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We focus in this paper on a potential correlation between yield stress and bleeding. We suggest that the con-
ditions under which a fresh cement paste is able to display a yield stress result from the competition between
Brownian motion and colloidal interactions whereas the conditions under which the suspension is stable re-
sult from the competition between colloidal interactions and gravity. These competitions highly depend on
the solid volume fraction of the system and on the polymer surface coverage. The correlation between
yield stress and bleeding is therefore very indirect and difficult to use in practice.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In the construction industry, a fluid concrete can only be called
self-compacting concrete if its coarsest particles do not settle during
casting and at rest before setting. At the scale of cement paste, a
fluid cement paste is of practical interest only if it stays homogeneous
despite the strong density difference between water and cement
grains. This means that bleeding (i.e. the accumulation of water at
the surface of the paste) of potentially usable fluid cement paste
shall be neglectable (at least on a time scale of a few hours before
setting).

As bleeding seems to mainly appear for fluid cement pastes, it
seems reasonable to raise the issue of a correlation between fluidity
and bleeding. This correlation is to be expected if one considers, on
one hand, that bleeding, in the range of interest of industrial cemen-
titious materials, cannot be described as the settlement of individual
cement grains in a dilute system but rather as a consolidation pro-
cess, i.e. the upward displacement of water through a compressible
dense network of interacting cement grains [1-3]. On the other
hand, it is now accepted that macroscopic flow of cement pastes is
achieved as soon as the stress applied to the system overcomes
what the network of interacting cement particles can support [4,5].
This flow onset defines what is called and measured as yield stress
[4,5]. The interactions between cement grains are therefore at the or-
igin of both yield stress of the material and grains network resistance
to bleeding.
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Moreover, from a practical point of view, a correlation between
bleeding and yield stress could prove very handy as measurement of
yield stress is easy whereas measurement of bleeding is delicate and
time consuming. For instance, mini slump test is a cheap and fast meth-
od to assess the value of a given material yield stress [6-8]. Of course,
yield stress of highly unstable cement pastes is difficult to access as
the settling of particles quickly effects the measurement (especially
under shear) but, in the case of interest (i.e. the cases in which bleeding
is not obvious after a few minutes), being able to predict whether or not
the material will bleed during the few hours before setting from a yield
stress measurement carried out a few minutes after mixing should
prove extremely valuable.

It may be however important to keep in mind that prediction of
the evolution of a rheological or stability behavior over a few hours
based on the first minutes behavior could be rather unrealistic in
some cases. This would be the case in particular for cementitious sys-
tems, where aluminate reactivity is playing an important role and in
which the adsorption or dispersion efficiency of a polymer in the sys-
tem can vary over time.

We focus in this paper on a potential correlation between yield
stress and bleeding. It has to be kept in mind that we do not try, in
this paper, to model the bleeding phenomenon as in [1-3] but rather
identify the conditions (i.e. the minimum yield stress value) under
which it does not occur or can be neglected.

We suggest that the conditions under which the suspension is able
to display a yield stress result from the competition between Brow-
nian motion of the cement grains and colloidal interactions whereas
the conditions under which the suspension is stable result from the
competition between colloidal interactions and gravity. Therefore,
the correlation between yield stress and bleeding is very indirect
and difficult to use in practice.
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2. Brownian motion, colloidal interactions and yield stress :
theoretical frame

2.1. Brownian motion

Because of thermal agitation of the suspending fluid molecules,
cement particles can undergo random (Brownian) motions, causing
them to diffuse through the liquid. The level of energy associated to
Brownian motion is typically of the order of kT where k is the Boltzmann
constant and T the temperature in K. It was shown in [5] that, in
steady state flows of standard cement pastes, Brownian motion can
be neglected in front of the attractive colloidal interactions between
cement grains. In systems containing high amounts of HRWRA in
which the magnitude of the colloidal forces are severely reduced, it
could however be imagined that Brownian forces could play a role
in the behavior of the system.

2.2. Colloidal interactions

Several types of non-contact interactions occur within a cementitious
suspension [4]. At short distance, cement particles interact via (generally
attractive) van der Waals forces [9]. Also, there are electrostatic forces
that result from the presence of adsorbed ions at the surface of the
particles [10]. Polymer additives, present in many modern cementi-
tious materials, can induce steric hindrance [11,12], which is believed
to predominate over electrostatic repulsion. Each of these different in-
teractions introduces non-contact forces between particles, the magni-
tude of which depends primarily on their separation distance.

Van der Waals interactions were shown to dominate all other col-
loidal interactions in the case of cement pastes and therefore dictate
the inter-particle distance [9,13]. The inter-particle force is given by:

F= Apa’
12H?

(1)

where a* is the radius of curvature of the “contact” points, H is the
surface to surface separation distance at “contact” points and Ay is
the non retarded Hamaker constant [5].

When there are no polymers in the cement paste, the surface-to-
surface separation distance at “contact” points H is estimated to be
of the order of a couple nm [4,5]. When there are steric hindrances
from adsorbed polymers, the surface-to-surface separation distance
at “contact” points H is dictated by the conformation of the adsorbed
polymer at the surface of the cement grains [13]. Orders of magnitude
for typical polymers are around 5 nm [14]. It can be noted that recent
advances have shown that it shall be possible to correlate the molec-
ular structure of the polymer to its surface conformation [13].

2.3. Percolation volume fraction and the Yodel

In order to support a finite amount of stress without flow, the sus-
pension must possess an internal network of interacting particles. An
extreme situation occurs in very dilute suspensions (for large W/C) when
particles (either individual or flocculated) are sufficiently far apart so
that no percolated network is formed and the above-mentioned colloidal
interactions are negligible. In this case, we must expect that the suspen-
sion is essentially Newtonian just as the water in which the particles are
suspended. This situation was encountered in [15] where, above a critical
value of W/C, the measured behavior of the tested cement pastes was
purely Newtonian. The critical solid fraction value, below which the sus-
pension does not have any yield stress, varies with the physicochemical
properties of the cement powder and with the nature and amount of the
additives used in the mixture. It can however be macroscopically defined
as the percolation volume fraction ¢per., above which a network of parti-
cles interacting through colloidal interactions appears in the material.
Values ranging between 20 and 40% can be found in literature [16-18].

Recent progress on the prediction of yield stress from mix design
for colloidal particles suspension has come from studies of the yield
stress of metal oxide suspensions as a function of particles size, vol-
ume fraction of solids and pH [19,20]. A first principle analysis of
yield stress has recently been proposed [17]. It successfully quantifies
the main parametric dependencies observed experimentally by Zhou
et al. [19,20] and can be extended to poly-disperse powder mixes
[21]. The basic expression is written as:

2
- Aoa* ¢ <¢_¢perc>
[T r— @

where m is a pre-factor, which depends on the particle size distribu-
tion, d is the particle average diameter, ¢ is the solid volume fraction
and ¢, is the maximum packing fraction of the powder. This relation
separates the contribution of the inter-particle force (Cf. Eq. (1)) and
the contribution of the number of interacting particles, which depends
on solid volume fraction. Giving the surface-to-surface separation
distance the value of the adsorbed polymer layer between two parti-
cles allows the model to capture the fact that yield stress decreases
with increasing adsorbed polymer layer thickness.

3. Materials and protocols
3.1. Tested materials and mixing procedure

A CEM I type cement of specific density 3.15 is used in this study.
The Particle Size Distribution (PSD) was measured in ethanol using a
laser particle size analyzer (Cf. Fig. 1). The specific surface measured
using a Blaine apparatus of this cement is 3390 cm?/g. The water to
cement mass ratio (W/C) and admixture to cement ratio were chosen
to cover the rheology range of cement pastes used in industrial practice.
Yield stresses ranged therefore from 10 Pa to several hundred Pa.

The HRWRA used in this study is a commercial polycarboxylate
type polymer. It is under liquid form containing 20% of dry material.
Its recommended dosage ranges from 0.3 to 3% per weight of cement.
The HRWRA is added to the mixing water before water/cement con-
tact. Water is then mixed with cement in a planetary Hobart mixer.
The mixing phase consists of two steps: 2 min at 140 rpm and 3 min
at 280 rpm.

3.2. Polymer adsorption measurements

A Total Organic Carbon (TOC) analyzer is used in this work. The
analysis technique involves a two-stage process commonly referred
to as TC-IC. It allows for the measurement of both the amount of In-
organic Carbon (IC) by acidification of the sample and the amount
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Fig. 1. Cement particle size distribution.
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of Total Carbon (TC) in the sample. TOC is calculated by subtraction of
the IC value from the TC of the sample. The TOC analyzer must first be
calibrated with a cement paste sample in order to take into account
the amount of organic carbon in cement due for instance to cement
grinding agents. It can be noted that this amount is far from being
neglectable and can strongly affect the measurements if left aside.

Cement pastes with a W/C ratio of 0.5 are centrifuged before TOC
measurement. The centrifugation is carried out for 10 min at
5630 rpm in order to separate the liquid phase from the solid one.
The liquid is then analyzed with the TOC analyzer. Furthermore, an
analysis of the amount of organic carbon in reference solutions of
polymer is carried out in order to calibrate the TOC analyzer. By com-
parison between the reference TOC value (TOC amount of polymer in
reference polymer solution) and the “final” TOC (TOC amount of
polymer in water extracted from cement paste), the amount of poly-
mer adsorbed on mineral phases is computed.

3.3. Yield stress measurements

8 min after mixing, yield stress is measured using an Anton Paar
Rheolab QC rheometer equipped with a Vane geometry. The mea-
surement procedure is similar to the one used in Mahaut et al. [22].
After a one minute pre-shearing phase, a strain growth is applied to
the sample at a shear rate of 0.001s~! for 180s. At such a low
shear rate, viscosity effects are negligible and yield stress can be com-
puted from the measured torque peak value at flow onset.

The vane geometry used in this study consists of four blades
around a cylindrical shaft. For each measurement, the blade height
and diameter are chosen among three geometries to improve the
measurement accuracy. Tool geometries and maximal measurable
yield stresses are given in Table 1.

It has to be kept in mind that, in the case of bleeding systems, the
application of shear enhances the settling process and may lead to a
high risk of misinterpretation. However, during the short duration
of the tests carried out here, no bleeding was visually spotted.

In order to improve the reliability and accuracy of the experimental
results, for each mixture, each yield stress measurement is performed
six times on six different batches. This procedure allows for the compu-
tation of the experimental standard deviation value.

3.4. Bleeding measurements

After mixing, a 450 mm height and 30 mm diameter cylindrical
tube made of transparent PVC is filled with cement paste. The initial
height of the cement paste ranges from 250 to 300 mm for all tests.
After filling, the tube is sealed to prevent any water evaporation. For
each paste, bleeding water thicknesses are successively measured
60 min and 120 min after the end of the mixing phase.

4. Experimental results and analysis
4.1. Polymer adsorption

We plot in Fig. 2 the surface coverage ratio (i.e. the amount of
adsorbed polymer divided by the amount of adsorbed polymer at
the adsorption saturation plateau) as a function of the polymer dos-
age. An adsorption plateau seems to be reached for a polymer dosage

Table 1
Vane geometries and maximum measurable yield stress for each geometry.

Tool H (mm) D (mm) Maximum yield stress (Pa)
1 8.8 10 45 000

2 40 22 2200

3 60 40 400
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Fig. 2. Surface coverage ratio as a function of the polymer dosage.

higher than 2.5% of the cement mass. It can be noted that this dosage
corresponds to the upper limit of the recommended dosage of the
product.

4.2. Yield stress, percolation volume fraction and colloidal interactions

In Fig. 3, the measured yield stresses are plotted as a function of
the solid volume fraction for dosages of HRWRA between 0 and 3%.
The values range from a couple Pa to several hundreds of Pa. It can
be noted that, above the saturation dosage obtained by adsorption
measurements, the yield stress is not affected by polymer dosage.

The Flatt and Bowen YODEL (Eq. (2)) is also plotted in Fig. 3 for
each tested mixture.

In order to compute Eq. (2), we consider here that the maximum
packing fraction of the cement powder is 59%. This value was calcu-
lated using RENE LCPC [23] from the particle size distribution in Fig. 1.
Moreover, for the sake of simplicity, we consider that the size of cement
grains d is the average diameter dsg in Fig. 1 (i.e. 10 um). The non re-
tarded Hamaker constant value Ag for C5S is taken as 1.610 72 [5].
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Fig. 3. Yield stress as a function of solid volume fraction for various HRWRA dosages.
The solid lines are the predictions of the YODEL.
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a* is determined by the shape of the cement particles and not by their
radius [17]. Its estimated value for cement particles is of the order of
300 nm [5].

There is a strong uncertainty on the value of the surface-to-surface
separation distance in systems not containing any polymer that pre-
vents the calibration of the model in this situation. There is moreover
a strong possibility that the average interparticle force in absence of
polymers is enhanced because of surface charge heterogeneity at
the surface of the grains, which then disappear as added polymers
preferably adsorbs on these heterogeneities. It seems therefore less
misleading to calibrate the model at complete surface coverage.

The values for the polymer layer thickness that may be found in
literature for polycarboxylate [13,14,17] are of the order of 5 nm.
Using this value and fitting the Flatt and Bowen model to the experi-
mental measurements for the mixtures at complete surface coverage,
it is possible to obtain the value of m in Eq. (2). It is equal here to 40.
We then use this value to predict the yield stress of all the other mix-
tures in Fig. 3, for which we fit the percolation volume fraction and
the average surface-to-surface separation distance H. It can be noted
that these parameters are fitted independently as the percolation
volume fraction affects mainly the lowest values of the yield stress
whereas the average surface to surface separation distance H im-
poses the divergence rate of the yield stress as volume fraction
tends towards maximum packing fraction.

It can be seen in Fig. 3 that the YODEL is able to predict the yield
stress of all mixtures for all dosages of HRWRA. Both experimental
and computed results show that yield stress diverges for the maximal
packing fraction of the powder for all mixtures. It can be noted that it
is also the case for the mixture not containing any HRWRA, which is
expected to be a highly flocculated system. This result is in contradic-
tion with some traditional views of flocculated cement pastes as sys-
tems displaying an effective solid volume fraction higher than the real
solid volume fraction because of water entrapped in the flocculated
system [5,18].

The fitted values of H are plotted in Fig. 4. For the non admixed
reference paste, the surface-to-surface separation distance is 1.5 nm
and is very much in line with previous experimental results. It may
be useful to stress that, as none of the other model parameters are
fitted once the value of m is fitted on the cement paste at full surface
coverage, obtaining the correct order of magnitude for the average
surface-to-surface separation distance parameter is a convincing indi-
cation of the model ability to capture the underlying physics.

7
Average
surface to
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Fig. 4. Average surface-to-surface separation distance as a function of the HRWRA dosage.

The value of H obtained for each dosage of HRWRA in Fig. 4 is an
average value of the various surface-to-surface separation distances
in the system. At full surface coverage, it is equal to two times the
thickness of the adsorbed polymer layer H, (i.e. 5 nm). Without any
polymers, it is equal to two times an equivalent layer thickness Hg
at zero surface coverage. At intermediate surface coverage, it results
from the contribution of the pairs of particles that do interact without
any HRWRA, the pairs of particles that do interact via one adsorbed
layer of HRWRA on one of the particles and the pairs of particles
that do interact via one adsorbed layer of HRWRA on each of the
particles.

From [24], it is possible to write that the average value of the various
surface-to-surface separation distances in the system is a function of the
surface coverage ratio 0, which dictates the statistical distribution of
interactions:

1 6 80(1—6) (1—0)°
moET st
H® Hp  (Hp+H,) Hg

3)

It is possible to compute the surface coverage ratio from Eq. (3)
and Fig. 4. The obtained values are plotted in Fig. 2. as a function of
the polymer dosage.

The good agreement obtained between the values of surface cov-
erage ratio computed from yield stress measurements and the surface
coverage ratio measured independently by TOC analysis is again a
convincing indication of the above models ability to capture the un-
derlying physics and bring a link between macroscopic rheology and
microscopic adsorption of polymers.

The fitted values of the percolation volume fraction are plotted in
Fig. 5 as a function of HRWRA dosage. It can be seen that percolation
volume fraction increases with HRWRA dosage. This result suggests
that it is more difficult to create a stable network of interacting particles
when the magnitude of the colloidal interaction energy is lower.

Recent advances on percolation volume fraction come from the
numerical simulation of the Random Loose Packing (RLP) of slowly
settling assemblies of interacting spheres [25] and allow us to go further
in the analysis. It was demonstrated that, when particles are submitted
to one interaction force F;, which tends to prevent the particle from
packing tightly, and one interaction force F;, which tends to increase
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Fig. 5. Percolation volume fraction as a function of the HRWRA dosage.
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the packing of the particles, the relative magnitude of the two forces im-
poses the minimal packing fraction g;p of the stable network that can
be formed by the particles with

brup = b (1 exp( 2457, °%2) ) (4)

where ¢, is the maximum packing fraction of the particles and y = Fy/F;
is the interaction forces ratio [25].

When considering the percolation volume fractions in Fig. 5, it can
be assumed that the two forces acting on particles, in this specific
case, are, on one hand, the colloidal attractive Van der Waals forces,
which tend to bring the particles together and form a network able
to withstand a stress and, on the other hand, the Brownian forces,
which tend, through random agitation, to disrupt this interaction net-
work. The attractive Van der Waals force is given by Eq. (1) (F=Aqa*/
12H?) whereas the force associated to Brownian motion can be di-
mensionally estimated as kT/d (Cf. Section 2.1). For a given amount
of HRWRA, the surface-to-surface separating distance can then be
extracted from Fig. 4. The minimal packing fraction ¢, of the stable
network that can be formed by the particles can then be calculated
using Eq. (4) and 59% as the maximum packing fraction of the cement
grains (Cf. Fig. 6). Below ¢perc, there are not enough particles in the
system to create an interaction network able to resist Brownian agita-
tion. It could be expected that, in this regime, the system rheological
behavior shall be Newtonian. We will however show further in this
work that these systems are unstable and settle [26]. Above ¢perc,
there are enough particles in the system to create an interaction
network able to resist Brownian agitation. The system has a yield
stress that can be predicted using Eq. (2). ¢perc is plotted in Fig. 6
as a function of the surface-to-surface separating distance and com-
pares well with the values computed from the experimental yield
stress measurements.

60%
Stable material
with a yield stress

55%
:\; 50%
5 ° Bleeding material
g with a yield stress
g
&
O 45% A
5
[}
>
]
o 40%
* Bleeding material

with no yield stress
35%
30% T T T T T T
0 1 2 3 4 5 6 7

Average surface to surface separating distance (nm)

Fig. 6. Percolation and stability solid volume fractions as a function of the average
surface-to-surface particle separating distance. The circles are the percolation volume
fraction above which the suspension displays a yield stress whereas the triangles are
the stability volume fractions above which the material is stable and does not bleed.
The two continuous curves are theoretical predictions (Cf. text for more details).

4.2. Bleeding

As described in Section 3.3, bleeding water thicknesses were succes-
sively measured 60 min and 120 min after the end of the mixing phase.
The results are plotted in Fig. 7 for different dosages of HRWRA.

It can be seen that, as soon as some bleeding is measured at 60 min,
it either increases at 120 min or stays constant. Moreover, when bleed-
ing water thickness increases at 120 min, bleeding rate seems however
to decrease.
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Fig. 7. Bleeding water thickness as a function of the water to cement ratio for various
HRWRA dosages.
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We focus here on the fact that there exists in Fig. 7 for each
HRWRA dosage a critical water to cement ratio for which no bleeding
is measured. Below this critical ratio, the material seems to be stable.
This feature was also spotted in [27], in which the authors introduced
a critical HRWRA dosage, above which sedimentation occurred. This
dosage was shown to be dependent on the solid volume fraction.
We checked that this critical ratio did not depend on the height of
the paste column in the cylindrical tube. We measured the bleeding
thickness after 120 min for three different heights (20 cm, 30 cm
and 40 cm). We plot in Fig. 8 the evolution of the bleeding water
thickness as a function of the water to cement ratio for these different
heights. When the material is unstable, the bleeding rate increases
with the sample height as it depends on the pressure gradient at
the origin of water extraction, which itself depends on the height of
the sample. However, the measured critical water to cement ratio
under which the material is stable does not depend on the sample
height, showing that its origin lies in a local equilibrium between par-
ticle interactions (number and intensity) and gravity.

If we were interested here in the prediction of the bleeding process,
we would then describe either the viscous drag force on cement parti-
cles or, keeping in mind the high solid volume fraction of these systems,
introduce permeability and Darcy's law for the cement grains assembly
[1-3]. More accurate approaches would even take into account the fact
that the permeability of the cement grains assembly decreases as water
leaves the system [1,2,28,29] following a consolidation process. Either
technique would allow for the accounting of the influence of the viscous
nature of the interstitial fluid on the bleeding rate. However, as we are
only interested here in predicting whether or not bleeding shall occur,
we are not interested in time effect. We therefore focus on the dominat-
ing driving phenomenon. Therefore, in a non-thixotropic cement paste,
if colloidal inter-particle forces are able to resist gravity, there shall not
be any bleeding. If gravity dominates colloidal forces, bleeding shall
occur.

We plot in Fig. 9 the above stability water to cement ratio as a func-
tion of the HRWRA dosage. It can be noted that, as it was the case when
Brownian agitation was threatening the stability of the interaction net-
work, it is more difficult to create a network of interacting particles able
to resist gravity when the magnitude of the colloidal interaction energy
decreases.

As in the previous section, we use here Eq. (4) to predict the min-
imal solid volume fraction ¢2i5¢9"8 that can be formed by the particles
to resist gravity. The two forces acting on particles are now, on one
hand, the colloidal attractive Van der Waals forces, which tend to
bring the particles together and form a network able to resist gravity
and, on the other hand, gravity, which tends to deform this interac-
tion network and increases packing. As before, the attractive Van
der Waals force is given by Eq. (1) (F=A.a*/12H?) whereas the
force associated to gravity can be estimated as Apgnd>/6. As before,
for a given amount of HRWRA, the surface-to-surface separating

distance can be extracted from Fig. 4. Below ¢2i%9"8, there are not
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Fig. 8. Bleeding water thickness as a function of the W/C ratio for various column heights.
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Fig. 9. Critical water to cement ratio below which the cement paste does bleed as a
function of the HRWRA dosage.

enough particles in the system to create an interaction network able
to resist gravity. It can be noted that the separating force associated
to gravity (of the order of 10~ '" N) is always several orders of mag-
nitude higher than the force associated to Brownian motion (of the
order of 10~ 5 N). As a consequence, Brownian motion cannot stabi-
lize the suspension and prevent settling of cement particles. It has to
be kept in mind that we only consider here an average diameter of
10 um. In the case of the smallest particles (i.e. lower than 500 nm),
in the case where they are not flocculated, Brownian agitation and
gravity have the same order of magnitude and these particles could
be stable in water affecting the color of the bleeding water [26].
Above $piSsne, there are enough particles in the system to create
an interaction network able to resist gravity and no bleeding is
measured. $p3i5¢9 is plotted in Fig. 6 as a function of the average
surface-to-surface separating distance imposed by the HRWRA and
compares well with the values computed from the experimental bleed-
ing measurements.

Because of the focus given here to a stability criterion, the present
approach shall not be able to describe, for instance, the effect of vis-
cosity agents, which thicken the interstitial fluid and slow down the
bleeding phenomenon [30]. In this latter case, competition between
gravity and colloidal forces could be unchanged by the viscosity agent
but the decrease in interstitial fluid mobility would slow down the set-
tling process. The decrease in bleeding rate induced by this type of ad-
mixture could therefore reduce the practical consequences of bleeding
and make them neglectable from an industrial point of view.

We moreover do not account for very specific systems such as self-
leveling floor screed, which are both very thixotropic and chemically
accelerated. In this latter case, structural build up [31-33], CSH early
nucleation between cement grains and fast rigidification of the paste
due to high chemical activity [34,35] could play a non neglectable role
on the stabilization of cement grains [36].

It can be noted that, at the critical solid volume fraction above
which no bleeding is measured, the yield stresses of the tested ce-
ment pastes are between 300 Pa for the cement paste not containing
any HRWRA and 40 Pa for the cement paste containing 3% HRWRA
(Cf. Fig. 10). This shows that there is no direct correlation between
bleeding and yield stress although both properties are strongly linked
with the magnitude of the colloidal interactions and the volume frac-
tion of the suspension.

It moreover stresses the fact that, as these yield stresses are rather
high and prevent or at least penalizes the mix design of fluid materials
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Fig. 10. Critical value of the yield stress for which the paste does not display any bleeding
as a function of the water to cement mass ratio W/C.

such as Self Compacting Concrete, knowledge on viscosity modifying
agents and exact prediction of bleeding as a function of time before
setting are needed in industrial practice.

5. Concluding general frame

We neglected in this paper any consequences of cement hydration
and recalled that three physical phenomena are acting simultaneously
in a fresh cement paste at rest:

- Brownian motion which only depends on temperature,

- colloidal attractive forces, which depend on the average distance
between interacting particles (which itself depends on the polymer
conformation at the surface of the cement grain). Their collective
macroscopic impact on rheology depends on the number of inter-
acting particles (i.e. solid volume fraction) and on polymer surface
coverage.

- gravity, the consequences of which mainly depends on the grain
average diameter.

If colloidal attractive forces dominate Brownian motion, which is
the case for most cementitious materials in industry, a percolated
network of interacting particles appears within the suspension. It
is able to withstand an external stress up to a critical value called
yield stress. A recently developed model can predict this critical
value: the YODEL. It is severely affected by solid volume fraction
and, for a given polymer, by polymer surface coverage. At saturation
(i.e. when it does not depend on surface coverage), it only depends
on the conformation of the polymer adsorbed at the surface of the
cement grain. This conformation imposes the surface-to-surface sepa-
ration distance.

If Brownian motion dominates colloidal attractive forces (in the case
of diluted systems or systems at high admixture concentration), the
suspension does not have any yield stress. The network of attractive
colloidal interactions is instantaneously destroyed by the Brownian
agitation and is not able to withstand any external stress. In this par-
ticular case, it could be imagined that Brownian motion dominates
gravity. The result would be a stable Newtonian viscous suspension.
However, according to the order of magnitudes of the two phenom-
ena, this cannot happen in the case of typical cementitious mate-
rials. Suspensions, in which Brownian motion dominates colloidal

forces, shall always therefore be unstable and display high levels of
bleeding.

If colloidal attractive forces dominate gravity, particles are trapped
in the colloidal interactions network and are therefore not able to
rearrange their relative positions. The suspension is stable. There is
no bleeding and the fresh cement pastes stays homogeneous.

If gravity dominates colloidal attractive forces, particles may settle.
This induces a relative displacement of the cement particles within
the interstitial fluid or a relative displacement of the interstitial fluid
between the cement particles. This phenomenon is time driven and
is influenced by the viscosity of the interstitial fluid (which can be
affected by viscosity agents) and the permeability of the porous me-
dium formed by the interacting cement grains (which mainly depends
on the solid volume fraction and on the average diameter of the grains).
Within very specific conditions, bleeding may be adequately limited
by the above mix design factors. It is in this regime only that fluid
cement pastes allowing for the production of fluid concrete can be
mix designed.
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