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ion rheological behaviour is modelled by supposing that particle aggregation
occurs. With two independent parameters, the variation of the shear viscosity as a function of the shear rate
for cement or silica suspensions having different solid volume fractions can be predicted. The model is in
good agreement with experimental data. Cement suspensions are initially very similar to unreactive silica
suspensions. The values of adhesion forces obtained seem to show that the effective interaction areas are
very small. It reflects the fact that in the dormant period the particles are contacting at points, which become
progressively higher in surface as C–S–H precipitates at these contacts. The model used is consistent with the
observed power law variation of static and dynamic yield stresses with solid volume fraction. The aggregates
formed under shear seem to be very compact, which is presumably related to the large solid volume fractions
of the studied suspensions.

© 2008 Published by Elsevier Ltd.
1. Introduction

When a cement powder ismixedwithwater, it immediately begins
to react and hydroxide, calcium, silicate, and aluminate ions are
released in the water. The pH rapidly reaches high values and some
hydrates precipitate on the surface of cement grains. After these initial
hydration reactions, the rate of hydration is very low and remains very
low during a few hours, the so-called “dormant period”. During this
period, the cement paste is a suspension of particles having a very
high negative surface charge density in water rich in divalent
counterions (Ca2+). Globally attractive forces between the particles
are observed, and a possible mechanism by which the particles de-
velop this cohesion can be found in the literature [1,2]. The inter-
actions between particles result from the competition of an entropic
pressure, a repulsive force originating from the “gas” pressure of the
counterions, and an attractive force due to the correlations of ions
located around neighbouring particles.

The aggregation of cement pastes is generally put forward to explain
their rheological behaviour [3]. Actually without additives, these
suspensions are thixotropic fluids presenting an apparent yield stress
and a shear-thinning behaviour: these characteristics can be interpreted
by the existence of globally attractive forces between cement particles
that are responsible for the aggregation of the particles, the yield stress
et).
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being linked to the gelation of the suspension, and the shear-thinning
behaviour being explained by the progressive crumbling under shear. At
high shear rate and for concentrated cement pastes, some authors also
observed a shear-thickening behaviour, which could be due to the
increase in the aggregate size under shear [3,4].

Otherwise, numerous theoretical models were proposed to
describe the aggregation of suspensions [5–13]. They relate the
viscosity of the suspension to the size of the aggregates. This aggregate
radius results from the competition between the hydrodynamic
forces, which tend to break the aggregates, and the cohesion forces,
at the origin of the aggregation; it can be derived according to a mean-
field approximation. The validity of these models was tested with
many systems, such as red blood cells in saline suspensions [6],
polystyrene latex [12], PMMA spheres in silicone fluids [7] and gas
hydrate suspensions [14].

We propose here to model experimental data obtained with cement
suspensions. The tests were performed during the “dormant period”.
However, to be sure that the observed behaviour is not disturbed by the
chemical evolution of the cement pastes during a rheological measure-
ment, we have also studied silica suspensions as model systems.

2. Materials and methods

2.1. Cement and silica suspensions

The cement powder used, a class G Portland cement according to
the American Petroleum Institute standards, is provided by
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Fig. 1. Particle size distribution for cement and silica powders.

Fig. 2. Variations of the shear stress as a function of the shear rate for cement (a.) or
silica (b.) suspensions of solid volume fraction 0.44. Increasing shear stress steps (□);
decreasing shear stress steps (▼).
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Dyckerhoff. It was studied by LASER granulometry with a Malvern
Instruments apparatus: the powder particles are polydispersed in size,
with an average number diameter of 0.6 μm (see Fig. 1). The cement
suspensions are made by adding the powder to deionized water in a
Waring blender, mixing at a speed of 4000 rpm during 3 min and 35 s
at 1200 rpm.

Silica suspensions in lime saturatedwater are prepared in aWaring
blender with a similar protocole as used for cement pastes. In order to
have comparable systems, we have chosen SIFRACO C10 silica powder,
which is constituted of ground quartz particles of the same sizes (with
an average number diameter of 0.6 μm) as cement particles. According
to Benhassaine and Bénézet [15,16], such a silica powder at 20 °C has a
negligible pozzolanic reactivity compared to the time scale of a
rheometrical experiment (a few hours); so unlike cement pastes, the
model suspensions chosen do not chemically evolve because of
hydration reactions.

Cement and silica suspensions having solid volume fractions
comprised between 0.39 and 0.51 were studied. In Table 1, the mass
ratios,W/C for cement suspensions andW/S for silica suspensions, are
given as well as the solid volume fractions.

2.2. Rheological measurements

The rheological measurements were made using a stress con-
trolled Haake RS150 rheometer, at 20 °C. To avoid slipping at the walls,
a four blades vane geometry and a grooved stator were used [17]. The
suspensions were first pre-sheared at 1000 s−1 for a few minutes and
then allowed to rest until no more settling was observed (30 min for
the cement suspensions and 40 min for the silica suspensions). The
minimum settling height of all the tested suspensions, which was
obtained for silica suspensions having a solid volume fraction of 0.39,
was of 0.93 of the total height. So we neglected the modifications of
the volume fraction due to settling. After those first two stages, in
order to obtain flow curves, we performed increasing or decreasing
shear stress steps. Each step lasted 60 s, which was a sufficient time to
reach a steady flow.

3. Results and discussion

3.1. Rheological behaviour: increasing and decreasing stress steps

Fig. 2 represents the flow curves obtained for cement (a.) and silica
(b.) suspensions, by applying increasing or decreasing shear stress
steps; the observed behaviour is the same for both cement and silica
Table 1
Solid volume fractions and corresponding mass W/C (cement suspensions) and W/S
(silica suspensions) ratios of the studied suspensions

Solid volume fraction ϕ 0.39 0.44 0.47 0.49 0.51
W/C (cement suspensions) 0.50 0.40 0.36 0.33 0.30
W/S (silica suspensions) 0.42 0.34 0.30 0.28 0.25
suspensions. So this behaviour cannot be attributed to the chemical
evolution of the cement pastes, which are here studied before the
acceleration of the hydration reactions. It can be seen that when the
stress is increased, there is no flow until it reaches the apparent static
yield stress τs, and then the shear rate rapidly reaches a very high
value. The static yield stress reflects the gel state of the cement or
silica. When the stress is decreased by steps from a value above τs, a
shear-thinning behaviour, less drastic than what was obtained for
increasing values of the stress, is observed. Data in steady state were
obtained for shear rates between 2000 s−1 and 1 s−1.

An apparent dynamic yield stress τs
dyn can be deduced by fitting

these flow curves (decreasing stress steps) using for example the
Casson [18] model. For each solid volume fraction, the dynamic yield
stress τsdyn is smaller than the static yield stress τs: the stress needed
for the suspension to flowdepends on its mechanical history.Whereas
the static yield stress is obtained directly without extrapolation, the
dynamic yield stress reflects a microstructure under dynamic
condition of shear flow extrapolated from the lowest shear rate
accessible (1 s−1 in this work). For example, for a cement suspension of
a solid volume fraction of 0.44 (see Fig. 2), we obtain τs≈120 Pa and
τs
dyn≈25 Pa. For a silica suspension having a solid volume fraction of

0.44, we obtain τs≈100 Pa and τs
dyn≈20 Pa.

The formation of aggregates in the suspension can explain the
observation of an apparent yield stress, linked to the percolation of
these aggregates which causes gelation, and of a shear-thinning
behaviour, linked to the crumbling of these aggregates. More precisely,
at each step, as a steady state is reached, the aggregate size reaches an



Fig. 3. Variations of the ϕeff/ϕ ratio as a function of the inverse of the shear stress τ for
cement (a.) or silica (b.) suspensions. The full lines are power law fits.
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equilibrium size; and this means size increases when the applied
stress is decreased. We now propose to describe quantitatively this
last phenomenon.

3.2. Phenomenological model

We adopt here the same approach as proposed by Mills and co-
authors in a series of papers [5–7] to describe the non-Newtonian
behaviour of flocculated suspensions under shear flow conditions.
This approach is mainly based on the following considerations: the
size of aggregates under shear flow conditions is obtained with a
mean-field approximation and an effective volume fraction is
considered in lieu of the actual volume fraction. Similar microrheo-
logical models have also been developed by other authors over the last
two decades [8–13].

Aggregates are characterized by a power law linking the number of
particles per aggregate N with the particle radius a and the aggregate
radius R:

N~
R
a

� �f

: ð1Þ

A prefix constant close to unity can be introduced in the right-hand
term of the above expression depending on the definition of the
characteristic length R, which can be the dynamic radius, the collision
radius, the radius of gyration or the radius of circumscribed sphere
[19]. In the following, as only proportional relationships will be used,
this constant will be neglected.

Under shear conditions, at a given shear stress τ (or a given shear
rate), the steady state is reached when the aggregates reach their
mean equilibrium size R. The steady-state size can be predicted either
from the balance between aggregate cohesion and flow related
stresses or from competition between aggregation and fragmentation
dynamics. Twomodes of floc rupture are generally considered: surface
erosion and large-scale fragmentation [20]. For floc fragmentation,
cases of “rigid” flocs and “soft” flocs can be distinguished [21]. The
papers on microrheological models [5–13] cited above also include
discussions on floc size.

Experiments on low concentration systems or models dealing with
isolated aggregates yield a scaling expression of the form [20]:

R
a
~

Fa=a2

η0
:
γ

� �m

: ð2Þ

where η0 is the dynamic viscosity of the suspending fluid, γ̇ the shear
rate andm a constant; Fa, the adhesion force, is defined as the force to
be applied to separate the particles at an infinite distance from each
other. For finite volume fractions, in the mean-field approximation,
the stresses withstood by the aggregates are the same as the ones
generated by a continuum having the mechanical properties of the
bulk suspension. Thus, the viscosity of the suspending fluid η0 can be
substituted by the viscosity of the suspension η [5,9,10]. We thus have:

R
a
~

Fa=a2

τ

� �m

ð3Þ

with τ=ηγ̇
Aggregates are supposed to behave like spheres composed of

particles in contact which trap fluid. An effective volume fraction ϕeff

is therefore introduced, related to the actual volume fraction ϕ by:

/eff~/
R
a

� � 3−fð Þ
: ð4Þ

The material law chosen is a viscosity function proposed by Mills
[5–7]: the effective volume fraction ϕeff is introduced in his equation
expressing the relative viscosity ηr as a function of the volume fraction
and the maximum packing ability ϕmax.

ηr ¼
1−/effð Þ
1− /eff

/max

� �2 ð5Þ

At the equilibrium, since the aggregate sizes are supposed to be
closed to their mean value, we suppose that ϕmax=4/7, which is the
maximum packing ability of randomly packed monodisperse spheres.

3.3. Determination of the microstructure parameters

By combining Eqs. (3) and (4), we get:

/eff

/
~

Fa
a2

� �m 3−fð Þ
T

1
τ

� �m 3−fð Þ
: ð6Þ

Moreover, by using Eq. (5), ϕeff can be determined from the
experimental shear viscosities obtained for suspensions of different
solid volume fractionsϕ and for shear rates between 1 s−1 and 2000 s−1.
The ratio ϕeff/ϕ is represented as a function of τ−1 in Fig. 3a for cement
suspensions and in Fig. 3b for silica suspensions. In both cases, it can be
noticed that ϕeff/ϕ varies as a power law of τ. Thus we can write, by
introducing the parameters K and x:

/eff

/
¼ K

1
τ

� �x

: ð7Þ

The x exponent corresponding tom(3− f) is equal to 0.09 and to 0.07
for cement and silica suspensions, respectively. The obtained prefix
constant K allows us to get an order of magnitude for (Fa/a2)m(3 − f). We
obtain K=1.7 (N/m2)m(3− f) and K=1.6 (N/m2)m(3 − f) for cement and
silica suspensions, respectively. These values are very close, as are the
flow curves obtained for the two suspensions.



Fig. 4. Comparison between model (full lines) and experiment for cement suspensions. Fig. 5. Comparison between model (full lines) and experiment for silica suspensions.

Fig. 6. Dynamic yield stress τs
dyn and static yield stress τs represented as functions of

solid volume fraction for cement (a) or silica (b) suspensions.
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The f exponent can then be determined, depending on the value of
m, which is not precisely known.m depends on the mechanism of floc
breakup and on the structure of aggregates. However, the values
reported in the literature are usually in the range of 0.3 [21–23] to 0.7
[24]. This gives the f parameter for the two systems (cement and
silica) in the range of 2.7 to 2.9. Such an order of magnitude is very
high and indicates a high compactness of the particles in the
aggregates. Typical values of f for perikinetic aggregation (caused by
Brownian motion) vary between 1.8 and 2.1. However, it has been
reported that values of f for orthokinetic aggregation (caused by
medium flow) is generally much higher and may exceed 2.5 [22,23]. It
can also be noticed that these high values of f do not mean that the
aggregates have no porosity, since porosity also depends on the prefix
constant we have neglected here.

As prefix constants were neglected in the above relationships, only
an order of magnitude can be deduced for the force of adhesion Fa.
With a≈0.3 μm, we have Fa in the range of 0.01–0.1 nN. This range of
magnitude can be compared with the one obtained by Plassard et al.
[25], who studied the forces of adhesion between the main hydration
products of cement, which are the calcium silicate hydrates “C–S–H”.
Actually the nature of the cohesion forces is presumed to be partly the
same in fresh cement suspensions as in set cement pastes [26], at the
nano- and mesoscale [27]: it is the so-called correlation pressure
caused by correlations between counterions on either side of the
midplane of two charged particle surfaces [1,2].

Plassard et al. [25] measured the adhesion force between a
micrometric flat C–S–H surface and a C–S–H nanocrystal at the top
of an AFM tip immersed in a lime saturated solution. For similar
conditions to ours (pH=13 and [Ca2+]≈20 mM), they found a force of
about 1 nN. In this case, the measurements corresponded to
interactions between two planes of C–S–H with an area of surface
interaction estimated to Sint=64 nm2. The comparison between our
results and the ones obtained by AFM allows us to estimate the
effective area of surface interaction between particles in aggregates:
Sint≈0.6–6 nm2. This small value reflects the fact that the particles are
initially contacting only at points, which become progressively higher
in surface as C–S–H precipitates at these contacts when cement sets.
Since only a small amount of C–S–H can be found between particles,
the iono-covalent forces between individual C–S–H [27] can be
neglected to calculate this area of surface interaction. This hypothesis
seems consistent with the fact that very similar results were obtained
in silica suspensions, inwhich the cohesion is only assured by physical
forces.

3.4. Comparison between model and experiment

The respective values of x=m(3− f) and K∝(Fa/a2)x being deter-
mined, the rheological behaviour of suspensions of any solid volume
fraction can be deduced. And as can be seen in Fig. 4 for cement
suspensions and Fig. 5 for silica suspensions, the predicted curves are
fittingwell experimental data, in the shear-thinning zone. In this zone,
the best fit is obtained for the lowest solid volume fractions and the
highest shear rates.

As the model used here supposes that there is a decrease of the
aggregate size with shear rate, the data in the shear-thickening zone
have not been taken into account for the determination of K and x. The
shear-thickening behaviour which is observed here at high shear rates
might be explained by the re-aggregation of particles [28]. It has
already been observed in cement or silica pastes [3,4].

A minimum of viscosity ηmin, i.e. the viscosity corresponding to the
onset of the shear-thickening behaviour, can be defined. This value
increaseswith the solid volume fraction, as can be seen in Figs. 4 and 5.
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It can be thought that as the minimum of viscosity is obtained at high
shear rates, the aggregates are then completely broken. If it were the
case, the effective volume fraction ϕeff would be equal to the solid
volume fraction ϕ. But the values of ϕeff/ϕ are comprised between 1.3,
for cement or silica suspensions of the smaller solid volume fraction,
and 1.1 for those of higher solid volume fraction. Supposing that f is
equal to 2.8, itmeans that aggregates of 4 to 40 particles remain even at
the minimum of viscosity (which corresponds to aggregate radius
between 0.5 and 1 μm).

3.5. On the yield stress

The dynamic yield stress τs
dyn can be expressed by extrapolating

the value of the shear stress at the zero limit of shear rate, also
corresponding to an effective volume fraction ϕeff that tends to ϕmax.
The substitution of ϕeff by ϕmax and of τ by τs

dyn in Eq. (6) leads to:

τdyns ~
F
a2

/
/max

� � 1
m 3−fð Þ

: ð8Þ

which is similar to the expression given in ref. [7].
The dynamic yield stress τs

dyn obtained with Casson's fits of
experimental data are represented in Fig. 6 for cement (a.) and silica
(b.) suspensions. It can be observed that it varies as a power function
of the solid volume fraction ϕ as predicted by Eq. (8). The value found
for the inverse of the exponent is x≈0.12 and x≈0.11 for cement and
silica suspensions, respectively; x is slightly higher than the values
found above. However the conclusions drawn above concerning the
high compactness of the aggregates remain. The prefix constant
obtained with the fit of τsdyn leads to a range of 0.01–0.1 nN for the
adhesion force Fa.

The static yield stress has also been reported in Fig. 6. It also varies
as a power law of the solid volume fraction ϕ. However, since the
aggregate size is determined from the balance between aggregate
cohesion and flow related stresses, in the range 1 s−1 to 2000 s−1, the
model cannot be applied to static conditions.

4. Conclusion

The observed shear-thinning behaviour when decreasing shear
stress steps are applied to cement or silica suspensions can be
modelled by supposing the formation of aggregates. Here we follow
the approach proposed by Mills and co-authors and introduce in the
material law an effective volume fraction ϕeff, the aggregate volume
fraction, that is a more relevant parameter in aggregated suspensions
than the solid volume fraction ϕ. ϕeff is linked by a power law to the
aggregate size, which can be expressed as a function of the adhesion
force Fa and the shear stress τ. The determination of the power index
and Fa allows one to predict the rheological behaviour of cement or
silica suspensions of any solid volume fraction. The modelled curves
obtained are in good agreement with experimental data. It has to be
noticed that cement suspensions have a behaviour very similar to
unreactive silica suspensions. In both cases, the aggregates formed are
very compact. The origin of this high compactness may be the large
solid concentrations of the studied suspensions (0.39 to 0.51).

The range of adhesion forces obtained seems to show that there are
small interaction surfaces between particles, if the values of adhesion
forces determined by AFM for calcium silicate hydrates C–S–H are
supposed to be relevant here. This hypothesis is justified here because
the nature of the interactions between unhydrated particles is
presumed to be the same as the one between C–S–H at nano- and
mesoscale. Due to the high values of pH and Ca2+ concentration, the
cohesion forces are expected to be due to ionic correlations. The small
values of interaction surfaces would then be linked to the fact that
cement suspensions are observed during the dormant period, when
the particles are only contacting at points.
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