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hysical phenomena involved in the transition between ordinary fluidity concrete
and high fluidity concrete according to the aggregate content of the mixture. It is shown that there exists a
strong transition in the rheological behavior of concrete between a regime dominated by the friction
between aggregate particles and a regime dominated by hydrodynamic interactions far less dissipative. It is
also demonstrated that it is possible to define a transition criterion between these two regimes. Finally, the
consequences of these changes in mix design on the mechanical strengths of the concretes are studied
showing that a small decrease in granular skeleton volume fraction, which may generate a decrease in yield
stress of almost two orders of magnitude, only reduces the mechanical strength of a few percents.
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1. Introduction

High Performance Concretes (HPC) display high mechanical
strengths due to a reduced water to cement ratio and an optimized
granular skeleton [1]. The low porosity of this type of concrete also
guarantees that they have a low permeability to aggressive external
ions [2]. They do however also display ordinary fluidity although their
use is most of the time associated to dense steel bars reinforcements.
Therefore, from an empirical point of view, their slump value is most
of the time of the order of 10–15 cm. This corresponds, from a physical
point of view, to yield stresses between 1500 and 2000 Pa [3]. This is
the value of the stress that has to be applied to the material to initiate
or to maintain flow. It can be noted that, in most industrial castings,
the applied stress is generated by a pressure gradient in the material
due to gravity only as concrete is very rarely injected under pressure
into formworks.

Self Compacting Concretes (SCC) on the other hand may display
very variable mechanical strengths according to their mix design but
have in common a very high fluidity, which eases their placement in
complex or very reinforced formworks. Although their plastic
viscosity is, as many concretes, between 50 and 200 Pa s, their yield
ll rights reserved.
stress is most of the time lower than a couple hundreds Pa [4].
Therefore, the stress generated by gravity in the flowing SCC always
stays higher than the yield stress during casting thus ensuring the
almost complete filling of traditional formworks.

These modern concretes mix designs have two aspects in
common:

A highly adjuvanted cement paste. In the case of HPC, the objective is
to reduce the Water to Cement ratio in order to increase the me-
chanical strength of the cement paste. In the case of SCC, the
objective is to increase the fluidity of the cement paste and thus the
fluidity of the concrete itself. It is known that, up to a saturation
amount [5], the yield stress of the cement paste and therefore of the
concrete itself will decrease when the High Range Water Reducer
Admixture (HRWRA) dosage is increased.
A lower content of agregates. In the case of HPC, the objective is to
get as close as possible to the perfect granular distribution from the
micrometer scale (silica fume) to the centimeter scale (gravel) [1].
This imposes the choice of a higher powder content and inversely a
lower content of aggregates. In the case of SCC, the objective is to
increase the fluidity of the mixture. Okamura and Masahiro [6]
have indeed explained that, when the aggregate particles volume
fraction decreases, “the frequency of collision and contacts be-
tween aggregate particles can increase as the relative distance
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Fig. 1. The Millau viaduct, during the building of which 53,000 m3 of the concrete used as a reference concrete in this paper were cast.

Table 1
Mix proportioning of the Millau viaduct HPC

Component Content (kg/m3) Volume proportion

Cement CEM I 52.5 420 48% of the cement paste
Water 140.9 50% of the cement paste
Super Plasticizer Optima 175® 5.88 2% of the cement paste
Rounded sand 0/2 mm 312 17% of the aggregates volume
Crushed sand 0/4 mm 468 25% of the aggregates volume
Crushed gravel 4/6 mm 362 19% of the aggregates volume
Crushed gravel 6/14 mm 711 38% of the aggregates volume
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between the particle decreases” and that limiting the coarse ag-
gregate content, the energy dissipation of which during flow is
particularly high, allows for the mix design of fluid concretes.

Although the physical and chemical phenomena involved in the
action mechanisms of HRWRA start to be well understood [7], the
effect of the aggregate particles volume fraction on the rheological
behavior of concrete is still very unclear from a quantitative point of
view.

The objective of this paper is therefore to provide a better under-
standing of the physical phenomena involved in the transition
between ordinary fluidity concrete and high fluidity concrete
according to the aggregate content of the mixture. As concrete
rheometers do not yet give any absolute value of the rheological
parameters such as yield stress [8,9], we will use here simple
empirical tests along with their analytical correlation with yield
stress. These test only give access to the value of the yield stress of the
studied materials; but, as stated above, it is the most important
rheological parameter from a casting point of view [10].

In the first part of this paper, the materials studied and the rheo-
logical measurements procedures used will be described. In a second
part, the obtained results will be analyzed and the existence of a
strong transition between two types of rheological behavior according
to the aggregate content will be shown. Finally, the consequences of
these changes in mix design on the mechanical strengths of the
concretes will be studied.

2. Materials

The reference concrete in this work is a famous one. It is the
concrete that was cast during the building of the Millau Viaduct (see
Fig. 1). This viaduct is a large road-bridge that spans the valley of the
River Tarn near Millau in southern France. Designed by English
architect Norman Foster and French bridge engineer Michel Virlogeux
and built by Eiffage Travaux Publics, it is the tallest vehicular bridge in
the world, with one pier's summit at 343 m (1125 ft)—slightly taller
than the Eiffel Tower and only 38 m (125 ft) shorter than the Empire
State Building. The mix proportioning of the concrete used to cast the
viaduct piles is given in Table 1.

An initial objective of the work presented here was to study a
posteriori the changes in mix design that would have been necessary
to transform this HPC into SCC in order to ease the placement of the
concrete in the viaduct zones where the steel bars reinforcements
were very dense.

The maximum packing fraction of the granular skeleton with the
proportions given in Table 1 was calculated using the free software
RENE LCPC [11] and was equal to 84%.

3. Rheological measurements

Although values of the yield stress instead of empirical measure-
ments such as slump or slump flow will be studied in this paper, we
chose however to use simple test and to deduce from these
measurements the value of the yield stress of the concrete.

Typically, in a slump test, a mould of a given conical shape is filled
with the tested material. The mould is lifted and flow occurs. If inertia
effects can beneglected [12], it is generallyadmitted that theflowstops
when the shear stress in the tested sample becomes equal to or smaller
than the yield stress [13]. Consequently, the shape when flow stops in
the yielding region is directly linked to thematerial yield stress. From a
practical point of view, in civil engineering, two geometrical quantities
may bemeasured, the “slump” or the “spread” (called slump flow). The
slump is the difference between the height of the mould at the
beginning of the test and when flow stop. The spread is the final
diameter of the collapsed sample. In most of the applications of the
ASTMAbrams cone [14], the initial height of which is 30 cm, the slump
is measured if it is smaller than 25 cm, otherwise the spread is mea-
sured (slump flow test for SCC).

Several attempts to relate slump to yield stress can be found in
literature. They generally assume that the cone can be divided into
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two parts: above a critical height, the shear stress remains smaller than
the yield stress and no flowoccurs; below this critical height, the shear
stress induced by the pressure due to the mass of material situated
above is larger than the yield stress. In the latter region, each layer of
material widens until the pressure reaches a critical value for which
the shear stress is equal to the yield stress. Following this approach,
Murata [15] wrote a relation between the final total height of the cone
and the yield stress that does not depend on the mould geometry.
Subsequent works established analogous relationships either for
conical [13] or cylindrical moulds [16] according to the same as-
sumptions. These results were successfully validated by Clayton et al.
[17] and Saak et al. [18] in the case of cylindrical moulds. However, in
the case of some conical moulds or in the case of high yield stress
values (i.e. low slumps) with cylindrical moulds, a discrepancy be-
tween predicted and measured slumps was systematically obtained.

For large slumps, the spread is amore relevant parameter to estimate
the material yield stress [19,20] but the above approach likely does not
apply since there is in general no undeformed region. Coussot et al. [19],
extending a two-dimensional solution of Liu and Mei [21], wrote a
solution for this spreading problem for a yield stressfluid. This approach
is based on the assumption that the depth of the fluid layer is much
smaller than the characteristic length of the solid–liquid interface [22].

Roussel and Coussot [12] showed recently that two very different
regimes may be identified and that, in order to obtain a correct
quantitative correlation between the test result and yield stress, the
incipient or stop flow conditions should be described with a proper
three dimensional yielding criterion. They obtained two analytical
solutions suitable for asymptotic regimes, namely large height to
diameter ratio or large diameter to height ratio [12]. Numerical
simulations of the slump test were also carried out for two classical
conical geometries, the ASTM Abrams cone and a mini cone for
cement pastes [23]. An excellent agreement between the predicted
and measured slumps over a wide range of dimensionless yield stress
was then written. The following correlation was obtained:

S ¼ 25:5� 17:6
s0
q

ð1Þ

where s0 is the yield stress, S is themeasured slump and ρ is the density
of the tested concrete. This correlation is valid for slumps between 5 and
25 cm.

Moreover, it was demonstrated that the slump flow test cannot be
universally correlated to the rheological parameters of the SCC tested
[24]. Indeed, although most of the conditions for the correlation to be
valid (negligible surface tension effects and inertia effects) are fulfilled,
Fig. 2. LCPC BOX test on a SCC. (Left) The concrete is slowly poured at one end of the box; (Rig
material.
the thickness of the samplewhen flow stops is of the same order as the
largest particles. This prevents from considering the concrete as an
homogeneous fluid and from deriving any continuous fluid mechanics
equations. This does not mean however that the slump flow cannot be
used as an acceptance test. For a given SCC with a given granular
skeleton, the spread valuemeasurement is indeed a handy tool to spot,
for example, a water amount variation during production. But the
measured spread (or slump flow value) cannot be directly and uni-
versally correlated to the yield stress of the tested SCC.

An alternative test method was recently proposed for concretes
displaying a slump higher than 25 cm: the “LCPC BOX”. It requires the
same amount of concrete as the slump flow test but fulfils the
minimum thickness condition allowing for an analytical relation
between the test result and the yield stress of the tested material.

This test is inspired by the fact that, in an axi-symmetrical test, the
information on the shape of the sample when flow stops is redundant.
Indeed, on each diameter, from a theoretical point of view, if the
testing surface is horizontal, the same spread is measured. It is thus in
theory, sufficient tomeasure only one of these diameters by studying a
2D channel flow (Cf. Fig. 2). The width of the channel is l0=20 cm. Its
length is 120 cm. The studied volume of SCC is the same as the one
used in the slump flow (6 L) as it is sufficient to be representative of
the tested concrete. As the flow is nearly unidirectional, the thickness
of the sample when flow stops for the same sample volume is greater
than in the slump flow test. Moreover, it was checked that emptying a
6 L bucket is generating a flow slow enough for any inertia effects to be
negligible. As a consequence, the final shape does not depend on the
pouring speed of the concrete to be tested.

The analysis of this flow and its stop can be found in [24,25]. The
analysis takes into account the shear stress at the lateral walls and at
the bottom wall to predict the shape when flow stops of a given
volume of a yield stress fluid flowing slowly enough for any inertia
effects to be negligible. The excellent agreement of this method with
other experimental measurements was demonstrated in the case of
limestone powder suspensions [24].

This new test is a cheap and easy way tomeasure the yield stress of
fluid concretes when trying to reach the optimum mix design or to
compare the rheology of various SCC. Unlike the slump flow test, the
measured spread length is correlated to the yield stress of thematerial
via a unique law (Cf. Fig. 2 (right)). As an intermediary conclusion, it
can be kept in mind that the above two tests and the associated
correlation between the geometrical measurement (i.e. slump or
spread length) and the yield stress allow for the measurement of this
physical parameter for any concrete without the use of a rheometer.
ht) Correlation betweenmeasured spread length in the box and yield stress of the tested



Fig. 4. Concrete yield stress as a function of the aggregates volume faction. The yield
stress is either extrapolated from slump or LCPC Box measurement according to the
concrete fluidity.
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4. Experimental results

The paste mix proportioning given in Table 1 was kept constant
and the water to cement ratio was thus kept equal to 0.33. The mix
proportioning of the granular skeleton indicated in Table 1 was also
kept constant meaning that the granular skeleton was always closed
to the optimal packing. The proportions between the four classes were
kept constant. The only variable parameter was therefore the volume
fraction of the aggregates in the mixture (or inversely the volume
fraction of the cement paste) and 21 concretes were prepared and
tested.

The obtained experimental results (slump, slump flow and LCPC
Box spread length) are gathered in Fig. 3. The yield stresses calculated
from slump and LCPC Box spread length are shown in Fig. 4. It can first
be noted that the continuous transition between the yield stress
calculated from LCPC Box spread length and from slump confirm the
validity of the correlation between yield stress and empirical
measurement used here. Moreover, it is possible to distinct three
zones in Fig. 4. For ΦN70%, the yield stress of the concrete is of the
order of a couple thousands Pa and the rheology is the one of a
traditional concrete (slump lower than 15 cm). For Φb60% the yield
stress of the concrete is of the order of several tens of Pa and the
rheology is the one of a SCC. For 60%bΦb70%, the striking point is
that, over a variation of 10% of the aggregates volume fraction, there is
a variation of almost two orders of magnitude of the yield stress of the
concrete. This strong transition only appears when studying the value
of the physical parameter that is yield stress and is hidden when only
studying results of empirical test. Finally, it can be noted that, for
Φb65%, the concrete tested here becomes self compacting (slump
flow higher than 600 mm and yield stress lower than 200 Pa).

5. Analysis

5.1. Multi-scales approach

Concrete components range from micrometric cement particles to
centimetric aggregate particles. In order to overcome this difficulty in
the study of the relation between mix design and rheological prop-
erties, multi-scales approaches seem very promising [7,26]. The
simplest multi-scales approach only involves two scales and it is
therefore often considered that concrete is a suspension of aggregate
particles (sand and gravel) in a suspending fluid (cement paste). It can
then be expected, as a first approximation, that, as for many sus-
pension in nature or industry, the yield stress of the suspensions (i.e.
Fig. 3. Empirical test results as a function of the aggregates volume fraction. Both slump,
slump flow and LCPC box spread length are plotted.
the concrete) is proportional to the yield stress of its suspending fluid
(i.e. the constitutive cement paste).

This statement can be extrapolated from general relations similar
to Krieger–Dougherty relation [27,28] for apparent viscosity, which
relate the rheological properties of the suspending fluid and the
volume fraction Φ of the particles to the rheological properties of the
mixture. The general form of these relations is:

sConc0 cscp0 f U=Umð Þ ð2Þ

where s0
Conc and s0

cp are respectively the yield stresses of the concrete
and of the cement paste.Φm is themaximumpacking volume fraction.

It must not be forgotten that this type of phenomenological
relation have been historically established for purely hydrodynamic
interactions between the suspending fluid and the particles and thus
apply for moderate inclusions volume fraction.

It is of great interest to study the relative yield stress of the
concrete (i.e. the ratio between the yield stress of the concrete and the
yield stress of the cement paste) as it allows theoretically to focus on
the effect of the granular inclusions content (i.e. f(Φ/Φm)) indepen-
dently of the cement paste mix design.

However, the above approach could be subject to debate as there
does not exist any reason to consider that the cement paste is the
suspending fluid more than water or mortar. Let us describe the
consequences of the three types of approaches which can be found in
the literature on the modeling of the behavior of the mixture.

1) Water may be considered as the suspending fluid and all particles
in the mixture are considered as inclusions and participate to the
total solid content of the mixture [1]. This is the most rigorous
approach from a theoretical point of view. However, difficulties
come from the fact that all the types of inter-particles interactions
from frictional interactions between the largest grains to the highly
complex colloidal interactions occurring at the cement paste scale
are to be taken into account in order to describe the system and the
knowledge of the total solid content is not sufficient to know
which type(s) of inter-particles interactions will dominate. As each
type of interaction is more or less associated to a particle size [7],
any quantitative predictions can only come from a distinction
between the various species in the mixture.

2) The natural answer to this difficulty consists in considering, as
described above, that concrete is a suspension of aggregate par-
ticles (sand and gravel) in a suspending fluid (cement paste). Two
granular species are thus considered: more or less colloidal par-
ticles and non-colloidal particles. One has then to assume that the



Fig. 5. Cement paste excess layer and average distance between particles.
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ratio between the aggregate particles diameter and the cement
particles diameter is far higher than 1. If the diameters of the largest
particles are considered (i.e. 100 µm for the cement particles and
around 10 mm for the coarse particles), cement paste can thus be
considered as a continuummedium and therefore as the suspend-
ing fluid at the scale of the sand and gravel particles. However,
sands and gravels also contain small amount of fine particles, the
diameter of which is of the order of the largest cement particles.
Choosing this approach thus needs to neglect this overlap in species
diameter. Moreover, it has been shown recently that aggregate
particles (probably the finest with the largest specific surface) may
adsorb a nonnegligible part of theHRWRA [29]. Thismeans that the
independently measured cement paste yield stress is system-
atically lower than its yield stress once inside concrete and that the
calculated relative yield stresswill be a strong approximation of the
real relative yield stress of the material studied.

3) The last type of approach that can be found in the literature con-
sists in considering that the inclusions are the aggregate particles
larger than a given separation size. The question that arises is then
“which size ?”. Several values can be found in the literature
between 0.125 mm and 1 mm [26,30]. This approach is of course
more rigorous from a theoretical point of view as all the potentially
colloidal particles can be studied together but it is also more
complicated from a practical point of view as it requires to isolate
the finest sand particles and add them to the cement paste to be
studied.

5.2. Existing theoretical frames

5.2.1. Excess thickness theory
The concept of a layer of cement paste surrounding all sand and

gravel particles with varying thickness according to the granular
content is often used to explain the influence of coarse aggregate
content onworkability. This layer is said to lubricate the grains relative
movement and increase the flowability of the mixture. This concept
however is far fromwhat can be found in more fundamental research
areas, in which solid or inclusions volume fraction Φ is the only
parameter used to describe the system jamming state and thus its
ability to deform [31]. The concept of thickness layer has proved its
efficiency in explaining many observed phenomena [32,33]. It can
however be noted that paste excess thickness is in fact another way to
express the average distance b between the granular inclusions which
writes:

b ¼ �d 1� U=Umð Þ�1=3
� �

ð3Þ

It can be noted that Eq. (3) is only a very rough approximation of an
average inter-particles distance. For a more realistic calculation of a
distribution of inter-particles distance, one should read [34].

The fact that a correlation between the excess paste layer thickness
calculated fromEq. (3) and the rheological properties of the concrete is
obtained can therefore be explained by the fact that there exists a
relation between rheological properties and jamming of the system.
This jamming is correlated to the inclusions volume fraction. More-
over, there exists a direct relation between volume fraction and
average distance between aggregate inclusions. Finally, this average
distance is equal to two times the cement paste excess layer (see Fig. 5).

5.2.2. Physical approach
When particles (sand and gravel) are mixed in a fluid (cement

paste), the type of particle/particle or fluid/particle interactions may
vary according to the packing of the particles in the system. At low
volume fractions, these interactions can be hydrodynamic. The
relative motions of particles such as sand grains or gravels in a
cement paste implies some flow of the cement paste. If the concrete is
flowing, some analogous effect occurs that induces additional energy
dissipations so that the apparent viscosity of the cement paste plus the
grains is greater than that of the cement paste alone. Thus the
apparent viscosity of a concrete increases with the volume fraction of
inclusions.

At higher volume fractions, direct contacts may occur between
aggregate particles. It is in fact rather difficult to define the exact form
that such a process should take. Indeed, because of particle interac-
tions, particles roughness, and hydrodynamic effects, a “true” direct
contact can hardly occur over a large surface. A possiblewayof defining
direct contact without dwelling on details is to consider it from its
effects on particle dynamics rather than through its mechanisms.
Thereby, it is usual to distinguish between collisional (brief duration)
and frictional (sustained) contacts. The predominance of contacts in
the physical behavior necessarily results from the existence of a
considerable amount of contacts throughout the suspension, so that
we conclude that this situation can be associated with the existence of
a continuous network of particles in contacts. Since this phenomenon
is associated with a percolation process, it occurs when the solid
fraction is larger than a critical one (Φc). Current knowledge in thisfield
does not make it possible to specify towhat extentΦc depends on flow
and suspension characteristics. However, experimental and numerical
results indicate that, for uniform spheres (Φm=0.64), Φc should be
situated around 0.5 [35]. However, Φc should be increased in the case
of poly-disperse particles such as sand and gravel as the average
distance between particles scales with (Φ/Φm)−⅓ and thus increases
whenΦm increases. It may thus be of interest to deal with the value of
the relative solid volume fraction Φ/Φm that can be compared to the
critical value deduced from the mono-sized spheres case Φ/Φm=0.79
instead of dealing with the value of the volume fraction itself.

We can then apply these concepts to the experimental results
obtained here. As the maximum packing of the granular skeleton used
in this paper is equal to 84%, the transition volume fraction is therefore
of the order of 65%. This value is plotted in Fig. 4 and it can be seen that
it is indeed around this transition value that the variation of two orders
of magnitude of the yield stress occurs. This means that, below this
transition value, more or less direct contacts between the inclusions
can be neglected. As there are no colloidal interactions between the
coarse inclusions, this means that, in this regime, the consequences of
the presence of the aggregate particles on the rheological behavior of
the mixture are thus purely hydrodynamic. Inversely, above this
transition value, direct frictional contacts between particles start to
dominate the rheological behavior. Their highly dissipative nature
strongly increase the yield stress of the concrete.

It has to be noted that the contribution of the granular skeleton
content cannot turn alone any ordinary rheology concrete into a SCC.
Indeed, the fact that the granular content is below the transition
between frictional regime and hydrodynamic regime only guarantees
that the contribution of the aggregates to the yield stress of the



Fig. 7.Mortar yield stress as a function of the total solid volume fraction. The yield stress
is either extrapolated from the measurements of slump or slump flow measurement
carried out in [37].
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mixture will be low. It has to be kept in mind that the yield stress of
the concretewill never be lower than the yield stress of its constitutive
cement paste as adding aggregates in the mixture can only increase
the capacity of the system to dissipate energy. It has also to be kept in
mind that, in the hydrodynamic regime, the yield stress of the
concrete is more or less proportional to the yield stress of the cement
paste (see Eq. (2) in Section 5.1). As a consequence, in order to mix
design SCC, one has to ensure that the aggregate volume fraction is
lower that the transition value and, moreover, that the yield stress of
the cement paste is low (but sufficient to ensure the stability of the
coarsest particles [36]).

It can be interesting to apply this concept to other results from the
literature. As the maximum packing fraction of the granular skeleton
used in those papers is not always specified, we shall use in the
following, as a first approximation, the semi-empirical relation pro-
posed by Hu and de Larrard [37] which quantitatively predicts Φm:

Um ¼ 1� 0:45 dmin=dmaxð Þ0:19 ð4Þ
where dmin and dmax are respectively the smallest and the largest
grains diameter in the granular skeleton considered.

Relative yield stresses measured using a BML-viscometer by
Pedersen and Smeplass [30] are plotted in Fig. 6 as a function of the
volume fraction of the aggregates larger than 0.125 mm. Although the
multi-scales approach chosen in that work (i.e. the suspending fluid is
made of water and all the grains smaller than 0.125mm, the inclusions
are made of all the grains larger than 0.125 mm) is not the same as in
the one chosen in this paper, the transition value between hydro-
dynamic and frictional regimes also seems to be applied.

Measured values of mortar yield stresses are also plotted in Fig. 7
as a function of the total solid volume fraction (sand+cement) [38]. As
for the experimental results presented above, the values of the yield
stress are either extrapolated from mini slump or mini slump flow
measurement according to the mortar fluidity. It can be noted that, in
this case, the consequences of the presence of the particles below the
transition value are not purely hydrodynamic but are of course
strongly colloidal. However, once again, the predicted transition value
is in agreement with the experimental measurements.

It can therefore be kept inmind that, on the particular aspect of the
transition between frictional and hydrodynamic regimes, the question
of the suspending fluid discussed in Section 5.1. does not seem to be
relevant. The same transition concept can be applied with the same
transition value. Indeed, let us consider, as an example, a stable
concrete (i.e. no segregation of the components) containing, in volume
proportions, 40% of gravel, 30% of sand, 10% of cement and 20% of
water. If we consider that sand and gravel particles are the inclusions
with a maximum packing volume fraction of 0.8 and that the cement
paste is the suspending fluid, then the value of Φ/Φm will be equal to
Fig. 6. Concrete reduced yield stress (ratio between concrete yield stress and cement
paste yield stress) as a function of the volume fraction of aggregates larger than
0.125 mm. The yield stress is measured using a concrete rheometer [30].
0.7/0.8=0.88N0.79 and it will be possible to predict that the behavior
will be dominated by the friction between the aggregates (i.e. ordinary
rheology concrete). If we consider now the total solid volume fraction b
(cement, sand and gravel), this solid skeleton will have, because of its
higher poly-dispersity, a higher maximum packing volume fraction (0.9
as a first approximation) and the value of Φ/Φm will be equal to 0.8/
0.9=0.89. The same conclusion will be reached. As the volume fraction
and the maximum packing fraction of the solid content considered will
vary inversely, the transition volume fraction between the frictional and
hydrodynamic regime will still mean something no matter the type of
multi-scales approach chosen to describe the system.

6. Mechanical strengths

It has been demonstrated here that it is possible to greatly affect
and therefore control the rheology of a given concrete by varying the
aggregates content of the mixture. However, this knowledge is useless
if we do not know the consequences of these changes on the
mechanical strength of the hardened concrete. Simple compression
mechanical tests were thus carried out on all the concretes prepared.
The mechanical strengths were measured at 28 days on three
cylindrical samples for each batch (diameter 11 cm, height 22 cm).

As shown above, in the particular case of the concrete of the Millau
Viaduct studied here, decreasing the aggregates volume fraction from
72% to 65%was sufficient to transform this ordinary rheology HPC into
a SCC. It can be seen in Fig. 8, inwhich the ratio between themeasured
mechanical strength and the mechanical strength of the reference
concrete is plotted as a function of the granular skeleton volume
fraction, that a decrease in mechanical strength is very difficult to spot
in this range. We tried to apply to our results the packing model
developed by de Larrard [1] which predicts that the mechanical
strength fc is proportional to:

fcc 1� U=Umð Þ�1=3
� ��r

ð5Þ

with r between 0.13 and 0.16. The predictions of this model when
taking as a reference theMillau viaduct concrete are plotted in Fig. 8. It
can be seen that, for a 7% decrease in granular skeleton volume
fraction that generates a decrease in yield stress of almost two orders
of magnitude, only a decrease of less than 10% of the mechanical
strength is to be feared. It has however to be kept in mind that other
problems such as higher shrinkage, higher heat flux during setting



Fig. 8. Relative mechanical strength (ratio between mechanical strength and
mechanical strength of the reference concrete) as a function of the aggregates volume
fraction.
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and higher cost because of the higher amount of cement in the
mixture have to be taken into account. By substituting a fraction of the
cement by alternative powders such as limestone fillers or fly ashes,
these problems can however be solved. The mix design, which will
then be obtained, is the one of a standard SCC.

7. Conclusions

This paper has focused on the physical phenomena involved in the
transition between ordinary fluidity concrete and high fluidity concrete.

In the first part of this paper, the materials studied and the rheo-
logical measurements procedures used were described. One original
aspect of the work presented here is that, although physical
parameters such as yield stress were studied to quantify the work-
ability of the concretes tested, no concrete rheometerwas used. Simple
analytical correlations from the literature between empiricalmeasure-
ments such as slump, slump flow or LCPC box spread length and yield
stress allowed for the identification of this physical parameter.

It was therefore shown that, although it cannot be spotted when
only considering results of empirical test, there exists a strong
transition in the rheological behavior of concrete between a regime
dominated by the friction between aggregate particles and a regime
dominated by hydrodynamic interactions far less dissipative.

It was also demonstrated that it is possible to define a transition
value between these two regimes that seem to apply no matter the
multi-scales approach chosen. This is very useful from a mix design
point of view as it allows for the civil engineer to ensure that the
contribution of the granular skeleton to the consistency of the
concrete will be as low as possible.

Finally, the consequences of these changes in mix design on the
mechanical strengths of the concretes were studied showing that a
small decrease in granular skeleton volume fraction that may generate
a decrease in yield stress of almost two orders of magnitude, only
reduces the mechanical strength of less than 10%. This has allowed us
to transform a HPC into a SCC with high mechanical strength. The
questions of the delayed deformations and of the effects of the cement
substitution by an alternative powder will be the subject of future
complementary studies.
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