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This paper provides a general study on cement paste flow. Both mini-slump and Marsh cone tests are used to
evaluate the workability of fresh paste mixtures derived from self compacting concretes. A numerical
approach is used to reproduce global flow behavior and to check the accuracy of the obtained viscosity as
well as the validity of expressions available in the literature giving yield stress from the final diameter of
slumped paste. The computational modeling allows access to local information in order to analyze different
regions and corresponding flow types, i.e. falling solid and flowing fresh cementing material mixtures.

The limitation of some empirical models allowing the prediction of yield stress 7 and plastic viscosity t from
mini-slump tests is underlined, conditions of validity are expressed and a new expression is proposed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fresh concretes are constituted by a matrix which is a cement paste
and by fine and coarse aggregates. To cast a given element, the concrete
must be sufficiently fluid to fill the formwork. Consequently, the
concrete design for a specific application and its performances are
controlled by its rheological properties. Rheological properties must be
evaluated scientifically for real predictability to be achieved. The
rheology of concrete is governed by the fluidity and the packing density
of the cement paste and by the particle size distribution of the aggregates
[1,2]. Some authors [3] considered the matrix as the association of coarse
aggregates and mortar which could act as a continuous phase.
Nevertheless, the rheology of mortar is partially controlled by the
rheology of the cement paste and the properties of the fine aggregates.
Although aggregates play an important role on the concrete flow
characteristics [4], it can be assumed that any change in the concrete
flow properties is, mainly, due to changes in the cement paste rheology.
The rheological parameters characterizing the workability of the cement
paste are the yield stress “7y” which corresponds to the stress required to
initiate flow and the plastic viscosity “i” which describes the paste
resistance to flow under external stress. Several models allow to relate
these two parameters and to represent the rheological behavior of fresh
paste mixtures: the pseudo-plastic model, Bingham or Herschel-Bulkley
[5]. The Herschel-Bulkley model, described by Eq. (1), seems to be very
effective for cement paste applications.

T="T + H'Yn (1)
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In Eq. (1) 7o, 'y represent respectively the yield shear stress (Pa)
and the shear rate (s~ !) while n is a material parameter giving
indications on the degree of the fluid dilatancy (n>1, the fluid is
dilatants and n<1 is attributed to pseudo plastic fluid). The Bingham
model is recovered for n=1 while the Newtonian model is deduced
for n=1 and 79=0. The identified values of these rheological
parameters (7o, W) vary according to the used measurement techni-
ques. Different kinds of rheometers are developed in order to quantify
rheological behavior of fresh pastes. However, such apparatus are
relatively expensive, require a careful experimental procedure and are
not practical when they must be used on construction sites. Mini-
slump and Marsh cone tests are, then, used to evaluate the workability
of fresh paste mixtures. These equipment are widely used throughout
the world and were approved as standard techniques to assess the
workability of pastes and grouts [6,7]. The simplicity of use of these
equipment in construction sites is at the origin of several investiga-
tions focusing on the establishment of relationships expressing the
yield stress “7o” and the plastic viscosity “u” from the obtained
experimental results [8].

The mini-slump test is the most common method for quality control
in characterizing the pastes and grouts. The apparatus is a metallic
truncated cone opened at both ends and placed on a metallic plate.
When vertically lifting the filled cone, the gravity induces the paste to
slump down. This phenomenon occurs if the yield stress is exceeded and
will stop when the local stress is below such yield stress. Therefore, the
slump test observations are related to the yield stress [8]. With the
development of self-compacting concretes the slump height value “S” is
very important and is difficult to be appreciated accurately. On the other
hand, for the low yield stresses the viscous forces and inertia will play a
significant role in conjunction with gravitational force at the end of
slumping as suggested by Saak [9].
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Several analytical models have been developed to relate the height
slump values to the material yield stress and density by adopting the
assumption that the only stress acting on the material is associated
with the material's own weight [9-13]. Moreover these authors show
that the size and the geometry of the cone do not affect the obtained
results. For paste mixtures derived from self compacting concretes
(characterized by low yield stress values or low viscosity), Okado et al.
[14] proposed Eq. (2) to relate the yield stress to the mini-cone
volume “V,” and to the slumped paste final diameter named the final
spread “Dy=SF'. The developed model is based on the assumption
that only the material's own weight is considered and controlling the
phenomena.

_ 225gpV}
0T g D}

2)

where p, g, V. and Dy are: the paste density, the gravity, the conical
volume and the final spread diameter respectively.

Roussel et al. [15] showed that the model suggested by Okado et al.
[14] (Eq. (2)) does not allow predicting low yield stresses. They
propose to improve it by introducing the surface tension effect:
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where A is a coefficient function of both the unknown tested fluid
surface tension and contact angle.

More recently Tregger et al. [16] have studied the rheological
properties of different paste compositions. They noted that experi-
mental data follow the same trend as Eqs. (2) and (3) but a great
disparity is observed between the predicted and the measured values.
They explained these discrepancies by the experimental protocol and
the rheological parameter range. They suggested a relation between
the measured yield stress, from a concentric cylinder rheometer, and
the final diameter of slumped paste by a power law fit:

2.75x107°
= T (4)
0

To

Moreover they showed that the viscosity is related to the final
spread time Ty (time required to reach the final mini-slump spread, in
seconds). They proposed an expression (Eq. (5)) for determining the
plastic viscosity p based on the knowledge of 7o and Ty from mini-
slump test, for a given paste mixture,

o =T, (6.41 x Tf—1.94> x 1072, (5)

It should be noticed that the prediction of it depends on the value
of 79 determined using the previous equations (Egs. (2), (3) or (4))
which does not give a satisfactory estimation of low yield stresses.

All these previous suggestions and corrections underline the
importance of the cement paste dynamic flow behavior. They suggest
that the final spread diameter is controlled by both the yield stress
and viscosity. In addition the estimation of the yield stress on the basis
of the measured values of Dy is not precise. Based on these remarks,
another question relating to the used paste volume (Egs. (2) and (3))
can be raised: what is the effect of the mini-conical height and shape
on the final obtained equilibrium Dy?

Domone and Jin [17] previously showed that two empirical tests
must be used to determine the rheological parameters: the mini-
slump and the Marsh cone tests, but the main question of the
expression accuracy and validity remains. Ferraris and de Larrard [18]
have tested different paste mixtures using a parallel plate rheometer
and empirical tests. They have observed a correlation between final
mini-slump spread and the yield stress while the plot of the obtained

flow time from Marsh cone test versus the viscosity shows no
correlation at all. As a matter of fact, the flow time reflecting the
fluidity of the pastes and grouts depends on the viscosity and the yield
stress [19].

From these previous works it is obvious that growth weight (p and
V.) and yield stress are not enough to characterize such materials. The
spread dynamic must be included. Such improvement was proposed
by including the final time spread [15]. However the proposed
phenomenological correlation is not general as it was deduced from
limited observation and do not incorporate the physical aspect and
the nonlinear inertia effect.

In the present work we suggest to discuss the validity of Egs. (2)
and (3) and to establish a more general and robust model allowing the
prediction of low yield stresses using experimental results coming
from empirical tests and numerical simulations. The first section deals
with the experimental apparatus and test allowing the identification
of the rheological parameters. The second section describes the model
and the numerical approach used. It is followed by a section related to
the obtained results and to the discussion.

2. Experimental procedure

Different tests were conducted on specimens made from CEM I
52.5N Portland cement, water and CIMFLUID 2002 superplasticizer.
The cement pastes are manufactured using a water-cement ratio of
0.37 (w/ c = 0.37) by weight and two dosages of superplasticizers 0%
and 1.15%.

Two experimental procedures are used in this study to estimate
the properties of the cement pastes, the mini-conical test in order to
estimate the yield stress 7o and the Marsh cone test to identify the
plastic viscosity L.

2.1. Mini-conical test

After removing the filled truncated mini-cone (Fig. 1), the material
flows until reaching a steady stable state corresponding to a pancake.
The resulting final spread diameter of the fresh paste sample is the
mean value of two measurements made in two perpendicular
directions. The knowledge of the spread diameter Dy allows to have
access to an approximation of the yield stress 7o. The estimation of the
yield stress value, 7o, from Eq. (2) (or (3)) is valid solely under the
equation range validity. A movie of the cement-air interface time
evolution is also obtained. Such evolution will be considered as the
experimental reference to which the numerical result will be
compared.

For the considered formulation the calculated yield stresses are
summarized in Table 1 and only a few of the extracted interface shape
evolution will be presented. A second possible work could concern the
comparison between the mini-conical test and rotational rheometer
in order to quantify the error on the estimated yield stress. However
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Fig. 1. Schematic view of the considered mini-cone.


image of Fig.�1

A. Bouvet et al. /| Cement and Concrete Research 40 (2010) 1517-1523 1519

Table 1
Cement pastes rheological properties.
Final spread  Yield stress ~ Marsh-conical ~ Dynamic
diameter To (Pa) flow time (s) viscosity
(mm) (Eq. (2)) Mo (Pas)
Cement paste no. 1 169 20 49.2 14
Cement paste no. 2 324 1 224 0.6

the results obtained throughout this approach depend strongly on the
adopted rheometer geometry (coaxial cylinders; parallel plate, ...)
and require accurate experimental procedure.

2.2. Marsh-conical test

The Marsh cone is a funnel with a long neck and an opening of
10 mm (see Fig. 2) currently used to determine the required time to a
certain amount of cement paste to flow. This experimental procedure
allows the estimation of the plastic viscosity p summarized in Table 1.
To assess Lo, the Bingham model is implemented numerically so that
the flow time is estimated and interface shape evolution is monitored.
The rheological parameters of Bingham model are 7y, calculated from
Eq. (2) using mini-cone experimental results, and g which is chosen to
allow good agreement between the experimental and numerical flow
time. The rheology knowledge will allow us to simulate such material
flow and the numerical-experimental comparison will be very helpful
in checking the accuracy of such classical test and highlight its validity
domain. The obtained local flow phenomena will estimate the inertia
effects on the final spread diameter.

3. Model and numerical approach

The considered modeled geometry is represented in Fig. 3. For
such geometry and under the assumption of homogeneous cement

D =150 mm
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Fig. 2. Schematic view of the considered March cone.
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Fig. 3. Computed domain and the boundary conditions.

paste the resulting phenomena will present a vertical axial symmetry.
So, by using the cylindrical coordinate a 2-D approach is possible.

The flow versus time will be analyzed from the initial trapezoid
shape at final state, i.e. as initial condition, to the final state.

The shape of the free surface will change during time imposed by
the resulting flow. In order to follow such interface change, two
different approaches are possible: adaptive mesh or the fixed mesh
approach. The first approach is time consuming due to the continuous
remeshing domain. Hence, the fixed mesh approach is used in order to
avoid such disadvantage. This latter technique is equivalent to that
used in enthalpy method in the solid-liquid phase change problem
[20]. It consists of a unique computational domain with an equivalent
fluid flow. The considered equivalent fluid covering the entire domain
exhibit equivalent characteristic (density, viscosity) changing drasti-
cally through the interface. The change is implicit as each character-
istic is a weighted average of the corresponding properties of the two
considered sub-domains (paste and air).

The equivalent characteristic density, p, and dynamic viscosity, L,
are given by:

Peq = Pair € + pg‘routs.(‘l_c) (6)
Heqg = Hair'C + ”grouts'(l_

where Crepresents the air fraction and reaches the value of 1 in the air
and 0 in the paste domain.

The flow evolution is governed by the momentum and mass
conservation equations:

p<¥+ v vV)) = V[—pl + M(VV+ (V\_/’)Tﬂ +pg ()

op =\
a v(p v) =0 (8)

The tracking interface is possible by considering a scalar transport
(Eq. (9)) with a filtering function in order to avoid the numerical
diffusion and maintaining a thin interface.

oc =

s T VVC=0 9)
where V p, tand g are, respectively, the velocity vector, the pressure,
the time and the gravity.

The Bingham rheological model used induces an infinite apparent
viscosity when the shear stress is lower than the yield stress threshold
7o (Fig. 4). In order to avoid such singularity, several regularization
functions are available [21-23]. The Carreau model [22] is, then, used
and the equivalent viscosity is given by:

where [q, is the apparent viscosity, L is the infinite viscosity
corresponding to unlimited shear rate (called plastic viscosity), Lo is
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Fig. 4. Shear stress versus shearing rate .

the viscosity value corresponding to the zero shear rates and n is the
filter controlling parameter. Such a parameter is physically coherent
and is generally used to represent a Herschel-Buckley behavior. The
higher the p, the better is the approximation but the numerical
stability is affected. The adequate and commonly used shear rate in
such problems is t /. = 500.

The shear rate <y in a cylindrical case is given by:

(@@ )G o

where u and v are the r-z velocity components.

4. Results and discussion

The previously presented model was resolved on a fixed grid using a
commercial code COMSOL [24]. The set level method allows the
interface tracking and the weighting technique makes available the
use of a unique equation over the whole domain with an equivalent
physical property function of the spatial existence phase (paste or air).

The Portland cement paste rheological properties, previously
identified in Section 2 (cement paste no. 1 T7o=20Pa and
Ho=1.4Pas), were used to get numerical results. The obtained
results are presented in Fig. 5. This figure illustrates the cement paste—
air interface displacement over time. The shape is evolving from the
initial conical shape to the pancake shape. It is obvious from these
numerical results (Fig. 5) that the model allows a description of the
dynamic and static effects when cement pastes flow.

The previous recorded experimental interface evolution movie is
used to extract a selection of images corresponding to the obtained
numerical results. Fig. 6 shows a comparison between experimental
and numerical results, the sudden flow appearing and its evolution

r

Fig. 5. Example of interface displacement results obtained during the slump flow test
(To = 20Paand p = 1.4Pas).

from the conical initial shape to the obtained pancake at the final
stage. The global agreement between the numerical and the
experimental interface shape evolution during the cement paste
flow ensures the validity of the used model. In addition, it allows
having local information on the shear stress represented by the
isocontours (Fig. 6). This information is useful for the identification of
the domains where the cement paste is flowing either as solid or
liquid. The analysis of the shear stress isocontours shows that:

In the middle zone of the mini-cone, close to the vertical symmetrical
axe, the cement paste behaves as a Newton fluid and the shear stress
values are less than the yield stress (7<Tg). No relative displacements
are observed in this domain.

Close to the free surface of the mini-cone and far from the vertical
symmetrical axe, the calculated shear stress values are above the
yield stress (T7>To) and flow takes place. However, during the flow
the shear stress values decrease due to the velocity diminution and
tends to the value of the yield stress. Consequently, the flow is
stopped when 7< 7.

It must be evoked that the rheological parameters 7o and iy have
been identified from experimental study with relative accuracy due to
the used techniques (manual taking off the cone and the possible
limitation of the used Eq. (2)). In order to check the precision of the
present approach and the related final results versus the rheological
parameters, several numerical sensitivity studies are carried out.

The Portland cement paste rheological properties 7o and u
variations are considered. The first results, presented in Fig. 7, deal
with the sensitivity of the final spread diameter and of the flow time
with the Portland cement paste rheological properties. It is noted that
4+20% variation of the rheological properties (yield shear stress and
viscosity) induces a weak effect on the final spread diameter. Overall
yield stress variation of +-20% generates the final diameter variation
less than 3%, corresponding to less than 4 mm. As expected, the spread
diameter is more important for cement pastes with low yield shear
stress. The observed weak effect is a direct consequence of cylindrical
evolution where the diameter variation decreases with the increase in
pancake size. Moreover, Fig. 7 shows that the flow time is more
affected by the variation of the yield shear stress than by that of the
viscosity. The observed flow time variation reached about 7% for yield
stress while it is less than 2.1% for viscosity change. The required time
to reach the final equilibrium state increases with the yield stress
while it diminishes when the viscosity of the cement paste enhances.

It must be pointed out that it is difficult to complete the
experimental conical test by time recording because the phenomena
is fast and the obtained time remains less or of the same order than
the time required to lift the cone by the user. So the numerical
observations are useful to analyze the dynamic flow resulting from
the potential energy stored in the cement paste filling the mini-cone.

The free surface evolution results from pressure difference
(original stress) which overcomes locally the yield shear stress on
some material regions. The flow takes place on these regions. The
obtained flow “Kinetic energy” results from the potential energy and
the remaining energy is partly lost in friction and partly stored in
cohesion energy (in the final state, where the local stress is below the
yield stress on the entire domain).

It can be argued that the main phenomenon controlling the final
spread diameter is the yield stress. For very low yield stress,
corresponding to liquid material limit, the resulting flow induces a
continuous diameter rise; the final spread diameter is reached owing
to the surface tension. In the present study the surface tension at the
cement paste-air interface is equal to 0.07 Nm~'. This value is
dominant in the fluid case but is negligible in the Binghamian fluid
with significant yield stress.

Fig. 8 shows the numerically obtained final spread diameter versus
different yield stress (To€[1; 24]). The Portland cement paste no. 1
(Mo = 1.4Pas~!) results are represented by circle dots. As expected,
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Fig. 6. Comparison between experimental and numerical results.
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8% 2 6.8% Table 2
o Geometrical characteristics of the used mini-cones.
6% aDiameter «Time
1 Base 2
4% T
=2.69% H (mm) 50 40 30
o u2.1%
i 2% e1.75% S Radius,p (mm) 313 35 404
o Radiusportom (Mm) 35.8 40 46.2
® 0% J [ V. (cm?) 176.9 176.9 176.9
= Dy (mm 164 170 175.6
g -29%, 17 ( )
w-2.11% 5-2.1%
4% 2-2.92%
6% o= 0.5 Pa s. The admixture no. 2 is less viscous than the previously
g analyzed one. The obtained results are represented on Fig. 8 by
-8% triangle dots. The spread diameter versus yield stress behavior is the
10+ 20 % 70 - 20 % L+ 20 % p=-20%

Fig. 7. Results of the rheological properties sensibility test. a) Absolute sensibility and
b) relative sensibility.

the final spread diameter decreases when the yield stress increases
and it tends asymptotically to the bottom diameter of the cone.
However, when the yield stress decreases the cement paste becomes
more and more fluid and the final spread diameter raises an
asymptotic value resulting from the relative weight of the surface
tension and gravity.

The evolution of the Dy versus 7y is quite linear (while neglecting
inertia and surface tension effect) for yield shear stress higher than
8 Pa (Fig. 8). The results obtained using Eq. (2) are represented by a
dashed blue line and compared to the obtained numerical spread
diameter. Good agreement is observed for yield stresses higher than
20 Pa. In this case, the values of the final spread diameters are very
close. Moreover they are subjected to experimental errors. For
instance, a diameter variation of 1 cm causes a significant change in
the yield shear stress (20 to 40 Pa).

A disparity is observed between the predicted using Eq. (2) and the
numerical spread diameter values for low yield stresses (Fig. 8). The
model proposed by Roussel (Eq. (3)) taking into account surface
tension effects improves the predicted results for a wide range of yield
stresses. However both models (Eqgs. (2) and (3)), represent a first
approach to estimate the yield stress, an approach that does not
include the dynamic effects which are significant for fluid cement
pastes characterized by low yield stresses. The related viscosity of
cement pastes, which flow evolution is described in Fig. 8 using
Eq. (3), corresponds to tp=1.5 Pa s. The importance to introduce in
cement paste flow modeling the dynamic effects is illustrated by the
numerical and experimental results obtained for the Portland cement
paste no. 2 corresponding to the following rheological properties

0.30 T
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W

026] "
T W — - Roussel & al
- RN p=0.1Pas
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S “\\ | Vi _u=0sPas
= N s
£ ’ b e
[ ° e A S R

0.18 ° . T A i

L] “"‘-;\.‘-N 'y °
= “u=14Pas ‘*;—-~,__._~__
p=3Pas T
0.14 T x
0 10 20 30 40 50

Shearing stress threshold 1,

Fig. 8. Evolution of the final diameter according to the yield shear stress.

same as that obtained for the first Portland cement paste. The
obtained curve corresponds to a sliding effect to a higher diameter
value consequence of a more fluid material (less viscous). Such results
illustrate clearly the limitation of the classical expression to evaluate
the yield stress. The dynamic effect resulting from the fluidity
modifies significantly the final spread diameter which became a
consequence of both the flow and the yield stress. So the classical
approach based on static expression became inadequate. Such
limitation is clearly illustrated by some of the obtained numerical
results for fixed yield stress and different viscosity (from 0.1 to 3 Pa s).
It can be highlighted that the spread diameter increases by decreasing
the viscosity of the cement paste which fluidity rises. The dynamic
result will overcome the yield stress effect and the final spread
diameter will be a direct consequence of the generated dynamic and
surface tension in addition to the yield stress. It is also obvious that for
high viscosity the spread diameter tends asymptotically to the initial
value of the bottom of the mini-cone. At the light of these results it can
be concluded that the final spread diameter increases with the
decrease of viscosity. Consequently, a new expression (Eq. (12)) is
proposed to describe the relation between the spread diameter and
the rheological parameters of the cement pastes (T, Lo)-

(o)’ 225 gpV?

1
Z VC T[Z (D},ef)7 -\

D
DT);f = l—ln<%> x 0.13 where T, =
f

(12)

where D}"’fis the reference spread diameter and L, is the equivalent
viscosity given by Eq. (10).

All the expressions (Egs. (2), (3) and (12)) relating to the spread
diameter to yield shear stress introduce the cone volume and do not
take into account the effect of the cone geometrical characteristics.
Hence, calculations are carried out using the proposed expression
(Eq. (12)) and the following rheological characteristics (7o =20 Pa
and up=14Pas) to investigate the effect of cone geometrical
parameters on the final spread diameter (Table 2).

Fig. 9. Results of the sensibility test at the geometrical cone properties.
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The three considered cones have the same volume, V., and the

same top radius/bottom radius ratio. The first one corresponds to the
cone analyzed in the previous section. The different conical shapes
and the corresponding results are summarized and represented on
Fig. 9 (corresponding to the initial state). The results confirm that the
increase in the height cone affects the final diameter and induces
bigger Dy These new results suggest a possible solution for the
previously underlined asymptotical diameter obtained for materials
with relatively high 7. In such a situation of a nonsensitive final
diameter (Fig. 9) a more slender cone shape is used in order to allow
more dynamic effects inducing bigger spread diameter. The solution
corresponds to a horizontal sliding of the sensitive region of the
observed curve diameter versus yield stress.

5. Conclusion

The present work provides a general study on the paste flow. It

focuses on the characterization of Portland cement paste rheological
properties. Experiments are conducted in order to well define the
viscous character and to get the global Portland Cement Paste flow
ability. The numerical approach is used to reproduce the global flow
behavior and to ensure the accuracy of the obtained viscosity. The
computational modeling permits the access to local information in
order to analyze the different regions and the corresponding flow
types, i.e. falling solid and flowing fresh cementitious materials for
concrete.

The experimental results, achieved for Portland cement paste no.

1, describe well the dynamic behavior of the analyzed product and the
numerical simulations fit well the experimental results. The agree-
ment between numerical and experimental results is valid only for
relatively significant yield stress values and an insignificant fluid
growth. The obtained numerical results allow a better understanding
of local and global flow, highlight the validity domain of the
expression given by Eq. (2) and confirm the need to introduce the
surface tension effects for low yield stresses as illustrated in Eq. (3).

The most relevant results can be summarized as follows:

Below a yield stress of 4 Pa, the final radius is almost constant. In this
zone it is the surface stress which constrained the flow.

When the yield stress is higher than 4 Pa, the final diameter
decreases with yield stress increases. The evolution is relatively
linear and tends toward an asymptotic value.

For yield stress higher than 20 Pa the evolution of final spread diameter
versus yield stress is very slow, so a small error on the diameter will
induce an important change in the estimated yield stress.

The classical expressions (Eqs. (2) and (3)) became inadequate for
low viscosity (more fluid Portland Cement Pastes) due to the
significant diameter increase and the important dynamic effects.
The resulting diameter is not solely due to the yield stress and the
material's own weight but includes dynamic flow.

A new expression of the final spread diameter Dras a function of the
viscosity is proposed (Eq. (12))

1523

* The influence of the cone shape on the final spread diameter, Dy, is
quantified. For a constant Portland cement paste volume, increasing
the height of the cone leads to an increase of Dy Consequently it is
easier to measure the final spread diameter for materials with high
yield stress, To.
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