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This study presents original results on the rheological measurement of concrete mixes. It focuses on how to
determine their mechanical and physical behavior under shearing stress. More specifically, the influence of
aggregate content on shearing properties is studied. A vane rheometer was developed to characterize fresh
cement-based materials. In addition to the conventional concrete rheometer, a special hydraulic pressure
transducer was fitted to the container to monitor the pore water pressure variation while shearing the ma-
terial. Experiments on cement paste, mortar, and concrete bring a new approach to help us understand the
behavior of fresh-state mixes. The results show 1) a correlation between water pore pressure and torque ap-
plied on the vane; 2) a critical sand volume fraction, ϕc, as a limit between colloidal interaction behavior and
frictional behavior in mortars; beyond this critical fraction, a leap in yield stress and a drop in pore pressure
due to granular dilatancy are noticed; 3) the granular content clearly influences the increase in yield stress of
the cement mixes: above ϕc, this increase becomes negligible.
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1. Introduction

The emergence of several more complex concrete mixtures, such
as self compacting concrete (SCC), has caused concrete rheology to
become paramount [1].

Cement-based mixes are suspensions of particles in a wide range of
sizes. It has beendemonstrated that themechanisms governing themate-
rial's shearing properties strongly depend on particle size and volume
fraction.

Coussot and Ancey [2] define a classification of the rheophysical re-
gimes of suspensions. At a low strain rate, they distinguish three succes-
sive paramount effects depending on the suspension solid volume
fraction and particle size: Brownian effects for highly-dilute suspensions,
colloidal effects for “soft” suspensions, and friction effects for “hard” sus-
pensions. The transition between frictional and hydrodynamic interac-
tions occurs for a critical value of solid particles volume fraction ϕc.
Considering a suspension of aggregates in a cement paste, Yammine et
al. [3] clearly show that this transition induces a leap in yield stress. The
critical volume fraction ϕc is the lower value of the solid fraction which
allows particle contact networks to exist throughout the suspension.
Then, below this value, the cement paste forms layers between particles
and controls the yielding process.

Mansoutre et al. [4] demonstrate for C3S paste that above a critical
concentration ϕc of C3S particles, normal forces appear during shear-
ing in common rotational plate–plate geometry. The appearance of
normal forces proves the existence of particles contact and sample
volume increase. At such a volume fraction, a C3S paste behaves in
part as a dense dilative granular material [4,5]. Such behavior is also
reported for cement pastes [6].

Aboveϕc, contact throughout the suspension forms a continuous net-
work of particles. Yielding is then strongly influenced by granular friction.
Abriak and Caron [7] show that for such a packing, shearing consists in
the formation of voids, and consequently in the concentration of local
forces in a localized yield band. It gives a new resistance to the medium
and induces dilatancy. Stone and Muir Wood [8] observe that particle
size affects the thickness of localization, and consequently influences
both dilatancy (void creation) and yield behavior of granular media.
Void creation induces pore pressure variations that can be representative
of the material's dilatant behavior. Amziane et al. experimentally show
that pore pressure and yield stress variations are linked [9,10]. Their
work showed that before the Vicat initial setting time, the pore pressure
decrease seemed to be proportional to the yield stress increase.

Usually, the dilatancy of granularmedia can bemeasuredwith a triax-
ial device or with a shear box. In the shear box device, two displacement
sensors are placed at both ends of the box to quantify the dilatancy. For
the triaxial method, pore pressure variation is the parameter used to
quantify the volume variation of the specimen under shearing.

These two experimental techniques are inappropriate in the case
of fresh cement-based material, due to the high fluidity of the mate-
rial, the range of applied shear rate and the representative volume re-
quired for a representative test.

Several concrete rheometers have been developed in the last three
decades [11,12]. In the case of concentrated suspensions, such as fresh
cement-based mixtures, the vane geometry allows for an accurate and
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Table 2
Vane geometries.

Radius (mm) Height (mm) Stress range (Pa)

T1 20 44 100–5000
T2 40 60 10–500
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direct measurement of yield stress [13–17]. Recent studies on fresh
cement-basedmixes show that yield stress is themost influential pa-
rameter for concrete casting and pre-casting [[18–21]. With vane ge-
ometry, the stress growth test is able tomeasure the yield stress [22],
which is generally regarded as the transition stress between elasto-
plastic solid-like behavior and viscous liquid-like behavior.

The main objective of this work is to describe the transition in
shearing regime for cement mixes according to aggregates content
and setting time (during the first 3 h). To reach this goal, dilatancy
and yield stress have to be estimated for several aggregate contents
(from no aggregate to aggregate packing) and resting times. There-
fore, an innovative rheometer has been developed to measure simul-
taneously shearing torque and pore pressure at the container wall.

The presentwork beginswith a study performed on self-compacting
cement-basedmixes, to observe the influence of sand, gravel, and paste
age. This study helps validate the use of such a device, and makes some
recommendations. The secondpart focuses on the influence of sand vol-
ume fraction (aggregate content) on yield stress, structural build-up,
and the drop in pressure properties.

2. Experimental procedures

2.1. Materials

The different mix designs are presented in Table 1.
A Portland cement (CEM I/52.5 N) is used. According to the manu-

facturer, the cement is 95.5% clinker (in mass fraction) and 4% gypsum.
The cement has no other mineral admixture or filler. The cement size
distribution, measured in ethanol using a laser granulometer, ranges
between 1 μm and 100 μm and the d50 is 15 μm.

For self-compacting concrete (SCC), common Loire river sand was
used. Sand particle size ranges from 20 μm to 3.15 mm and sand ab-
sorption capacity is 0.9%. Gravels were 6 mm to 10 mm crushed
gravels, with an absorption capacity of 3.6%. The filler is a limestone,
with particle sizes ranging from 0.1 to 100 μm (d50=15 μm). The
amount of water is corrected to take into account the water absorbed
by sand and gravels. It ensures that the cement paste presents a con-
stant water to cement ratio, W/C, equal to 0.35.

The self-compacting cement paste (SCP) is also tested without any
aggregate.

FormortarmixesM0 toM3, French normalized sand (CECNEN196-1)
was used to reduce the variability of size distribution between the sam-
ples. This sand has a water absorption capacity of 0.9% in mass. The
Table 1
Mix designs and performed tests.

SCP C = 874 0.35 C

SCC C = 320 0.425 C 

Saturated sand 350

M0 C = 1606 0.3 C

M1 C = 1227 0.305 C

M1.5 C = 993 0.309 C

M1.75 C = 834 0.314 C

M1.88 C = 772 0.316 C

M2 C = 744 0.317 C

M2.5 C =718 0.318 C

M3 C = 631 0.323 C
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2.5% C

Cement 

(kg/m3)

Water Filler Admixtu

0.781 C 1.42% C
amount ofwater is also corrected to take into account thewater absorbed
by the sand. It ensures that the cement paste presents a constantwater to
cement ratio, W/C, equal to 0.3 for all mortars.

For all mixes, a water-reducing admixture is used. It is a polycar-
boxylate-based superplasticizer, a liquid containing 20% of dry ex-
tract. Its recommended dosage ranges from 0.3% to 3% per weight
of cement.

The standard French normalized sand used for mortar mixes was
also tested in saturated condition. The sand volume fraction of the
sheared sample was 0.65.
2.2. Device

Two different rheometers were used. The first, called device 1, is a
conventional Anton Paar Rheolab QC rheometer equipped with a
vane geometry, well adapted for cement paste and mortar. The vane
geometry used in this study consisted of four blades around a cylin-
drical shaft. The blade height and diameter were chosen from two
tool geometries to optimize the measurement accuracy. Tool geome-
tries are summarized in Table 2 with the ranges of associated mea-
sured yield stress. This device was used to measure the increase in
yield stress of the material at rest.

The second, called device 2, is an original rheometerfittedwith pres-
sure transducers. It was designed as depicted in Fig. 1. This rheometer
consists of a four-blade vane, immersed in the granular fluid suspension
and rotating at a controlled rate. The vane dimensions are quite large, so
as to enable the study of concrete mixes: 120 mm height H, and
120 mm diameter D. The vane is connected to the rheometer with a
keyless chuck. The rheometer can be quickly set on a framework and
positioned in a standard container to facilitate test operation and ensure
consistent test geometry (Fig. 1). The gap between blades and container
wall is always greater than ten times the biggest particle size, in order to
avoid granular effects such as arch formation or premature localization
on the container wall. In the present study, two containers were used: a
186 mm (inner-diameter) cylinder for cement pastes or mortars, and a
×× ×

2 C 3 C ×

1755 × ×

× ×

C × ×

1.5 C × ×

1.75 C × ×
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Fig. 1. Rheometer fitted with pressure sensors.
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500 mm (inner-diameter) cylinder for concretes. The inner surfaces of
the containers were covered with sandpaper to avoid slippage.

The pore pressure is measured along the container wall using a
pressure transducer device (see “1” in Fig. 2) through the “de-aerator
block” filled with water (“2” in Fig. 2). To separate the cement paste
from the measurement system, a filtering device (compacted cotton
fibers) was used (“3” in Fig. 2). The balance of pressure between the
water in the chamber and the water in the paste was achieved by
the transfer of pressure through the filter. Tests carried out with
water showed that the response of the measuring apparatus to the
variations of hydraulic pressure was instantaneous [23–26].

It is important to note that pore pressure variations inside the mix
significantly depend on the material's hydraulic conductivity. Fresh
cement-based materials exhibit a lower hydraulic conductivity than
pure granular materials [27]. Even if pore pressure variations are
expected to be greater in the shearing zone for low-permeability ma-
terials such as cement-based materials, pressure variations can be
partly absorbed through the sample (between the shearing zone
and the measuring device at wall level). This implies that pore pres-
sure variation amplitude is not an intrinsic parameter, but that it
also depends on the device geometry.

2.3. Procedure

In the first part of the study self compacting cement paste (SCP), sat-
urated sand and common industrial self-compacting concrete (SCC)were
tested. Self compacting cement paste behavior is dominated by colloidal
interaction, while saturated sand behavior is frictional. Comparison of
test results in these two extreme cases advances our understanding of
SCC shearing behavior.

In the second part, mortarmixesM0 toM3 (Table 1)were designed to
evaluate pressure and yield stress evolutions as the sand fraction in-
creases in the mix.
Fig. 2. Pore pressure measurement system — (1) pressure transducer — (2) de-aerator
block — (3) filtering device.
The last two columns of Table 1 present tests performed on the
samples. Saturated sand and SCC were directly tested in the home-
made rheometer, whereas a study of the yield stress increase linked
to thixotropy was carried out first on mortar mixes (with device 1).

2.3.1. Yield stress measurement (device 1)
Fresh cement-based material rheology is quite difficult to mea-

sure. These mixes exhibit time-dependent behavior due to thixotropy
[1,28–32] and the beginning of hydration [33]. The thixotropic behav-
ior of cement-based materials is related to the coagulation, disper-
sion, and re-coagulation of cement particles [29,31,34].

Yield stress is the most relevant parameter to study the impact of
rheology on the common casting process [18–21]. However, as for
any flocculating suspension, yield stress largely depends on the struc-
tural build-up of the colloidal cement suspension. As a result, the
yield stress of cement-based materials increases at rest as the materi-
al is structured. As a result, an experimental protocol has to be found
in order to take into account the structural build-up. Roussel predicts
a linear increase of the yield stress over resting time. This relationship
is written as follows in [35]:

τ0 trestð Þ ¼ τ0 0ð Þ þ Athix:trest ð1Þ

where trest is the resting time and Athix is the structuration rate of the
cement-based material in Pa/s. As a result, it is crucial to link the yield
stress to the material's resting time.

Just after mixing, some of the mortar was poured into a
20 cm×20 cm×5 cm container. A measurement stage was performed
for 120 s on the Anton Paar rheometer, to obtain the yield stress at a
given resting time, following the stress growth procedure described
byMahaut et al. [22]. A low constant shear rate is applied to thematerial
(vane velocity 0.1 rpm). At such a low shear rate, viscosity effects are
negligible and stress growth procedure makes it possible to work out
the yield stress. Hackley and Ferraris [36] provide the yield stress stan-
dard definition as the critical stress below which the material behaves
like a solid. Once the torque peak value is reached, the yield stress
value can be determined, as the material flows in the sheared zone. In
consequence, the yield stress is computed from the torque peak value
as in [37]. It is considered that when the torque value is maximal,
yield stress is reached on the sheared surface described by the vane ro-
tation [38,39]. In consequence yield stress is written:

τ0 ¼ C
π:D2

2 : H þ D
3

� � ð2Þ

where C is the torque peak value, H and D are the tool height and diam-
eter, respectively.

Every 10 min, the vanewasmoved in the sample to perform another
measurement. The gap between each measurement location and the
container wall was wide enough to avoid any scaling or wall slip effects
(more than ten times the maximum particle diameter).

2.3.2. Torque and pressure measurement (device 2)
Just after mixing for self-compacting designs, or after 1 h for mortars,

mixes were poured into the container of the pressure-fitted device to
measure both pore pressure and torque once every 40 min until an age
of about 3 h. The vane (120 mm height, 120 mm diameter) was im-
mersed in the tested sample at a depth of 90 mm. This depth ensures
that the pressure sensors face themiddle of the vane. Vibrationswere ap-
plied by a vibrating poker to ensure a total destructuration of the suspen-
sion (cement particle dispersion). The poker diameter is 30 mm andwas
immersed between the vane and the container at a depth of 120 mm. The
poker is moved inside the sample in order to vibrate the whole sample.
This dynamic excitation breaks all the reversible bonds due to floccula-
tion or hydration between cement particles. This vibration cancelled the
yield stress increase of the material at rest, due to thixotropic behavior
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[28]. The fluid suspension then underwent a stress growth test at a vane
velocity of 0.6 rpm for a period of 150 s, and the pastes were allowed to
rest for several minutes. The protocol and analysis of stress growth is de-
scribed in the previous section. The procedure was renewed over 3 h. It
should be noted that vibration was applied before but not during each
stress growth. At rest and after vibration, the torque is null, and hydraulic
pressure corresponds to theweight of thematerial above the sensor. Ma-
terial homogeneity was checked after the test. No water bleeding or ag-
gregates volume fraction gradient were observed.

3. Contraction and dilatancy phenomena during shearing: sand
and self-compacting mixes

3.1. Sand

The French normalized sand, described in Table 1, was saturated,
compacted with a drop hammer and subjected to vibrations. The mea-
sured solid volume fraction was 0.65. Fig. 3 shows the evolution of tor-
que and pressure during shearing at a constant rotational velocity. An
increase in torque occurs simultaneously with a drop in pore pressure
during stress growth. Then, simultaneous peaks in torque and pore
pressure are observed, followed by a return of pore pressure to its initial
value, and a torque decrease to a constant value. This expected result is
well described as the Reynold's dilatancy phenomenon [40].

In the pre-peak phase, the torque and the drop in pore pressure
evolve simultaneously. The effective stress on a granular medium in-
creases, and the frictional effect between particles is magnified. Con-
sequently, the shear stress and the recorded torque increase while the
vane rotates. At the tested solid fractions, shearing induces sand steric
effects leading to dilatancy and a measured yield stress linked to the
density and frictional characteristics of sand contact points. The
pore volume increase induces a pore pressure decrease. It should be
noted that the torque peak coincides with the minimal pore pressure.

After the peak, the torque decreases sharply and remains constant
due to the frictional behavior of sand. Due to the high hydraulic con-
ductivity of sand, water flows quickly through the sand, both porosity
and pore pressure return toward the initial value. As expected, the
final variation of pressure after shearing is null in saturated sand, as
the water level has not changed after the test.

3.2. Self-compacting paste

In any study of SCP or SCC, it should be kept in mind that the be-
havior of cement-based material is time-dependent. At rest, during
the ‘dormant’ period before the material begins to set, both reversible
and irreversible bonds between cement particles are created
[1,29,31,34]. This coagulation–flocculation mode induces a structural
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Fig. 3. Saturated sand Mortar test — torque and relative pore pressure variation for sat-
urated sand.
build-up of the cement paste at rest which is known to induce a linear
increase of the paste yield stress during the first hour. Then, the hy-
dration rate of the cement increases. Setting begins, water is con-
sumed and paste stiffness rapidly increases as does the hydrates
solid volume fraction [24,41].

Fig. 4 shows an increase of pore water pressure between each
shearing test during the first 100 min of the test. At this age, the ce-
ment paste flow regime is not frictional, contrariwise to saturated
sand [2]. SCP behaves as a low yield stress fluid with a behavior dom-
inated by cement particles colloidal interactions. This phenomenon
can be explained as follows: at rest, particle clusters are formed in ce-
ment paste [29,31]. The bonds between particles can be reversible or
irreversible, and are held to be responsible for the material's thixotro-
pic behavior [2,29,31]. During shearing, the reversible bonds are bro-
ken, leading to a shrinkage effect inside the mix, and a reduction of
the particle assembly volume in the sheared band [6]. This reduction
of particle assembly volume induces a slight increase in pore pres-
sure. When cement particles move, they can also meet other types
of resistance (such as viscous resistance) from the surrounding ce-
ment particles [42]. After the peak, if the cement paste is allowed to
rest, it is observed that the water pressure becomes hydrostatic
again. We note that no significant torque was observed (Fig. 4), due
to the torque sensor sensitivity and the SCP's low yield stress.

After 100 min, the energy of vibrations is no longer sufficient to
break the bonds, due to thixotropy and the beginning of hydration.
These new-formed bonds between particles seem to create a perco-
lated network. The C–S–H have also adsorbed several layers of
water molecules [43], which means that formed hydrates increase
the solid volume fraction. At this stage, cement paste begins to be-
have as a dilative frictional material: shearing induces a decrease in
pore water pressure. A solid cement particle network has been set,
and dilatancy in the shearing band induces a suction effect on the
whole network. Each torque peak occurs simultaneously with a
drop in hydraulic pressure. Actually there is a competition between
two phenomena:

1/At rest and after vibrations, pressure represents the apparent
weight of the suspension. Then, as shown in Fig. 5, the pressure glob-
ally decreases over time: this is the effect of the increase of wall fric-
tion stress due to structural build-up. This result has already been
observed in recent studies on formwork pressure evolution [44–48].

2/During shearing, a short time suction occurs when the granular
medium is dilative. Fig. 5 is a zoom on one experimental increment.
The observation of both torque and pressure curves leads to a few
remarks:

• a peak in torque corresponds to a dramatic drop in pressure;
• after the stress peak, the torque is reduced and tends toward an
equilibrium value while the rotation speed is kept constant [22];
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Fig. 4. Cement paste test— torque and relative pore pressure variation for cement paste
at an early age.



Fig. 7. Hydration process — effect of hydrate formation on the shearing properties.
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Fig. 5. Zoom on cement paste results while shearing.
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• pressure stabilizes at a lower level than before shearing;
• after vibrations, torque is null and pressure returns to its pre-shearing
level.

3.3. Self compacting concrete

SCC is described in Table 1. Until the age of 2 h, pressure measure-
ments shown in Fig. 6 express no clear tendency, as the measurement
values are indistinguishable from the “noise” produced during the test.
This may confirm the competition between the two phenomena acting
on pore pressure: dilatancy linked to the presence of an interconnected
particle network inducing a drop in pressure, and the breakage of cement
colloidal bonds leading to a smooth increase in pressure. For the tested
SCC, a balance seems to appear between the two phenomena.

After 2 h, drops in pressure under shearing appear, showing that
the suspension is beginning to behave like a saturated granular mate-
rial due to the presence of a well-formed percolated particle network.

After 3 h and due to cement hydration, results are not reliable as the
SCC is no longer saturated. This phenomenon was observed and well
explained by Tchamba et al. [44]. Pore pressure decreases rapidly and
irreversibly.

3.4. Summary of results on pore pressure variation during shearing

Several observations can be highlighted on the basis of these tests:

• Under shearing, after a given time period, the pore pressure varies
slightly, positively for viscoelastic suspensions such as cement paste,
and negatively for fluid-saturated granular suspensions such as satu-
rated sand or cement-based mixes.
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Fig. 6. Concrete test — torque and relative pore pressure variation for concrete at an
early age.
• For a controlled rotation rate, optima in pore pressure and torque
are recorded simultaneously.

• In granular suspensions, the equilibrium pressure is reached more
rapidly for saturated sand than for SCC due to the difference in
the medium's hydraulic conductivity [27].

• At some specific age for self-compacting cement-based materials, a
drop in pore pressure occurs with yielding. This means that hydra-
tion evolves enough to create a percolation network between hy-
drated particles, as illustrated in Fig. 7. Before this specific age,
shearing induces a deconstruction of the cement particles colloidal
network, which leads to an increase in pore pressure.

• Pore pressure measurements can be efficient as long as the percola-
tion due to hydration is not totally achieved and the media remains
saturated (i.e. during the first 3 h, for the tested mixes).

The shearing behavior of the SCC seems to stand halfway between
the saturated sand behavior and the cement paste behavior. However,
results at this stage are too limited to draw conclusions. To go further,
the influence of the aggregate content on the behavior of the cement
mixes has to be analyzed.

4. Influence of sand content on pore pressure variation, yield
stress, and thixotropy

Fig. 8 shows the evolution of the yield stress according to the sand
volume fraction. As demonstrated by Yammine et al. [3] for SCC mix
design, the rheological behavior of cement pastes containing aggre-
gates may be governed by two kinds of aggregate interactions: hydro-
dynamic or frictional. The authors suggest that the second type of
interaction appears when the aggregate solid volume fraction is suffi-
cient to create a continuous contact network throughout the paste.
For spherical particles, this contact network is reached for a critical
volume fraction ϕc equal to 0.79ϕm, where ϕm is the close packing
sand volume fraction. A value of 0.67 has been measured for ϕm on
saturated normalized sand after compaction and vibration, leading
to ϕc=0.53. Fig. 8 clearly shows that the effect of granular interaction
appears when the sand volume fraction is close to ϕc. A sharp increase
in the yield stress according to the sand volume fraction is noticed
from this critical value ϕc.

The yield stress versus aggregate volume fraction curves can be di-
vided into two parts:

1) If ϕbϕc, the aggregate interactions are hydrodynamic. In this
case, the yield stress of the aggregate suspension is proportional to
the cement paste yield stress. The recent models of Chateau et al.
[49] or Ildefonse et al. [50] predict the paste yield stress according
to the aggregate volume fraction as demonstrated by Mahaut et al.
[22], or Toutou and Roussel [51].

2) If ϕcbϕbϕm, the suspension behavior is mainly governed by
the granular interactions. The increase in yield stress is linked to the



10 20 30 40 50
0

1

2

3

4

time (minutes)

y 
= 

τ 0 
/ τ

0,
 1

0m
in

Fig. 10. Evolution of yield stress of the paste at rest as a function of time for four sus-
pensions covering the range of tested sand volume fraction.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

1000

2000

3000

4000

    

Y
ie

ld
 s

tr
es

s 
(P

a)

Sand solid volume fraction φ 

Fig. 8. Yield stress measured after 10 min of rest versus sand solid volume fraction.
Tests are performed 10 min after the end of mixing.

144 T. Lecompte et al. / Cement and Concrete Research 42 (2012) 139–147
increase in number of contacts between particles as the aggregate
volume fraction increases, whatever the nature of the interstitial
fluids. Two tests at ϕ=ϕm for two suspending fluids, cement paste
and water, were performed. The results (Fig. 9) show that the yield
stress value evolution is similar. At the close packing volume fraction
the interstitial fluid has no significant influence, and the yield stress is
essentially controlled by granular interactions.

This change of behavior due to the aggregate volume content
is expected to influence one of the most important characteristics of
modern fresh concrete: thixotropy. Fig. 10 shows the evolution of
non-dimensional yield stress (the ratio between yield stress and first
measured yield stress value) of the paste at rest, over time, for four
sand volume fractions. It appears that the Roussel assumption of a linear
evolution of yield stress can be applied to the testedmaterial during the
first 45 min. At a low aggregate volume content (belowϕc), thematerial
evolves at rest due to the reversible structuration of the cement paste's
colloidal network. This setting has an important effect on the hydrody-
namic interactions during shearing. In such a flow regime, Mahaut et al.
[22] predict that the structuration rate Athix introduced by Roussel [20]

increases linearly with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ϕð Þ 1−ϕ=ϕRLPð Þ−2:5ϕRLP

q
where ϕRLP is the

random loose packing volume fraction (measured at 0.56 for the sand
after random filling of a known volume).

Fig. 11 compares the Mahaut model with experimental values, and
shows that this modeling is not able to predict the structuration at
rest when ϕNϕc. As shown in the figure, Athix began to decrease
when ϕ was greater than ϕc whereas modeled values predict an in-
crease till the suspension reaches the random loose packing volume
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Fig. 9. Vane test results for suspensions of sand in water and in cement paste at a solid
volume fraction of ϕm.
fraction of sand (where Mahaut modeling diverges). This shows
that the structuration of the cement paste has less effect when an ag-
gregates contact network already exists. Moreover, for the two highest-
tested sand volume fractions, thixotropy can be neglected. This can be
explained by the fact that the aggregates contact network is much
stronger than the structuring colloidal network developed in the
paste during the resting time.

This is well illustrated by Fig. 12. In this figure, the yield stress in-
crease is shown by the ratio between the yield stress value at two ar-
bitrary resting periods (10 and 40 min). Results show that this ratio
decreases as the solid volume fraction increases, and converges to-
ward 1 when ϕ tends to ϕm. This confirms that when a strong aggre-
gates contact network exists, colloidal structuration can be neglected.

Common concrete mixes are designed for optimal granular assem-
bly [52]. As a result, ϕ is close to ϕm and thixotropy has only a slight
influence on the rheological behavior in comparison with SCC. More-
over, common concrete is subjected to vibrations to correctly fill the
formwork. These vibrations break the reversible bonds between par-
ticles and limit the thixotropic effects linked to the cement paste.
Nevertheless, it should be noted that common concrete presents a
rheology which still and all depends on the paste rheology, as the ad-
dition of superplasticizer changes the concrete rheology without
changing the paste volume. The extreme case would be the one pre-
sented on Fig. 9, where the aggregates' volume fraction is equal to
ϕm. In this case, the aggregates volume fraction cannot be increased,
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perimental measurements and modeled values [22].
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and shearing properties are directly linked to the aggregates contact
network. Indeed, thixotropy is crucial for modern concrete, such as
SCC, which contains fewer aggregates in order to ensure flowability
and granular stability [53,54]. This explains why the study of concrete
thixotropy appears with the development of self-compacting
concrete.

5. Correlation between the drop in pressure and the shear stress

As seen in part 3 for SCP and sand, recorded drops in pore pressure
and maximum torque occur at almost the same time (Figs. 3 and 5).
In this part of the study, the evolution of yield stress and variations
of pore pressure are analyzed. The total variation ΔP in pore pressure
equals the first maximum of pore pressures recorded during the
shearing stage, minus the pore pressure at rest recorded before the
corresponding shearing stage (Fig. 13). Overpressure corresponds to
a positive ΔP while suction corresponds to a negative value.

Fig. 13 shows the evolution of yield stress and pore pressure ver-
sus sand volume fraction, for an age of 70 min. A drop in pressure oc-
curs with the leap of yield stress observed if ϕ ranges between 0.53
and 0.56. These observations are consistent with the results of part
3: the paste becomes a “hard” suspension, governed by granular fric-
tion and no longer governed by colloidal interactions as described by
Coussot and Ancey [2]. As a result particles must move in relation to
each other to produce yielding. Thus dilatancy occurs, under a bigger
inter-particulate force than for “soft” suspensions. Whenever there is
cement percolation, cement paste can flow under less stress around
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Fig. 13. Evolution of yield stress and variation in pore pressure ΔP versus Sand fraction
(measurement performed at 30 min after the end of mixing).
sand particles. Dilatancy, producing a suction in the sheared area
(drop in pore pressure), becomes preponderant if ϕ is greater than
0.53. This value can be considered as the critical value ϕc defining
the limit between “soft” suspensions and “hard” suspensions (aggre-
gate contact network apparition).

Fig. 14 follows the evolution of the drop in pore pressure and yield
stress versus the age of the cement paste. These two parameters vary
symmetrically. After 300 min of hydration time, a drop in pressure
and a yield stress increase are observed. Such shear behavior is similar
to mortar behavior. Dilatancy probably occurs, meaning that solid hy-
drates present a sufficient solid fraction to percolate through the paste.

Figs. 13 and 14 clearly show that drops in pore pressure and increase
in yield stress are correlated. To quantify the relationship between these
parameters, the different points are drawn on a yield stress versus drop
in pressure graph (Fig. 15). These points seem to be aligned, which clear-
ly confirms that dilatancy-induced drops in pore pressure are linked to
particle percolation and directly influence the yield stress value.

Considering the assembly of percolated wet particles, the shear
strength is linked to both cohesion and inter-particle friction (Cou-
lomb law). Husband et al. [55] have shown that non-colloidal parti-
cles present a yield stress linked to particle jamming.

Particle friction forces are largely considered proportional to nor-
mal stress. If particle percolation is reached, the particles are pushed
together to form chains which change the stress distribution and in-
crease the particle friction force [56]. Such chains create normal stres-
ses acting on the shearing zone and increase particle friction [57–59].
This trend is observed in confined conditions for high solid-volume
fractions, such as extruded mortars [60], where the internal friction
angle is taken into account to describe the extrusion force.
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At this point, to produce a yield stress model for “hard” suspen-
sions (i.e. for solid volume fractions over the critical solid volume
fractions) inter-particle friction has to be considered.

6. Conclusions

An innovative rheometer set-up has been developed, to measure
simultaneously torque and pore pressure changes at the container
wall while shearing. Thesemeasurements provide crucial information
on fresh mix behavior. The results clearly highlight two shear regimes
according to the aggregate solid volume fraction ϕ in comparison to
the critical solid volume fraction ϕc which corresponds to the perco-
lation threshold of the suspension:

- below ϕc, (i.e.: if ϕbϕc), the material's rheology is mainly gov-
erned by colloidal interactions. As a result, the yield stress in-
creases over time, due to colloidal build-up. This means that
thixotropy greatly influences the material's workability. Shearing
induces a reduction of the recorded pressure which can be
explained here by a breakage of the flocculated system. Such a
low aggregate volume fraction corresponds to a self-compacting
concrete mix design. This device could also help describe the hy-
dration kinetics of cement mixes. When enough hydrates are
formed, the solid percolation threshold is reached, and the mix
starts to behave like a hard suspension as defined by Coussot
and Ancey [9].

- beyond ϕc (i.e.: if ϕ≥ϕc), the material's rheology is mainly gov-
erned by frictional aggregate interactions. As a result, the proper-
ties of the colloidal interstitial fluid have only a slight influence on
the material's rheology. The material's yield stress does not evolve
significantly over time. Granular-like behavior is clearly shown by
the recorded drop in pore pressure, which is attributed to the di-
latancy properties of the assembly over the percolation threshold.

These conclusions explain why the study of the thixotropy phenom-
enon becomes paramount with self-compacting concrete, as it induces
changes in rheological behavior. Moreover, it highlights why thixotropy
has become a key parameter in the 21st century,with theneed to control
casting or pre-casting processes when using modern self-compacting
concretes.
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