylate A.
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Fig. 7. SEM micrograph of an admixtured cement paste with 1% of polycarboxylate A.
Therefore, two indices were determined in order to characterize the
mesostructural evolutions, on the one hand, the phenomenon of true dis-
persion, and on the over hand, the overall influence of the poly-
carboxylate (integrating dispersion and agglomeration phenomena).
The evolution of the first one, characterizes the dispersion of the particles
and more accurately the organization of the system at the mesoscopic
scale. Furthermore, the comparison between the two indices allows
determining the influence of re-agglomeration and having hindsight
with the dispersion index.

The first index denoted ID was developed in order to consider only
the proportion of really dispersed particles. It is defined as follows:

ID %ð Þ ¼ AsbTD–ArefbTDð Þ�100=A1 ¼ A2
�100=A1 ¼ A2 1

where AsbTD is the area lower than TD located under the curve of the
sample.

ArefbTD is the area lower than TD located under the curve of the
reference.

A1 is the total area located under the curve of the reference (=100%
because the curves are normalized).

A2 is the area located between the curve of the sample and the curve
of the reference under the transfer point TD.

A second index, denoted IDG, was proposed to represent the propor-
tion of particles influenced by the addition of polycarboxylate. Hence, it
Fig. 8. IDG and ID indices obtained for the different formula
includes both dispersion and re-agglomeration phenomena. By compar-
ison with ID, this index allows to highlight the influence of the re-
agglomeration phenomenon and thus stand back with the interpreta-
tion of the ID. It is defined as follows:

ID %ð Þ ¼ ArefTD−TA–AsTD−TAð Þ� 100=A1 ¼ A4�100=A1 ¼ A4 2

where ArefTD–TA is the area between TD and TA located under the curve
of the reference.

AsTD–TA is the area between TD and TA located under the curve of the
sample.

A4 is the area located between the curve of the sample and the curve
of the reference between TD and TA (equal to ArefTD–TA − AsTD–TA),
A4 = A2 + A3.

A3 is the area located between the curve of the sample and the curve
of the reference above TA.

Calculated areas correspond to the sumof the volumepercentages of
the different size fractions contained within the considered range.

Cement paste is a heterogeneous material, so for each formulation
the analysis was performed on five different samples in order to take
into account the variability of the sampling. The average values of the
two indices and their associated standard deviations obtained for each
formulation are shown in Fig. 8.

According to the Fig. 8, the two indices show similar variations and
values. So, the influence of re-agglomeration on the dispersion index
is negligible and is not dependent on the amount of polycarboxylate.
The evolution of the ID is discriminating depending on the amount of
superplasticizer. The PCE AA presents other trends than the others
with present close values. Indeed, in the case of the last three, the ID
value increases with dosage up to 0.08 wt.% of polycarboxylate, charac-
terizing an increasing dispersion of the particles. Beyond this dosage,
the ID value is stable or decreases, characterizing the re-agglomeration
phenomenon on the size range lower than 100 μm. So, the optimal
dispersion is observed at 0.08% and the PCEs A and B seem to be gener-
ally the more effective but the standard deviation is too important to
make a real difference. The slight tendency that ID and IDG differ at
1 wt.% underlines a started re-agglomeration phenomenon above
100 μm, but this phenomenon is negligible compared to the re-
agglomeration in the range below 100 μm. In the case of the PCE AA,
the ID seems stable up to 0.1% and then increases, traducing a poor dis-
persion of particles at low dosages. Therefore, beyond a given ester
grafting ratio (betweenAA andA), this parameter is not a decisive struc-
tural parameter on the efficiency of polycarboxylates.

3.3. Comparison with the rheological behavior

The rheograms obtained for different amounts of polycarboxylate B
are shown in Fig. 9. The reproducibility is acceptable for all the amounts
tested. For a same shear rate, the measured stress decreases when the
amount of polycarboxylate increases, suggesting an increase of the
tions containing the polycarboxylates AA, A, B and C.
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Fig. 9. Rheograms obtained for the different amounts of polycarboxylate B tested.
paste fluidity. This influence is characterized by the evolution of the
yield stress according to the Bingham model applied between 30 s−1

and 125 s−1. This model takes into account the lowest stress necessary
to cause the flow of the material, called yield stress and noted τ0.
Beyond this value, there is a linear relationship between the shear rate
and the yield stress. It is reminded that at this stage of hydration
(dormant period) the reactivity is slow down. So, the modifications of
the rheological behavior induced by formation of hydrates are negligible
[31,32]. In the same way as for the dispersion indices, each formulation
was tested on five different samples and the values shown in Fig. 10
represent average values and the standard deviations associated.

According to the ID values, the PCEs A, B and C present an important
decrease of the yield stress when the amount of admixture increases up
to 0.08 wt.% even at low dosages (indeed the yield stress value of the
unadmixtured paste is about 30 Pa. while it is lower than 15 Pa for
admixtured pastes). Beyond 0.08%, the yield stress continues to de-
crease whereas the dispersion index decreases. This can be explained
by the fact that the particles in agglomerates formed in excess of
polycarboxylate are linked together by weaker physical bonds than in
a unadmixtured paste. So, they do not impact the rheological behavior.
In the case of the PCE AA, the yield stress first increases up to 0.1% by
unexplained way, and then decreases strongly at 1%. This behavior
may be related to the ID which behavioral change was observed at the
same dosage. The comparison between the established indices and the
flow behavior of the different formulations allowed reaching a better
understanding of the real influence of superplasticizers in the dispersion
state, and thus the mesostructural organization of the cement pastes.
Fig. 10. Rheological behavior of cement pastes.
We can notice that, contrary to the dispersion index, the measure of
the rheological behavior allows to differentiate the polycarboxylates A,
B and C. Indeed, the polycarboxylate B presents the best efficiency for
all the formulations. This result is probably due to an optimized ester
ratio in the chemical structure of the polycarboxylate [27–29]. Indeed,
beyond this ratio, we assume that the amount of carboxylate groups is
not sufficient to allow a sufficient adsorption, or an excess of PEO groups
in the molecular structure may favor bridging phenomena between
particles, thus causes re-agglomeration phenomena. That explains the
increase of the yield stress between the polycarboxylates B and C. In
the case of the PCE AA, it is possible to assume that the ester grafting
ratio is too low to allow a sufficient steric repulsion between particles.
Note that even if the differences are greater than the standard deviation
associated to these values, it is not an important difference.

4. Conclusion

In this study, thedispersion state of cement pasteswas characterized
by using a morpho-granulometric approach based on the complemen-
tarity between scanning electron microscopy and laser granulometry.
Different granular populations, agglomerates or unit particles, were
identified. It was possible to distinguish particles ground by attrition
during batching from crystallized hydrated particles. Two agglomera-
tion mechanisms were observed: the first one arising from (sub)
micronic particle agglomeration upon bigger particles of several tens
of microns; the second one resulting from the agglomeration of (sub)
micronic particles upon themselves. Most of the agglomerates formed
are supracolloids.

As a second step, several dispersion states were generated by addi-
tion of superplasticizer with different dosages or ratio of ester groups.
Two indices were developed upon area differences under the particle
size distributions curves. The first one, called ID characterizes the pro-
portion of truly dispersed particles, and give directly information
about the dispersion state of the paste. The second index called IDG
characterizes the overall influence of the polycarboxylate, including
dispersion and possible re-agglomeration phenomena beyond 100 μm
that can influence the ID index. So, by comparison between the two in-
dices, it is possible to evaluate the importance of theses agglomerates
higher than 100 μm.

The defined dispersion indices allow characterizing the evolution of
mesostructure and having a better understanding of the evolution of the
rheological behavior with the dosage of superplasticizer. But in these
studied cases, they are not accurate enough to differentiate the influ-
ence of a change in the molecular structure of the polycarboxylate-
based superplasticizer.
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However this morpho-granulometric approach in comparison with
the rheological behavior of the cement paste may be easily transferred
to other studies characterizing the influence of surfactants on the dis-
persion state of different types of suspensions.
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